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Abstract

There is mounting evidence that disruption of cerebrospinal fluid (CSF) circulation and
CSF/interstitial fluid exchange is likely to contribute to a number of central nervous
system disorders including syringomyelia. However, there is an incomplete
understanding of the pathways of spinal fluid flux, in particular, fluid outflow. Moreover,
the physiological factors that govern CSF flow in the spinal subarachnoid space (SAS)
and fluid transport in the spinal cord have not been well studied. The aims in this thesis
were to determine 1) the fluid outflow pathways in the normal spinal cord and 2) the
effects of heart rate, blood pressure and respiration, specifically intrathoracic pressure,

on fluid flow in the SAS, as well as into and out of the spinal interstitium.

Fluorescent tracers were injected into the cisterna magna and the cervicothoracic spinal
cord parenchyma of Sprague Dawley rats. Various fluorescence imaging techniques
were performed either in vivo in real-time, or ex vivo in perfusion-fixed extracted brain
and spinal cord specimens. The macroscopic and microscopic redistribution of tracer
within and around the spinal cord, particularly in relationship to vascular structures,
was characterised. To investigate the effects of respiration, heart rate and blood
pressure on fluid dynamics, each physiological parameter was carefully controlled and

separately manipulated.

Free breathing animals (in which cycles of negative and positive intrathoracic pressure
are generated) had significantly greater flow of CSF in the SAS as well as inflow of tracer
into the spinal cord compared with mechanically ventilated control rats (positive
intrathoracic pressure only). Hypertension and tachycardia had no significant effect on
CSF flow in the SAS. Hypertension produced conflicting results but likely had a modest
effect on inflow. Increased tracer influx was not observed with tachycardia. Both

tachycardia and hypertension stimulated tracer efflux, but respiration was not found to



affect spinal interstitial clearance. Spinal intramedullary movement of tracer was slow,
and its redistribution was limited by isotropic and anisotropic properties of white and
grey matter. Perivascular spaces of all vessel types provided preferential pathways for
both tracer influx and efflux to pial and ependymal surfaces. Tracer deposited within the

internal basement membrane of the tunica media of arteries and arterioles.

Intrathoracic pressure has a significant effect on spinal CSF flow and parenchymal fluid
ingress. Arterial pulsations play a smaller role in SAS hydrodynamics but have profound

effects on spinal interstitial fluid homeostasis, particularly outflow.
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1 Introduction
1.1 Syringomyelia
1.1.1 Background

Derived from the Greek words: cupwvé (“syrinx”) meaning pipe, and pveiog (“myelos”)
meaning marrow [1-3], syringomyelia is an enigmatic condition where fluid-filled
cavities form and enlarge within the spinal cord. The precise nature of syrinx fluid is
unclear but is thought to be similar to cerebrospinal fluid (CSF) [4-6]. These cavities, or
syrinxes, are manifestations of numerous acquired and congenital pathologies. There
may be a common pathophysiology, but the precise details remain elusive. Syrinxes can
encroach upon and damage normal spinal neural tissue, resulting in pain, paralysis and
even death [4, 7, 8]. However, in many cases, treatment options remain limited and long-
term failure rates are high [9, 10]. Improved understanding of the pathogenesis of this

condition is imperative in developing more effective therapies.

Until the late 20t century, the terms syringohydromyelia and hydrosyringomyelia have
often been used interchangeably with syringomyelia [11, 12]. Hydromyelia has also
been employed to describe dilation of the central canal. In this thesis, “syringomyelia”
will refer to all abnormal fluid-filled cavities within the spinal cord. The exceptions are

small non-enlarging cavities caused by trauma.

1.1.2 Epidemiology, classification and pathology

The history of syringomyelia, while of interest, is beyond the scope of this literature
review. The topic has been reviewed by others and the reader is highly encouraged to

peruse these sources [13-18].
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Table 1 A classification system of syringomyelia (from Milhorat et al, 2000 [19])

Classification of syringomyelia

[ Communicating canalicular syringomyelia
Central canal dilations
e communicating hydrocephalus (posthemorrhagic, postmeningitic)
o complex hindbrain malformations (Chiari II, encephalocele)
e Dandy-Walker cyst
II Non-communicating canalicular syringomyelia
Central canal/paracentral syrinxes
o Chiari malformations
e basilar invagination
e spinal arachnoiditis (post-traumatic, postmeningitic)
o extramedullary compressions (spondylosis, tumors, cysts)
o tethered cord
o acquired tonsillar herniation (hydrocephalus, intracranial mass lesions, craniosynostosis)
Primary parenchymal cavitations
o spinal cord trauma
o ischemia/infarction
e intramedullary hemorrhage
IIT Atrophic cavitations (ex-vacuo syringomyelia)
IV Neoplastic cavitations

1.1.2.1 Classification

The most common conditions associated with syringomyelia are Chiari malformation
(51%) [20] spinal cord injury (11%) [21], tumours (10%) [22] and arachnoiditis which
refers to scarring in the subarachnoid space (6%) [6, 10, 22-24]. There are many ways to
classify syringomyelia, but Milhorat’s system [19] is the most widely recognised (Table

1).

Communicating syringomyelia is secondary to obstruction of CSF pathways distal to the
fourth ventricle outlets (Fig. 1). On histological sections it is characterised by simple

dilatation of the central canal, lined by ependyma [19, 22].

If the dilated central canal does not communicate with the fourth ventricle (such as in
Chiari malformation) then the syrinx is a non-communicating canalicular type (Fig. 1)
[5]. Unlike communicating types, non-communicating syrinxes have a predilection for
dissecting into the spinal cord (particularly the dorsolateral area). Histological findings

demonstrate central canal stenosis as well as isolated cavities [19, 22].
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Extracanalicular syrinxes do not communicate with the central canal and originate in the
spinal cord parenchyma (Fig. 1). Trauma, ischemia, or spontaneous intramedullary
haemorrhage may precipitate these cavities. The cysts normally arise in the dorsolateral
watershed area of the spinal cord [19]. Histological appearance includes necrosis,
neuronophagia, and Wallerian degeneration [22, 25].

I. Communicating Il. Noncommunicating
Extracanalicular

Fig. 1 Popular classification system of syringomyelia. Most syrinxes are either communicating or
noncommunicating. The most common type is the noncommunicating canalicular syrinx which is characteristic of
Chiari Malformations. Reproduced from Brodbelt & Stoodley, 2003 [1].

Intramedullary tumours, such as astrocytomas and ependymomas, can form syrinx-like
cavitations. Necrosis begins centrally and extends rostrally and caudally from the tumor
boundaries. The membrane of the necrotic cysts is usually lined by tumour or glial tissue
[19]. The fluid within these syrinxes is markedly different from CSF and is highly

proteinaceous [19].

Ex-vacuo cavitations result from degenerative changes and atrophy in the spinal cord

[22]. They do not expand so are generally not considered to be true syrinxes.

Although Chiari malformation and spinal cord injuries are most common, there is a
plethora of other associated diseases at the craniocervical junction or affecting the
spinal subarachnoid space (SAS). These are summarized in Table 2 [26]. Note that some

dysraphic disorders affect neither the SAS nor the foramen magnum.
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Table 2 Conditions associated with syringomyelia (from Brodbelt, Stoodley & Jones, 2005 [26])

Craniocervical junction

Congenital

o Chiari malformation Type I

® Chiari malformation Type I

¢ Dandy-Walker malformation

o Posterior fossa arachnoid cysts

® Apert’s syndrome with tonsillar herniation
® Crouzon’s syndrome

© Noonan’s syndrome

o Achondroplasia

Spine
Congenital

¢ Myelomeningocoele

o Tethered spinal cord

® Diastematomyelia

¢ Lipomyelomeningocoele

o Spinal Dermoid

o Neurenteric cysts

o Sacral agenesis

o Anorectal anomalies

o Familial spinal arachnoiditis

1.1.2.2 Epidemiology

Acquired

Tonsillar herniation secondari to:
o Posterior fossa tumor

© Supratentorial tumors

© Lumboperitoneal shunts

¢ Chronic Subdural haematoma
® Lhermitte-Duclos disease

® Nocardia brain absecess

© Basilar impression
® Arachnoiditis
o Idiopathic

Acquired

Intramedullary:
o Neoplastic
® Primary ependymoma
© Haemangioblastoma
® Astrocytoma
o Lymphoma
® Metastases
® Non-Neoplastic
® Spinal Trauma
® Demyelination
© Multiple sclerosis
o Spinal Sarcoidosis
® Tuberculosis

Extramedullary:

® Neoplastic

© Meningioma

o Schwannoma

o Lymphoma

® Myeloma

® Lipomatosis

Non-Neoplastic

o Intervertebral disc protrusion
o Cervical spine stenosis

® Arachnoiditis

® Arachnoid telangiectasia

o Intraventricular haemorrhage
o subarachnoid Haemorrhage
® sarcoidosis

o [diopathic

Syringomyelia is mainly an affliction of the young. The average presenting age is less

than 29 years [1, 21, 27, 28]. As magnetic resonance imaging (MRI) use has become

ubiquitous, the reported world incidence of syringomyelia is approximately 8.5 cases

per 100,000 per year [29-31]. The prevalence of syringomyelia is particularly high in

some parts of Russia, reaching 130 cases per 100,000 [32].

Based on autopsy data up to 30 years after injury, up to 28% of all patients suffering a

spinal cord injury will have a syrinx, and up to 50% will have spinal cord cystic changes

[33-38]. However, less than 10% of those with a spinal cord injury will have a

symptomatic syrinx [39-44]. Others, however, have reported an incidence as high as
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64% in spinal cord injured patients [45]. Males have a higher prevalence of post-

traumatic syringomyelia (PTS), likely due to higher spinal cord trauma rates [27].

1.1.3 Clinical features and diagnosis

The natural history is uncertain with significant variability. Some patients have a static
course, while others present with rapid deterioration. PTS may occur anytime between
1 month to 37 years after the initial injury [1, 46-48]. Rarely, syrinxes may

spontaneously resolve [49].

The clinical presentation of syringomyelia is diverse and probably reflects the location
of the syrinxes within the spinal interstitium, as well as the underlying associated
pathology. The cervical and thoracic spine are the most common locations for
syringomyelia [27, 50]. In Chiari-related syringomyelia, two-thirds become symptomatic
in teenage years or early adulthood [51, 52]. Symptoms may be related to the Chiari
malformation or directly to a cervical syrinx, such as upper extremity sensorimotor
disturbance. In patients with PTS, the mean age of presentation is 43 years [42, 51]. The
primary symptoms are limb weakness, sensory changes, radicular pain and axial spinal
pain [47, 48]. Due to increasing availability of MRI scans, the detection of incidental

syrinxes is increasing [29].

The classic presentation is dissociated sensory loss. Patients complain of loss of pain and
temperature sensation but preservation of light touch and proprioception [43, 53]. This
was previously believed to be secondary to central syrinxes that compromise
decussating spinothalamic fibres in the anterior commissure [54]. New research has
shown that the various pain syndromes associated with syringomyelia is likely due to
dissection of syrinxes into the dorsal horn with concomitant release of
neurotransmitters such as Substance P [56]. The three most common presenting

symptoms are pain, numbness, and weakness, occurring in 50-90% of adult patients
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[55, 56]. The classic dissociated pattern occurs in only 40-70% of cases [42, 51]. Motor
weakness usually occurs with sensory disturbance and can be asymmetrical with
delayed onset [1, 42]. A wide range of descriptions of pain has been reported. Pain may

be instigated by Valsalva manoeuvres such as coughing or sneezing [1, 42, 50].

Other symptoms include Horner’s syndrome, anhidrosis and oculomotor dysfunction (if
syrinxes extend rostrally to involve the lower brainstem—a very rare occurrence), gait
disturbance, autonomic sphincter dysfunction (if syrinxes involve the conus medullaris
[50]), hyperhidrosis and muscle spasms [57, 58]. In longstanding cases, muscle atrophy,
trophic changes and Charcot joints are evident [59-64]. In children, scoliosis may be
caused or exacerbated by syringomyelia; successful treatment of the syrinxes can

stabilize or improve the curvature [65, 66].

1.1.4 Diagnosis

The diagnostic imaging of choice is MRI. It is noninvasive and multi-planar. It provides
superior definition of neurological structures compared with Computed Tomography
(CT) scans [1]. MRIs play an integral role in the initial diagnosis of syringomyelia,
identification of associated pathologies and subsequent monitoring of syrinx

progression [50, 67, 68].

In T1-weighted sequences, hypointense fluid is identified within the syrinx cavity. In T2
weighted sequences, areas of gliosis, demyelination and oedema are characteristic [67,
69]. Interstitial oedema in the spinal cord may herald the development of a syrinx [59,
69, 70]. MRI does however have its limitations and it may still be challenging to

differentiate spinal cord myelomalacia and oedema from syringomyelia [50, 71].

The introduction of phase-contrast cine-MRIs and cardiac-gated balanced fast-field echo

sequences has allowed direct visualisation of CSF flow around areas of obstruction, such
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as the foramen magnum in Chiari-related syringomyelia and arachnoiditis in PTS [71-

73].

Myelography and CT scans have largely been superseded by MR imaging. CT
myelograms are occasionally used to delineate the spinal cord and to detect

subarachnoid adhesions [1].

1.1.5 Treatment

Treatment outcomes for syringomyelia remain largely unsatisfactory. Like other
disorders of central nervous system (CNS) fluids, surgical techniques are the mainstay of
treatment. Although various operations have been described, most clinical series appear
to have reasonably good short-term efficacy rates but significant recurrence or failure
rates after 5 years [1]. The primary aim in treating these diverse lesions is to either
drain the syrinx cavity or to normalise fluid flow pathways in the SAS. Where possible,

the associated or underlying pathology should be addressed [74].

Early treatment attempts included percutaneous aspiration or myelotomy to
decompress the syrinx [51]. This failed to maintain ongoing decompression of the
syrinx. Terminal ventriculostomy has also had some success in cases of communicating
syringomyelia [8, 75-77]. Complete cord transections are still effectively used today in

those with complete spinal cord injuries [1].

When associated with craniocervical junction disorders, such as Chiari malformation,
the most commonly performed surgical procedure is a posterior fossa decompression,
as first proposed by Gardner and Fahy [78]. [t involves reconstitution of the normal SAS
overlying the cerebellum at the foramen magnum and has been reported to be relatively
effective in stabilising or collapsing the syrinx. Short-term efficacy is as high as 82%,
although a relapse rate of 50% has been reported [52]. Other case series have indicated

that syrinxes reduce over a median time period of 4-5 months after surgery. This was
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maintained at follow-up of up to 8 years [78, 79]. However, some authors [64] have
reported a large percentage of patients with incomplete symptom resolution [64, 78].
Posterior fossa decompression can be combined with syringosubarachnoid shunting as
a secondary therapy [80]. Some authors propose that the size of the syrinx (larger than
70% of the cord width), and the presence of symptoms attributable purely to the syrinx
(as opposed to the tonsillar descent) should determine whether shunting is required
[81, 82]. Up to 93% of patients treated with a syringosubarachnoid shunt have
improvement in pain according to Iwasaki and colleagues [81], while others have
reported some success in neurological improvement [83]. Even the precise technique of
posterior fossa decompression is subject to wide variation amongst surgeons. Operative
nuances relate to reconstruction of the posterior fossa dura (duraplasty), exploration of
the fourth ventricle outlets and whether to debulk the cerebellar tonsils [1]. It has been
reported that posterior fossa decompression with duraplasty is more effective than
decompression alone at reducing syrinx size in Chiari-associated syringomyelia [84, 85].
In paediatric populations, some advocate craniectomy without dural opening [86].
Plugging of the central canal at the level of the obex has largely been relegated to a
historical procedure due to the high complication rates [80] and the realisation that

most syrinx cavities do not communicate with the fourth ventricle

Spinal cord detethering or adhesiolysis with or without duraplasty have been performed
for arachnoiditis with less clear outcomes [87]. To restore physiological CSF flow,
following bony decompression scar tissue is resected and the dura expanded to
reconstruct the SAS [88]. When the arachnoiditis is not focal, or there is unacceptable
surgical risk to neurological structures, shunting is considered. Syrinx fluid is diverted to
various compartments. They include: the spinal SAS (syringostomy,

syringosubarachnoid shunt), the pleural cavity (syringopleural shunt), or peritoneal
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cavity (syringoperitoneal shunt). The procedure of choice is based not on evidence, but
rather dependent on surgeon preference. Sgouros et al, Batzdorf et al and diLorenzo et
al [30, 89, 90] for example are proponents of the syringopleural shunts.
Syringosubarachnoid shunts have good short-term results. It has been reported they
improved pain scores in up to 89% of patients, weakness in 63% and ascending sensory
level in 30% [42]. Similarly, after syringopleural shunting 69% of patients reported
favourable outcomes [41]. However, they are prone to blockage and syrinx recurrence
[50,91-93] in up to 50% of cases [89, 90]. Other authors of shunt case series have
reported complication rates of 10-100 %. Challenges faced by investigators include
spinal cord tethering, low CSF-pressure states, infections, shunt dislocation, epidural
fibrosis and spinal instability [1, 94]. In a series of 18 patients who underwent
adhesiolysis and duraplasty, Schlesinger et al cited an efficacy rate of 38%, but failure
rate of 44% [51]. Finally, Klekamp et al reported a recurrence rate of 97% in patients
undergoing direct shunting procedures for spinal arachnoiditis. Symptoms recurred on

average within 2 years [24].

In those with extradural compression, such as from a prolapsed intervertebral disc,
epidural tumour or spinal deformity, removal of the offending pathology or reduction of
the spinal fracture may lead to syrinx resolution [34, 106, 107]. Similarly, in
communicating syrinxes associated with hydrocephalus, ventriculoperitoneal shunting

is indicated initially [30].

Other novel treatment therapies have been trialed with limited or no success. These
include radiotherapy [51, 95] and transplantation of human foetal or embryonic spinal

cord grafts into a syrinx [96-98].

The optimal time to offer surgical treatment is also unclear. On the one hand, there is

evidence that early treatment will lead to improvement in pain, sensory changes, and
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weakness, although headache, spasticity, and autonomic dysfunction are less affected
[99, 100]. On the other hand, however, conservative therapy involving rehabilitation has
been demonstrated to be superior to surgery in improving neurological outcomes in a
small cohort of PTS patients [101]. Most clinicians agree that treatment is indicated for
worsening symptoms and neurological function as well as progressive myelopathy [91,
102]. It is unclear whether asymptomatic syrinx enlargement on serial imaging is a

sufficient indication for surgery [103].

Overall, there is a lack of consensus on the indications and general strategy in dealing
with this challenging collection of disorders. There appears to be reasonably positive
short-term clinical outcomes for some therapies, but long-term results are poor,
especially for shunts. The rationale behind surgical treatments do not reflect a complete
understanding of the pathophysiology of syrinxes. It is unclear why re-establishing
normal CSF flow in the SAS often leads to syrinx reduction. No data exist to consistently
promote one technique over another. Thus, the fundamental problem is that the
pathophysiology of syringomyelia is far from understood.

1.1.6 Theories about aetiology

Early attempts at explaining syringomyelia were inspired by post-mortem examinations
of Chiari Il malformations, resulting in the belief that spinal dysraphism or
developmental anomalies were involved [17, 104, 105]. Subsequently, various authors
suggested diverse hypotheses, largely centred on the development of canalicular
syrinxes. These theories generally lacked supporting clinical or experimental evidence.
Propositions have included familial factors [106-109], birth trauma [33, 107, 110, 111],
inflammatory [107, 112-114] and immunological factors [115] and a secretory

hypothesis [116, 117].
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From the mid to late 20t century, a succession of “hydrodynamic theories” have been
posited. These attempted to explain the formation and expansion of canalicular and
extracanalicular syrinxes by offering various mechanisms by which changes in pressure
and pulsations within the SAS promote CSF flow into the spinal cord or the central canal.
Brief descriptions of the central tenets, the primary collaborators and the major

shortcomings of each theory are summarised in Table 3.

[t has been argued that the major common flaw with hydrodynamic theories is that the
intrasyrinx pressure must be higher than the spinal SAS pressure in order for the syrinx
to expand [118, 119]. Other authors have suggested that fluid from other sources might
be responsible for the continued enlargement of syrinxes [120]. Such sources and

theories have included:

= Extracellular fluid: Interstitial fluid (ISF) accumulation can result from
obstruction of fluid outflow pathways (presumably to the spinal SAS).
Extracellular fluid may exceed the interstitial space volume in the parenchyma
due to obstruction of perivascular spaces, cord tethering, changes in arterial
circulation [6] or impaired venous drainage. The latter may occur via leakage of
fluid from the microcirculation secondary to compression of venous circulation,
or through reduced ISF flow in to the venous system [104, 121]. Others have used
computational models to show that in the presence of arachnoiditis there is a
pressure gradient directed towards the SAS, forcing fluid from the central canal

into the interstitium [122].

= Intramedullary pulse theory: obstruction by the cerebellar tonsils leads to lower
SAS pressures distal to the block, but the pulse wave propagates in the spinal
cord, expanding it and causing accumulation of extracellular fluid [123, 124].

However, intraoperative observations of extremely high intrasyrinx pressures
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make passive filling of the cavity unlikely. Additionally, the spinal cord can
remain oedematous after elimination of the Venturi effect upon durotomy and

CSF efflux from the SAS [120].

= Disruption to the blood-spinal cord barrier: SAS obstruction leads to pressure
mediated dysfunction of the microcirculation and fluid accumulation through
mechanisms that are unclear [125]. Hemley et al demonstrated in a rodent model
of extra-canalicular syringomyelia that the blood-spinal cord barrier was
dysfunctional even after the acute period during which the syrinx cavity is

formed [126].

Neoplastic lesions, most commonly haemangioblastomas, astrocytomas and
ependymomas [127], produce extra-canalicular syrinxes. Previously, it has been
suggested that the cystic cavity is part of the tumour, or the tumour and syrinx result
from developmental defects. It is likely, however, that neoplastic factors such as neo-
angiogenesis, blockage of fluid outflow pathways, dissemination of oedema and tumour
breakdown products, or haemorrhage play more important roles [127-130]. A point of
contention is whether the composition of the cystis more like CSF or is proteinaceous,

which results from breakdown of the blood-spinal cord barrier [128].

Intramedullary haemorrhage and infarction, both arterial and venous, have been
implicated in syrinx induction in animal models and human autopsy results [22, 131-
133]. However, there is no evidence to support, or plausible theories to explain how this
contributes to syrinx progression and expansion [104, 134]. Various groups have used
mathematical and animal models to investigate the link between arachnoiditis in the
SAS and syrinx development. Bertram et al [7, 135, 136] postulated that tethering of the
cord initiated syrinx cavity formation secondary to tensile radial stress. A low pressure

state in the cord was thought to facilitate inflow of extracellular fluid into the cavity.
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Others have proposed that changes in the pulsatile pressure waves in the SAS encourage
fluid influx into the spinal parenchyma [122, 137]. Animal models have demonstrated
that arachnoiditis may exacerbate underlying oedema or cysts but did not precipitate

the formation of the syrinx cavity [138, 139].

Thus, a multitude of pathogenesis theories have been proffered. Some hypotheses have
been based on clinical observations, mere thought experiments or limited laboratory
data. Recently, there has been a more systematic experimental approach to
understanding the fundamental mechanisms of syrinx formation and expansion. This
has been supplemented by powerful new computational techniques to model fluid flow
and tissue properties of the spinal cord. However, a universal model to explain how fluid
accumulates to produce a syrinx within the spinal interstitium is lacking. There are still
many unanswered questions surrounding the composition and source of syrinx fluid, the
relationship between the SAS and the syrinx, as well as the role of cellular and molecular
changes in syrinx pathogenesis. A fruitful direction of research is likely towards a better
comprehension of altered fluid inflow and outflow from the syrinx. Unfortunately, this
endeavor currently lacks context, as the fundamental understanding of how fluids

physiologically enter and exit the spinal parenchyma is woefully incomplete.

1.1.7 Current research and animal models

No animal model perfectly replicates human syringomyelia, and many have
methodological characteristics that make translation of experimental findings
problematic. Most animal models have been designed to examine only limited aspects of
syringomyelia. The difficulties encountered in animal studies pertain to the size of the
animals, efficacy of syrinx formation, ability to perform in vivo measurements on fluid
pressures and flow within and around the spinal cord, and the fidelity with which the

associated pathological condition is modeled. Hydrocephalus, spinal cord injury and
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Chiari malformations, for example, are not simple entities to recreate in a laboratory

setting. Table 4 summarises the major canalicular and extracanalicular animal models
created and used by various authors, their experimental methodologies, main findings
related to syrinx pathology or pathogenesis, relevance to pathophysiology theories (if

applicable) and their shortcomings.

1.1.8 Summary—the problem

Syringomyelia is a serious, but poorly understood condition. Those afflicted may be
condemned with tremendous long-term suffering. Treatment is directed towards the
underlying pathology (if known, and where possible), consists primarily of surgical
options, but is overwhelmingly unsatisfactory in a large portion of cases. The crux of the
problem in treatment is that the pathophysiology of fluid accumulation within the spinal
cord — the final common pathway of a heterogeneous collection of pathologies
associated with syringomyelia — is unclear. Thus far, laboratory and computational
efforts at clarifying the pathogenesis have been valiant. However, they are hampered by
an incomplete understanding of the pathways and factors that govern fluid inflow and
outflow from the spinal cord. The remainder of the introduction will review the relevant

dynamics of CSF and ISF of the CNS.
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Table 3 Summary of various theories of the pathogenesis of syringomyelia and their shortcomings

Theory name/
Author(s)

Description

Shortcomings

Water hammer/
Gardner [140,
141]

Respiratory
transmedullary/
Ball and Dayan
[143]

Obstructed CSF
drainage /
Aboulker [144]

Pressure
dissociation/
Williams [33]

Arterial
transmedullary/
Oldfield and
Heiss [29, 145]

Arterial
pulsation
perivascular
space flow /
Stoodley and
colleagues [146-
149]

A hindbrain abnormality leads to obstruction of the normal CSF
outflow pathways from the fourth ventricle. This results in CSF
being driven directly into the central canal, causing enlargement of
the canal within the spinal cord [120].

Raised intrathoracic and intraabdominal pressures during
coughing and straining translates to increases in epidural venous
pressure and thus spinal CSF pressure. Normally, a rostral
displacement of spinal CSF occurs. However, for those with
foramen magnum obstruction, CSF is directed into the spinal cord
parenchyma via enlarged perivascular spaces. This fluid
accumulates in the extracellular space to form a syrinx [143]. The
central canal is involved only if the syrinx dissects into it.

Obstruction at the foramen magnum prevents CSF return from the
central canal to the fourth ventricle. Impairment of CSF absorption
in the SAS, the dorsal root entry zone or by the CNS vasculature
predisposes ISF accumulation.

Ellertson and Greitz [119] later measured the pressure in the
spinal SAS and in a syrinx, demonstrating that changes in pressure
in the SAS was reflected in the syrinx cavity, albeit with a time
delay. This was evidence of communication between syrinx and the
SAS. The time delay allows fluid to flow against the pressure
gradient into the syrinx, and when fluid inflow exceeds outflow
(due to obstruction), the syrinx enlarges.

The craniospinal pressure dissociation theory described high
intracranial pressure and low spinal pressure. In Valsalva
manoeuvres, there is raised epidural venous pressure and CSF is
driven rostrally. In patients with a craniocervical obstruction, CSF
is unable to flow normally in a caudal direction in the SAS [30,
120]. Instead CSF is “sucked” into the central canal, enlarging it to
form syrinx. In the “slosh” part of the theory, increases in arterial
and respiratory pulse pressures are transmitted to the syrinx fluid,
dissecting the cord [2, 197] in a rostral direction (similar to above).
Caudal dissection by the syrinx cavity can be explained by the
Venturi effect due to low SAS pressures below constrictions [142].

Physiological compensatory flow of CSF between the cranium and
spine in response to cardiac pulsations is disrupted by obstruction
in the foramen magnum. In this environment of CSF flow stasis, the
cerebellar tonsils are displaced downwards during systole, like a
“piston”, producing high-pressure waves that compress the spinal
cord and force syrinx fluid rostrally and CSF into the spinal cord via
perivascular and interstitial spaces [30].

Stoodley et al established that normally there is an arterial
pulsation driven flow of CSF from the SAS to the central canal via
perivascular spaces. In an animal model of canalicular
syringomyelia, CSF tracers were detected around perivascular
spaces and in the syrinx cavity within the central canal [147]. In
computational models Bilston et al analysed the wave properties of
fluid flow in the perivascular spaces and the SAS. They showed that
a mismatch in timing between the arterial and CSF pressure wave
pulsations at the junction of the perivascular space and the SAS
may lead to increased flow during systole [150, 151]. A partial one-
way valve may arise, driving fluid along the perivascular space to
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In most patients the
central canal is occluded
between the fourth
ventricle and the syrinx
so fluid cannot be driven
directly from the fourth
ventricle into the central
canal [114].

Syrinxes without
craniocervical junction
pathology cannot be
accounted for.

Craniospinal dissociation
theory resulted from
“thought experiments”.

Experimental evidence
from animals or imaging
studies do not support
central tenets (especially
“slosh and suck”) [142].

The pressure generated
by the tonsils is unlikely
to be great enough to
overcome a pressure
gradient exerted by the
syrinx cavity [119].

Cerebellar tonsillar
movement is limited in
many cases of
syringomyelia [118].

Does not explain
syringomyelia without
SAS block, for example in
tethered cord.



Elastic-jump
hypothesis/
Carpenter et al
[155]

overcome the mean positive pressure gradient between the syrinx
and SAS. This timing mismatch was later confirmed by Clarke et al
[152] in patients with Chiari malformation, but not in normal
subjects based on measurements from cine-MRI CSF flow studies.

Other authors have applied this theory to excitotoxic
extracanalicular animal models [153] demonstrating increased
perivascular tracer deposition and increased fluid flow at the level
of the obstruction. Bilston et al suggested a similar mismatch
mechanism in arachnoiditis associated syrinxes. This was
supported by a theory, later championed by Elliot et al, that used a

lumped-parameter model [154].

A mathematical model employed fluid-filled coaxial elastic tubes to
simulate a pressure wave generated by coughing or straining. It
was hypothesised that where there is a SAS obstruction, a focal rise
in pressure in the spinal cord interstitium occurs. Fluid can
accumulate either in the central canal or outside of it [120].

Table 4 Summary of previous animal models of syringomyelia

Author(s)

Experimental Details

Pathophysiology
theory/ findings

Later analysis from a
mechanical perspective
demonstrated that the
magnitude of the effect
was too small to be
significant [154].

Shortcomings

McLaurin et
al [156]

Hall et al
[158]

Bekers et al
[159]

Willliams et
al [142]

Yamazaki et
al [160]

Communicating canalicular syringoymelia

Injection of fatty acids, sodium nucleinate
and kaolin into the cisterna magna of dogs
to produce hydrocephalus and syrinxes.

Injection of kaolin into the cisterna magna
of dogs.

Cisterna magna injection of kaolin with or
without central canal occlusion in the obex
in a cat model [225].

Similar to Bekers, but demonstrated that
concurrent pressures in the ventricles,
syrinx cavity and cervical spine SAS were
different.

Mammary cancer cells implanted into the
rat supraoccipital bone. Over 2-3 months,
the neoplastic cells caused an extradural
compression of the cerebellum and tonsillar
herniation. In 60% a thoracic syrinx
developed, with central canal dilatation.

Constriction of vessels
caused by dense
arachnoid reaction.
Promoted ischemia
hypothesis [157].

Cavity thought to be
secondary to distention
and rupture of the
central canal.

The cavities produced

were believed to support

William'’s craniospinal
dissociation theory.

Intra-syrinx pressure
was higher than
ventricular or SAS
pressure.

Ependymal cells were
stretched and thinned,
astrocytic processes
were swollen and
extracellular oedema
was produced [161].

Non-communicating canalicular syringoymelia
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Cavities were
microscopic in size.

Central canals were
normal in size and
intact.

In humans,
intracranial pressure
is similar to spinal SAS
pressure at rest.
Pressure in the
ventricles and
syrinxes were
different in animal
models compared
with those reported in
humans.



Williams and
Weller [162]

Milhorat
[164]

Stoodley et al
[149]

Lee etal
[165]

Allen et al
[166, 167]

Cho etal
[139]

Radojicic et
al [169]

Wong et al
[170]

Repeated injection of saline or CSF via a
catheter inserted into the spinal cord in
beagle dogs [163]. The syrinxes were found
between the dorsal horns.

Between 1.2 - 1.6 pL of kaolin injected into
the dorsal columns and grey matter of the
rat cervical spinal cord.

Kaolin and leukocytes entered the central
canal within 24 hours and drained rostrally.
Ependymal cells proliferated, causing
obstruction in the central canal at the level
of kaolin injection. The central canal caudal
to the obstruction became dilated within 6
weeks.

Similar model to above. Volumes of 1.5 pL of
kaolin injected into the dorsal columns and
grey matter of the rat cervical spinal cord

[147].

Extradural injection of concentrated kaolin
through dorsal laminectomies performed at
L1 and L5 in rats. High mortality and
neurological morbidity, but 85% developed
syrinx rostral to injection.

Sponge-like interstitium
and adhesive
arachnoiditis at catheter
insertion site reported.

Central canal thought to
actasa “sink”.

Thought to be a suitable
model due to histological
resemblances to human
syrinxes and good
neurological status of
animals.

CSF tracer, injected into
the cisterna magna,
demonstrated flow
toward the central canal
through perivascular
spaces even in the
presence of a large
syrinx cavity [148].
Support for the
perivascular pulsatile
flow theory.

First group to model
syrinx secondary to
tethering pathology
(albeit experimentally
mediated by epidural
compression).

Extracanalicular syringomyelia

An early spinal cord contusion model
achieved by weight-drop method [168].
Arachnoiditis was not induced.

Combination of a weight drop spinal cord
injury with a subarachnoid kaolin injection
in Japanese rabbits.

Thoracic cord injury caused by spinal cord
impactor (250 KDyn force) in rodents. No
additional arachnoiditis. Ascending central
canal enlargement, ependymal cell loss, and
glial scarring with evidence of syrinx
formation observed.

Spinal cord impactor used, with additional
subarachnoid kaolin injection in rats. A
force of 75 KDyn produced initial cysts in
92% of animals after 3 months without
neurological deficits in animals.
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Arachnoiditis believed to
be important in syrinx
formation.

Central canal dilation
accompanied by
disruption in the
ependymal cells may
contribute to chronic
spinal cord injury.

Multiloculated
interstitial cavities
formed separate to the
central canal.

Unclear mechanism

No abnormality at the
craniocervical
junction detected so
model does not
imitate the human
clinical condition
completely.

Tethering not strictly
modeled. Injection
site not anatomically
similar to most
dysraphic lesions.
Syrinx development
does not correlate
with clinical findings.

Inconsistent syrinx
cavity induction.

Mechanism of syrinx
induction unknown.



Mizuno et al
and Seki et al
[171,172]

Josephson et
al [173]

Tauber and
Langworthy
[132];

Fried et al
[131]

Brodbelt et
al [174]

Yang et al
[179]

Mizuno et al combined epidural clip
compression injury with subarachnoid
kaolin in rats. Kaolin not found to make a
difference. Seki et al, used a modified clip
compression injury with subarachnoid
injection of kaolin rostral to the site of
injury. Kaolin had a significantly greater rate
of syrinx formation.

Silk suture ligature used to obstruct the
spinal SAS of rats. Dorsal vein of the spinal
cord was occluded. Syrinx cavities were
detected on MRI and histology.

Ischaemic cystic cavity developed mainly in
the posterior columns of the upper thoracic
cord following ligation of the anterior spinal
artery. Later Fried et al also demonstrated
ischaemic cystic cavities in rhesus monkeys
after anterior spinal artery ligated above the
artery of Adamkiewicz.

Produced an excitotoxic model of post-
traumatic syringomyelia by combining
intraparenchymal quisqualic acid and
subarachnoid kaolin injections. After the
initial injections, all animals developed a
syrinx within 6 weeks. Cavities were large.
Syrinx expansion was contingent on
multiple doses of quisqualic acid combined
with kaolin.

This model has been used in subsequent
investigations due to the reliability of syrinx
production, absence of severe neurological
deficits, and histological similarities to
human post-mortem specimens [175].
Others have investigated CSF flow into the
syrinx cavity, the effect of altered SAS
compliance, the role of the blood-spinal cord
barrier and the fate of neural progenitor
cells [150, 176].

1.2 Spinal cord anatomy

In Mizuno’s study, 83%
of animals developed a
Syrinx.

Slow accumulation of
gadolinium in the cyst
suggested that passive
filling mechanism
characterises syrinx
formation.

Arise in the level of
excitatory amino acids
was found after spinal
cord injury, promoting
excitotoxic cellular
death. This process
potentiates syrinx
formation [177]. Others
have demonstrated that
excitatory amino acids
are involved in spinal
cord injury [178, 179].

Rats developed severe
neurological deficits
post-injury.

All animals developed
severe neurological
deficits post-surgery.
Difficult to
differentiate whether
the syrinx cavities
were produced from
ischaemia, spinal cord
injury, or
hydrodynamic
disturbances.

High rates of
neurological deficits
in animals.

Does not completely
replicate the
compression or
contusion injury that
characterises human
spinal cord injuries.

A detailed treatise on the embryology, general gross and microscopic anatomy of the

vertebral column and spinal cord is beyond the scope of this thesis. Instead, the

structures that are central to understanding the physiology of CNS fluids will be

reviewed.
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1.2.1 Microscopic anatomy
1.2.1.1 Histological overview

Viewed in axial section, the spinal cord grey matter is located centrally and is
surrounded by white matter. Anteriorly, there is a deep ventral median fissure, while
posteriorly the posterior median septum marks the midline. The grey matter is butterfly
shaped, consisting of bilateral ventral and dorsal horns, and an intermediate zone where
the central canal runs longitudinally [180]. The cell bodies of white matter tracts are
found in the dorsal horns, while alpha and gamma motor neurons are located in the

ventral horns [180, 181].

The grey matter is densely packed with cells. These include neurons, interneurons and
neuroglial cells. Neuroglial cells encompass oligodendrocytes, astrocytes, microglia and
ependymal cells [182]. Astrocytes provide not only mechanical support, but also
facilitate metabolite exchange between neurons and the vascular system, participate in
tissue repair, and contribute to the formation of the blood-brain barrier (BBB) [182].
Oligodendrocytes are analogous to the Schwann cells of the peripheral nervous system;
they form the myelin sheath within the CNS. Finally, microglial cells are cells of the
immune system, falling under the monocyte-macrophage classification system [183-
185]. The cells of the grey matter are organized into ten laminae that are
topographically preserved across spinal levels (although the relative size varies
according to cervical or lumbar enlargements). These were originally described by
Rexed in 1952 in cats [186] but have been confirmed in other species including rats and
humans. Each lamina serve different functions, the details of which are described

elsewhere [186].

The dorsal and ventral rootlets separate the white matter into the dorsal columns,

lateral columns and ventral columns. The dorsal rootlets enter the spinal cord

33



immediately as the dorsolateral tract of Lissauer [187]. Further details about the

numerous white matter tracts will not be reviewed here.

1.2.1.2 Central canal

Present in all vertebrates, the central canal is initially continuous with the brain
ventricular system [188]. By the second decade of adulthood, however, stenosis or
occlusion of the lumen at most spinal levels has been documented in human autopsy
series [114, 188]. The central canal remains patent in rats, and has been postulated to
facilitate CSF flow in a caudal to cranial direction [185]. The central canal is formed by

an uninterrupted layer of ependymal cells and tanycytes.

Derived from the germinal matrix, the ependyma is a monolayer of cuboidal to columnar
ciliated epithelium [189, 190]. Ependymal cells participate in the regulation of water
movement through specialised aquaporin channels (1.5.2.1). They also contribute to the
brain- and spinal cord-CSF barrier. This is achieved by the presence of gap junctions and
zonula adherens between ependymal cells [190, 191]. Tanycytes are specialised
ependymal cells, found occasionally along the ependymal lining of the central canal.
They are characterised by basal processes that radiate outwards into the neuropil,
encasing blood vessels [189, 190, 192]. It is thought that these cells mediate neuronal
guidance and some neuroendocrine functions. There is also experimental evidence

suggesting a role in axonal regeneration [189, 190, 192, 193].

Made of glycoprotein and glycolipids, the basement membranes of the ependymal layer
form complex labyrinths that connect with the basement membrane of subependymal
capillaries and venules. Leonhardt and Desaga [193] demonstrated differences among
species, but these membranes can be distended by absorbing fluid and form lacunae.

These basement membrane labyrinths may be considered interstitial spaces near the
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ventricles that provide pathways between the ependyma and the subependymal vessels

[193].

Reissner’s fibre is an amalgamation of glycoproteins secreted by the diencephalic
subcommissural organ [194, 195]. It runs from the third ventricle along the central
canal. In rats, it is thought to participate in regulation of CSF production, maintenance of
central canal patency, ependymal cilia functions, and mediating fluid flow along the

central canal [194-196].

1.2.2 Meninges

The spinal meninges are not merely protective coverings—they are central to the
development, homeostasis, and the regeneration of the CNS and CSF [197, 198]. Three
concentric sleeves envelope the spinal cord: the outer dura mater, the middle arachnoid
mater, and the inner pia mater. The spinal dura mater is a thick, highly vascularised,
single layer of connective tissue [198, 199]. Beginning at the foramen magnum, it ends
as a contraction into the filum of the spinal dura at S1/2, encases the filum terminale and
attaching to the periosteum of the first coccygeal segment [200, 201]. At each level, the
dura encloses the ventral and dorsal spinal roots, merging into the epineurium around

the dorsal root ganglion [201].

On the inner aspect of the dura, the arachnoid mater is attached by thin strands of
collagen. The subdural space is therefore just a potential space. It is filled with
amorphous substances and mesothelial cells, and therefore has a low resistance [200-
202].The arachnoid mater ensheathes the spinal cord, nerve roots, spinal blood vessels,
and the intradural portion of radicular vessels. A fine network of connective, flexible
trabeculae bridge the pia and the arachnoid membrane. The SAS is a physical space
(occupying a third of the spinal canal) where nerves, denticulate ligaments, blood

vessels and nerve roots traverse. CSF also flows in this compartment. The denticulate
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ligaments project laterally from the sides of the spinal cord to the inner dura, stabilising
the cord and dividing the SAS into ventral and dorsal compartments [203]. The spinal
SAS is continuous with that of the cranium and enlarges into a terminal sinus to
encapsulate the cauda equina [201, 202, 204]. Arachnoid proliferations are formed from
the arachnoid mater. Most commonly, they traverse the dura and extend into the
extradural space, however they may exist entirely within the nerve root dura or
penetrate an extradural vein [205, 206]. They are analogous to the cranial arachnoid
granulations and are likely important for CSF resorption (up to a quarter of CSF outflow
in animal studies [207]). In rat experiments, obliteration of cranial CSF absorption led to

increased flow along the lumbosacral nerve roots [208, 209].

The pia mater is a thin layer of areolar tissue that is affixed to the spinal cord, the ventral
median sulcus, the conus medullaris, the filum, and the nerve roots. The pia merges with
the arachnoid mater halfway between the lateral aspect of the thecal sac and the dorsal
root ganglion to form the perineurium [200, 202]. Where the two layers combine, a SAS
lateral recess is formed and is delimited before the nerve exits the intervertebral
foramen. This recess allows the nerve roots and nerves to be bathed by CSF [200]. The
spinal pia mater is thicker, more compact, and less vascular than its cranial counterpart
[200]. Vessels of the SAS are enveloped in a leptomeningeal layer that is continuous with
the pia mater. The spinal subpial space is filled with collagen and separates the pia mater
from the glia limitans [199]. This is formed by astrocyte end feet and is the boundary
between the CNS and the pia mater. The pia mater contributes to the microscopic

anatomy of the perivascular space [210]. This will be covered in more detail later (1.5.2).

1.2.3  Vascular supply

In humans the spinal cord vasculature is highly collateralised and complex with wide

anatomical variations [211]. Branches from the aorta and the vertebral arteries supply
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the spinal cord. The anterior spinal artery (ASA) runs continuously along the
ventromedian sulcus and is responsible for supplying most of the ventral two-thirds of
the cord parenchyma (Fig. 2). The ASA can be segmental [212] and has a diameter
between 1.2 mm (at the artery of Adamkiewicz) and 350 um (at the conus). The two
posterior spinal arteries (PSAs) supply the rest of the spinal cord and can be segmental

and narrow [213].

The vasocorona, or rami perforantes, join the anterior and posterior spinal arteries
[213]. Itis an intricate pial arterial network that encompasses the spinal cord, sending
numerous penetrating branches that terminate either in the grey matter or the white
matter tracts [213] (Fig. 3). These irregular vessels inconsistently provide collateral
blood flow. Up to 210 central arteries (with an internal diameter up to 260 um) run into
the ventromedian sulcus. They then turn laterally to supply the grey matter on either
side, as well as the ventrolateral white matter [214]. In the cervical spine there are 7-12

central arteries/ cm, but few are found in the thoracic cord [214].
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Fig. 2 Branches from the aorta and the vertebral arteries supply the spinal cord. The ASA runs continuously along
the ventromedian sulcus and is responsible for supplying most of the anterior 2/3 of the spinal parenchyma.
Reproduced from Bosmia et al, 2013 [215]

The ASA and PSA are supplied by the anterior and posterior radicular arteries that
follow the spinal nerve roots through the intervertebral foramina [216]. The radicular
arteries at C2-C4 are usually supplied by the posterior inferior cerebellar arteries. In the
thoracic and lumbar spine, the posterior branches of the intercostal arteries supply the
radicular arteries [216]. The ASAs and PSAs between C8 and T9 are supplied by only
two radicular arteries. The largest radicular artery is the artery of Adamkiewicz [217].
This usually originates from the left side of the aorta at the level between T9 and T12
and is responsible for blood supply for the inferior two-thirds of the spinal cord [218].
The radicular arteries that reach the spinal cord directly are called anterior and

posterior radiculomedullary arteries [213, 218].
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Fig. 3 Note the origins of the circumferential pial arterial vasocorona which joins the anterior and posterior spinal
arteries. There are numerous penetrating branches that terminate in the grey or white matter [213]. Reproduced
from Bosmia et al, 2013 [215]

The spinal venous network mirrors that of the arterial supply [219]. Ventrally, an
anterior spinal vein runs in parallel to the ASA [187]. There is a prominent dorsal
median vein spanning the length of the spinal cord. In the thoracic level the diameter of
the vein is diminished [219]. Like the vasocorona, a rich, circumscribing venous network
connects the ventral and dorsal median veins. In the cervical and thoracic enlargements,
the calibre of these veins is increased. In the parenchyma, penetrating radial veins drain
blood towards the pial surface [220]. In the cervicothoracic regions, radial veins are
particularly important in draining the ventrolateral white matter tracts and adjacent
grey matter [214, 221]. Sulcal veins generally drain the ventral horns and grey
commissure [214]. Both radial and sulcal veins empty into the superficial, longitudinally
running ventral and dorsal veins that ultimately end up in the caval venous system via

the extradural venous plexus [220].

In the normal adult, the total spinal cord blood flow/ cm of the cervical, thoracic and
lumbosacral segments is thought to be 0.45, 0.04, and 0.11 ml/min/cm, respectively.

These values were extrapolated from Rhesus monkey data [222]. Like the brain, the
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spinal cord is exquisitely sensitive to ischaemia [211, 223], with particularly vulnerable

segments in the cervical and lumbar enlargements.

Similar vascular anatomy has been found in rats and other mammals [224]. The ASA,
PSA and a dominant radicular artery corresponding to the Adamkiewicz artery have all
been identified in murine models [225]. Interestingly, in the cervical spinal cord of the
rat, the median dorsal artery and bilateral dorsal spinal arteries have been documented
[225]. Some authors have suggested that in rodents a larger portion of the white matter
is supplied by the central branches of the ASA instead of the ventral vasocorona [221].
1.3 Cerebrospinal fluid

The term, “cerebrospinal fluid” was probably coined by the French physiologist,
Francois Magendie in the 19t century [226, 227]. A comprehensive review of the history

of CSF experimentation has been compiled by Matsumae et al [226].

Most authors generally regard CSF as the clear, colourless fluid produced by the choroid
plexus that circulates in the ventricular system and SAS of the brain and spinal cord
[228, 229]. There is still ongoing contention, however, regarding the exact function and
physiology of CSF. Historically, criticism has been levelled at the extrapolation of data
from flawed animal experiments to humans [229, 230]. In the 21st century increasingly
sophisticated non-invasive imaging modalities are providing important insights into
hydrodynamics of CNS fluids. It would be incomplete to examine CSF in isolation; there
is incontrovertible evidence that CSF interacts intimately with the ISF that bathes the
cells in the extracellular space (ECS). This section will discuss the current concepts of

CSF and ISF that are relevant to syringomyelia.

1.3.1 Function of CSF
The functions of CSF are manifold [198, 231-233]. They include, but are probably not

limited to:
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. A sink for clearing metabolites, particularly waste products with high molecular
weight. In haemorrhage and injury, proteins and debris can be removed via this

pathway.

. A compensatory mechanism to maintain constant intracranial pressure (ICP)
within the rigid skull despite volume changes that occur normally with the
cardiac cycle, and abnormally with space occupying lesions. This is at the core of

the Monro-Kellie hypothesis [229].

. A means to reduce the operational “weight” of the brain from 1200 g to about 45
g by providing buoyancy [230]. This can be extended to the idea of CSF providing

a “cushion” against trauma.

Paracrine roles whereby nutrients, hormones and other macromolecules are
dispersed throughout the CNS. There is increasing recognition that CSF may be a
“nourishing liquor” [229] and may play an important part in neurogenesis [234].
Hormones released by circumventricular organs into CSF may be homogenised in
the third ventricle and are able to mediate slow global brain functions, such as

sleep, wakefulness, circadian rhythms, and sexual behaviour [235].

1.3.2 Biochemistry of CSF

The electrolytic constituents of CSF have been determined by selective ion

microelectrodes. The principal ions are Na+, Cl- and HCO3- with smaller quantities of K+,

Mg2+ and Caz+ [232]. Other molecules include proteins such as [236-238]:

vitamins (for example, folate, AA, thiamine and pyridoxal monophosphates);

peptides actively transferred into CSF from blood (leptin) or synthesised in the

choroid plexus (insulin-like growth factor)

Proteins that diffuse from plasma through barriers, mainly albumin.
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Plasma has almost 300 times the concentration of protein as CSF due to barriers of CNS
(addressed in 1.3.3) preventing hydrophilic substances crossing from plasma to CSF.
Proteins are generally anionic, so in their relative absence in CSF, Cl- is elevated to
maintain electrical neutrality [239]. Thus, although the pH is similar, the overall

composition of plasma and CSF are different for the most part.

1.3.3 Anatomical Barriers

Water is able to exchange freely and rapidly between blood, CSF and neural tissue [229].
The water content of the CNS under normal circumstances remains constant [229].
There is, however, a multitude of barriers to movement of large molecules in the CNS.
This section will provide context to the rest of this introductory chapter and will

examine the effects of various barriers on solutes and macromolecules.

1.3.3.1 Blood-CNS barrier

Within the neural parenchyma, endothelial cells lining the lumen of microvessels
(capillaries and venules) are linked by tight junctions that prevent free movement of
molecules and ions via a paracellular route. Tight junctions are formed by plasma
membrane-bound molecules (including claudin, occludin, and adherens) and
cytoplasmic proteins (such as zonula occludens). Molecules up to 0.8 nm are able to pass
through these junctions [240]. For larger molecules, there are only two pathways to
cross this barrier. The first is to traverse the bilipid membrane layer. The second, which
applies to hydrophilic substances, is via specific membrane transporters found in both
the luminal and basal aspects of the cell. Molecular charge also determines ability to
penetrate this barrier. Directly surrounding the basement membrane of the
endothelium, in which pericytes reside, are the end-feet processes of astrocytes. The
basement membrane and the glial end-feet regulate passage of large molecules [230].
The basement membrane, pericytes and astrocytic end-feet, rather than contribute

physically to the BBB, promote mutual cellular integrity, maintenance of tight junction
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integrity and proliferation by unclarified mechanisms that result in the non-fenestrated

phenotype [241].

There is emerging evidence that ultrastructural differences exist between the BBB and

the blood-spinal cord barrier. These include the presence of glycogen deposits in spinal
microvessels, increased permeability to tracers and cytokines in the spine and reduced
expression of transporter molecules, tight junction proteins and endothelial adherence
junction proteins. These data were obtained from isolated animal studies and cultured

murine cells [242]. Whether these differences have pathophysiological significance in

spinal cord disorders is unknown.

1.3.3.2 Blood-CSF barrier
The arachnoid layer is a thin layer of cells held together by tight junctions, most

abundant in the external layer. It is impermeable to water and therefore, CSF. The
choroid plexus epithelium is a layer of cuboidal cells also linked by tight junctions
overlying networks of capillaries that are fenestrated. Tight junctions of the apical end
(facing the ventricles) of the choroid plexus epithelium, and of the arachnoid layer form
the blood-CSF barrier. This limits paracellular passage of molecules between CSF and
the choroid vasculature and from the SAS vessels [230, 243]. Choroid plexus epithelium,
however, is capable of transporting large quantities of iso-osmotic fluid due to

numerous transporters found in the microvilli of the basolateral folds [230].

1.3.3.3 CNS—-CSF barrier

Ependymal cells lining the ventricles and central canal do not possess tight junctions.
Instead, the intercellular connections are by gap junctions that permit the free exchange
of small solutes between CSF and ISF [230]. In fact, even large molecules such as
albumin are able to penetrate this porous barrier, although this process is very slow

[229, 244]. The ependyma overlying parts of the third and fourth ventricles
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(infundibular recess, median eminence, area postrema and choroid plexus) are
exceptions — the cell contacts of these specialised ependymal cells, tanycytes, are by
tight junctions [245-247]. This is in distinct contrast to the fenestrated vascular
endothelial cells characterising this group of circumventricular organs. The glia limitans
are similarly permeable to macromolecules and water due to the absence of tight

junctions.

1.3.4 CSF formation and absorption
1.3.4.1 Choroidal Formation

Most investigators assume CSF is produced mainly by the choroid plexus of the
ventricles. A widely quoted figure is that approximately 400 mL/day of CSF is produced
in humans, of which 90% originates from the choroid plexus [228, 241, 248]. Walter
Dandy, demonstrated in dogs with bilaterally occluded foramina of Monro and unilateral
choroid plexectomy, that the side with the preserved choroid plexus had unilateral
ventricular entrapment. Unfortunately, attempts to reproduce these results by others
have failed [249]. Welch compared the haematocrit of blood entering and exiting the
rabbit choroid plexus and calculated the rate of CSF production [250], which was found
to be similar to the rate of CSF absorption. It is also recognised that CSF overproduction
is associated with choroid plexus neoplasia. Therefore, the choroid plexus is likely an

important source of CSF.

There is increasing knowledge about the precise mechanism of CSF secretion by choroid
plexus. Multiple transporters that transfer Na+, Cl-, and HCO3- from blood into CSF
across the choroid plexus are found in the epithelium and are central to CSF formation.
These ions are transported from plasma to epithelial cells (a transcellular process across
the basolateral and apical membranes) and thence into the ventricles [229]. Water is
then osmotically translocated in response to inorganic ion movement. The exact

mechanism is unclear, but aquaporin-1 may play a small role. Kao et al demonstrated
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that in sla4a5 knock-out mice (sla4a5 transports NaHCO3), the ventricular volume and
CSF pressure were 25% of normal and there was reduced CSF HCO3- concentration
[251].

1.3.4.2 Extrachoroidal formation of CSF

There is mounting evidence that CSF is also produced in sites other than the choroid
plexus. Milhorat demonstrated in animals that had undergone choroid plexectomy that
CSF production continued [252, 253]. Although in humans there is evidence, albeit
conflicting, that choroid plexectomy can be an effective treatment for hydrocephalus
[254-256], it can be concluded that at least some CSF must be extrachoroidal in origin.
Perfusion experiments on isolated rabbit ventricular ependyma suggest that about 30%
of CSF is produced by the ependymal surface [257]. An even higher value of ependymal
fluid secretion rate was derived from a study of the central canal in cats [258]. Another
study in dogs involving infusion of inulin into the lumbar spine concluded that the
source of CSF was the spinal SAS [259]. Criticisms of these experiments relate to the use
of heavily instrumented anaesthetised animals, methodological shortcomings and
flawed interpretation of results. The Klarica/Oreskovic group have long asserted that
CSF production is widespread in the CNS capillaries, with the choroid plexus having a
water filtration role [260]. Their interpretations of ventricular perfusion experiments in
cats have been heavily criticised and this model remains eschewed by most. Finally,

others have posited the brain itself as being a source of extrachoroidal CSF [261].

1.3.4.3 Absorption at arachnoid villi

Anatomical differences between animals and humans fuel controversies around CSF
absorption. It has been established that arachnoid villi are well developed in humans but

not in rats.
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The classic model of CSF removal in humans is via the arachnoid granulations located
along the dura of the superior sagittal sinus. This was based on Weed’s 1914 landmark
study where non-toxic dyes were injected under low pressure into the SAS in cadavers
[262]. Later, it was established that a pressure gradient of at least 3 mmHg is required
for drainage of CSF into the venous sinuses. Intracellular vacuoles and intercellular clefts
may facilitate the movement of CSF by endothelial pinocytosis and vacuolisation [208].
However, there are contending theories that promote instead passive transport via
extracellular routes involving intercellular cisterns. In these theories, arachnoid villi act
as one-way valves and are covered by endothelium that prevent free passage of fluid
[226, 249]. These endothelial cells, however, are not universally present in humans.
Arachnoid cap cells that abut the lumen of the superior sagittal sinus are thought to be
essential for active CSF transport [263]. Finally, recent imaging techniques employing
Time-Spatial Inversion Pulse (Time-SLIP) MRI have revealed surprisingly no net flow of
tagged CSF towards the superior sagittal sinus, suggesting that the arachnoid villi may

not be the major site of CSF absorption [235].

1.3.4.4 Absorption at other sites

Spinal clearance of CSF has been clearly documented in animals including sheep and rats
[264]. Spinal arachnoid granulations are most often seen around the dorsal nerve root
and are structurally similar to their cranial counterparts [265]. The most common
subtype is likely one that protrudes through the dura dorsally to penetrate either the
epidural space or vein. Previously it was believed that spinal arachnoid granulations
concentrated around thoracic spinal nerves, but a recent report found greater
abundance in the human cadaver lumbar spine [266]. It is also unclear whether these
spinal arachnoid granulations involve drainage into veins or lymphatics [265]. Analysis
of monkeys suggested a greater importance of lymphatic absorption than venous

outflow, but in human cadaveric specimens spinal arachnoid granulations were closely
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associated with epidural veins, with a close correlation between the size of the vein and
number of granulations [267]. Several animal experiments have attempted to establish
the importance of spinal arachnoid granulation outflow in the context of dysfunctional
cranial absorptive mechanisms by inducing craniocervical arachnoiditis with kaolin
injection. Delayed normalisation of ICP despite high outflow resistance indicated
recruitment of spinal outflow pathways [268]. This was further corroborated by the
findings of markers exiting the spinal SAS via the thoracolumbar rootlets. Another
similar study demonstrated the passage of ferritin tracer through the central canal, via
the ensuing syrinx that ruptured into the dorsal column, and into extradural lymphatic
vessels [269]. As humans are upright (at least for a significant part of the day) and there
is greater hydrostatic pressure in the lumbar cisterns, spinal CSF outflow was postulated

to be even greater.

The lymphatic outflow of CSF is predominantly perineural via the olfactory nerve space
that crosses the cribiform plate. Other cranial nerves (such as the optic, trigeminal and
vestibulocochlear in sheep [270]) have been implicated but there is little evidence to
support their significance in humans. Johnston et al [271] injected coloured microfil into
the CSF of pigs, rabbits, rats, mice, monkeys and fresh human cadavers. The microfil
filled the SAS and entered the network of lymphatic vessels in the nasal submucosa of all
species. The precise microscopic anatomy of the interface between the perineural space
and lymphatic vessels is unknown, although there is suggestion that in humans the
olfactory nerve sheath end is a blind sac and lymphatic CSF absorption is mediated by
pinocytosis. Recently, dural lymphatic vessels have been characterised around the
cerebral venous sinuses of mice and humans [272, 273]. In mice, they also extensively
cover and penetrate the skull base around cranial nerves. These “meningeal lymphatics”

connect with the cervical lymphatics and in mice may directly drain fluid from the brain
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parenchyma based on injected tracer studies. The exact pathways have not been
described. So far, there is no evidence parenchymal lymphatics exist in the CNS in
humans. Intriguingly, there is at least one case report of a parotid gland glioblastoma
metastasis that was first diagnosed by lymph node biopsy [274]. In this patient, there
were no prior cranial operations, which excluded the possibility of dissemination by
scalp lymphatics. While it does not prove the concept of brain lymphatics, this long held
dogma should be re-examined. Finally, the lymphatic system has been demonstrated to
develop before the arachnoid villi across a variety of species and could be the dominant
CSF outflow pathway in the neonatal period [275-277]. There is also convincing
evidence that the arachnoid villi system loses efficiency with age, leading to possible

neurodegenerative sequaelae [208].

[t has not been possible to determine precisely in primates the relative proportion of
total CSF transport that drains to each outflow system. In animal experiments involving
injected radioactive tracers, 15% to 50% of CSF has been found to drain into the cervical
lymphatics [270, 278-281]. In humans there is probably both a high- and low-pressure
outflow system and, based on sheep studies, the olfactory perineural lymphatic system
may be the lower pressure system [208]. Edsbagge et al [282] calculated CSF formation
and drainage using lumbar radionuclide cisternograpy in young human adults. The rate
of tracer activity decline was about 20% in the first hour and enhanced by physical
activity. Based on nuclide activity reduction, the spinal absorption was found to be 0.11

to 0.23 ml/min [43]. These values were somewhat higher than previously reported.

Current evidence, therefore, supports the importance of both the cranial arachnoid villi
and lymphatic systems in the drainage of CSF from the SAS. The spinal arachnoid villi
play a lesser but nevertheless vital compensatory function particularly when cranial

arachnoid villi and lymphatics fail [265].
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1.3.5 Fluid secretion and absorption in the CNS

A mere tenth of 1% of total cerebral blood flow contributes to fluid secretion into the
brain [283]. The CSF secreting choroid plexus (see 1.3.4) accounts for the majority of
this secretion. Up to 99% of cerebral blood flow is separated from the brain by the BBB.
There is likely a net fluid transport across the BBB (contributing to the formation of ISF),
but its rate is still unknown (see 1.4.1). Given the relatively high permeability to water,
fluid transfer across the BBB may be dependent on transport of solutes, particularly Na+
and Cl- [283]. Water would then follow osmotically. Small ions such as Na+ and Cl- cannot
diffuse across the BBB and blood-CSF barrier. However, much is still unknown about the
precise events and arrangement of ion transporters on the endothelial cell and the rate
of net Na+ and CI- transport across the barrier [283]. There is a relative balance between
the efflux and influx of Na+ and Cl- at the BBB (suggested by the stability of these ionic
concentrations). At the blood-CSF barrier, however, more Na+ and Cl- are transferred
into the CSF from the blood than in opposite direction. Therefore, CSF accounts for more

of the total fluid influx into the CNS than ISF.

Despite the high permeability of both barriers to water [283], neither the BBB nor the
blood-CSF barrier are the sites of major net fluid drainage for the CNS. Instead, CSF and
ISF outflow is likely mediated by pressure driven mechanisms involving the arachnoid
villi, dural lymphatics, skull base and spinal cord perineural routes and perivascular
pathways. Imbued with a bird’s eye view of the current understanding of net fluid inflow

and outflow from the CNS, the intricacies of these systems can now be further examined.

1.3.6 Circulation of CSF
Neurosurgeon Harvey Cushing in 1926 proposed a “third circulation” of CSF that is still

widely held by most authorities today. This classical view is one where CSF is secreted
by the choroid plexus into the ventricular system and escapes into the SAS over the

cerebral convexity and spine down to the lumbar cisterns. The fluid is reabsorbed by the
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arachnoid granulations and thus “circulates” by pressure dependent bulk flow. Aspects
of this model have stood the test of time, but there are likely oversimplifications. Recent
insights into CSF dynamics indicate that rather than unidirectional displacement, there
are bidirectional ebbs and flows that create complex mixing patterns in the ventricles
[229, 284, 285]. Overall, there is a net flow of CSF from the ventricles to the basal
cisterns at a rate of about 0.4 mL/min in humans, with a higher rate at night (up to 1.0
mL/min) [229, 286]. In the following sections, the flow of CSF in the ventricular-SAS

axis, and the factors that influence this, will be reviewed.

1.3.6.1 Subarachnoid space flow

Modern concepts of fluid flow in the spinal canal were derived mainly from radiological
investigations, where in vivo flow patterns and velocity measurements were acquired

with cine phase-contrast (PC-MRI) and other dynamic MRI techniques.

The pulsatile nature of CSF, initially thought to be wholly imparted by the cardiac cycle,
has been well characterised since the last decade of the 20w century [287]. In the
cranium, there is marked oscillatory movement of CSF without net flux. Additionally,
there is a much smaller volumetric bulk component derived from secretion of CSF from
the choroid plexus [230]. Time-SLIP MRI provides evidence of bi-directional exchange of
CSF between the third and lateral ventricles via the foraminal of Monro. This process is
attenuated or absent in hydrocephalus, contrary to what is observed in CT
cisternography and radioisotope studies. Time-SLIP has also revealed chaotic CSF
turbulence within the third and fourth ventricles [235]. This finding has supported the
emerging theory (see 1.3.1) that CSF facilitates a paracrine hormonal function. There is
marked fluid pulsatility in the cerebral aqueduct, with craniocaudal movement during
cardiac systole and reverse displacement during diastole [288]. Peak flow rates in each

direction through the aqueduct are normally up to 10 times larger than the average flow
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over the entire period [230]. Recently, there has been evidence from Time-SLIP MRI
studies that respiration has several fold more influence on pulsatile flow than cardiac
factors [235]. This will be addressed in later sections (see 1.5.5.2). There is at least one
report that is in apparent support of the Klarica/Oreskovic model of CSF dynamics (see
1.3.4.2). Analysis of data from Time-SLIP MRI by a CSF tracer program suggested there

may be no displacement of CSF despite its pulsatile nature [235].

There is emerging data about the flow of CSF in the spinal SAS. During a normal cardiac
cycle, up to 2 mL of CSF is displaced from the intracranial compartment into the cervical
SAS in systole. In diastole, there is reverse flow into the cranial SAS [289]. Regions of
elevated CSF flow rates include the prepontine area (in a craniocaudal direction) and the
cervical ventral SAS [290] as demonstrated by 4D MRI (time-resolved PC-MRI with
velocity encoding along 3D flow directions and anatomic coverage). Caudal
displacement of the brain and spinal cord by up to 0.5 mm during systole has been

described in normal adult individuals from analysis of PC-MRI studies [291].

After a series of experiments involving exogenous CSF tracers, Di Chiro in 1964
proposed that when CSF moves craniocaudally it does so dorsal to the spinal cord.
Conversely, caudocranial flow is ventral to the spinal cord. There is new evidence from
Time-SLIP MRI that the CSF pulsatile movement in the SAS is contingent on posture and
thus, resistance to flow. When supine, CSF preferentially flows ventral to the cord

throughout the spine, and when prone, the reverse is true [235].

When CSF flows into the spinal SAS, there is expansion of the fluid-filled cisterns with
consequent accommodation by the dura, which in turn results in compression of the
venous system and epidural fat, especially in the lumbar spine [289]. The concept of the
spinal thecal sac as a CSF reservoir was first proposed by Martin et al. After analysing

the dural sac diameter and cord dimensions of spinal myelograms, they concluded that
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the capacity of the dural sac can change according to prevailing pressure gradients
across its walls in response to changes in cerebral blood flow [292]. PC-MRI has
characterised a gradual reduction of stroke volume as CSF moves craniocaudally in the
lumbar spine. There is also an accompanying reduction in the volume of venous blood
displacement and incremental increase in the phase lag of the maximum velocity [289,
293]. In a computational model aimed at predicting the CSF dynamics in the entire CNS,
Tangen et al found that the caudal flow phase spanned 20-30% of the cardiac cycle
[294]. The cisterna magna had a stroke volume of 0.76 mL with reduction in amplitude
craniocaudally from cisterna magnum to sacrum. The amplitude of both pressure and
volumetric flow rate in the SAS gradually decreased in this direction. Others have
reported peak CSF velocities increasing from C1 to C4 (from 5 to 10 cm/s) secondary to
the tapering of the spinal canal [295]. The craniocaudal pressure wave is sharp and
short in systole, followed by a reversal in the slower diastolic phase. There were
substantial phase lags between pressure and velocity waves, increasing craniocaudally
along the spinal column. In adults, velocity and pressure fluctuations are normally
approximately 900 out of phase [296], but in obstruction the phase difference narrows
[297]. Modeling studies suggest that as flow oscillates between cranial and caudad
directions, flow direction reverses at slightly different times such that there is
simultaneous or synchronous transient bidirectional CSF flow [296]. This is not reflected
in in vivo imaging due to spatial and temporal limitations of MRI. Future improvements
in measuring velocity waves and their timing are likely to increase the sophistication

with which spinal dura deformations can be localised and spatially quantified.

In the spinal SAS, microflow patterns are encountered. These are secondary to
microstructures such as ligaments, nerve roots, trabeculae, meningeal layers, as well as

the white matter and grey matter [289, 294, 298-300]. Pulsatile CSF flow is disrupted by
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nerve roots, breaking the laminar fluid layers and generating geometry-induced flow
profiles. Microcirculatory eddies may form adjacent to nerve roots. Trabeculations
increase pressure drops (by up to 2.5-fold according to Tangen et al [294]) and local
vorticity. These microcirculatory patterns contribute to flow resistance which result in
complex mixing patterns that could be responsible for rapid dispersion of
macromolecular moieties when administered to the spinal SAS. Patterns such as eddy
currents and vortices are a result of “flow separation” which is caused by inertial

properties of fluid in some geometries according to modeling studies [301].

Furthermore, PC-MRI and flow simulations demonstrate that within a spinal axial cross
section there are heterogeneous flow velocities and characteristics. Flow jets are found
anterolateral to the spinal cord with lower velocities elsewhere. In parts of the cord with
a persisting central canal, transient pressure waves from pressure fluxes in the SAS may
result in centrifugal and centripetal pressure gradients according to mathematical
models [302]. This theoretically generates radially directed fluid flow in the cord. The
effects of stenosis on lumbosacral CSF dynamics were recently studied by Kim et al.
Using PC-MRI they compared L2 and S1 CSF velocities in healthy individuals and in
those with lumbar canal stenosis. They found that in both populations flow was
markedly attenuated in the sacral cisterns compared to that of the lumbar cisterns, but
in patients with stenosis increased CSF flow was not observed in response to walking.

The severity of stenosis did not correlate with the degree of attenuation [303].

There are differences in paediatric CSF flow dynamics. In children, the cervical spinal
canal tapers more steeply. As there is also greater systolic expansion of arterial beds, the
CSF velocities are greater than in adults. Circadian rhythm is a modulating factor. In
paediatric hydrocephalus patients, ICP measurements have been recorded to be up to

double that of adult controls, and given that CSF production in normal adults has been
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reported to be more than three times higher in sleep compared with awake states, there

may be increased CSF production in paediatric populations [286, 304].

1.3.6.2 Central canal fluid flow

Fluid flow in the central canal has been studied in a variety of animals since the 1960s.
CSF tracers such as Evans blue, 131]-albumin, colloidal graphite and India Ink have been
injected either into the lateral ventricles or the cisterna magna. Staining of the central
canal was observed in most early experiments. Cifuentes and colleagues infused
horseradish peroxidase (HRP) into the lateral ventricles of rats and documented rapid
tracer spread (13 minutes after injection) not only throughout the central canal, but also
in the basement membrane of subependymal capillaries and within endothelial
pinocytotic vesicles. Based on tracer labelling of the central branches of the ASA, they
proposed a fluid pathway linking the spinal SAS and the central canal via the ventral
median sulcus. The perivascular basement membrane, the ECS and the labyrinthine
extensions were thought to mediate this fluid influx [305]. The same group concluded
that the Reissner’s fibre potentiated a craniocaudal direction of CSF flow along the
central canal [306]. Milhorat injected a smaller volume of tracer, Evan’s blue, into the
cisterna magna and found no appreciable central canal accumulation. However, tracer
was detected after interstitial delivery of tracer. They proposed that spinal arterial and
venous pulsations generated a cephalad fluid flow in the central canal that acted as a

sink for metabolites [307].

Stoodley et al [148] performed similar injections of HRP into the SAS. They observed
rapid distribution of tracer in the perivascular spaces around the central canal. They
argued that the possibility of flow of tracer from the fourth ventricle down the central
canal was unlikely. This further supported the concept of fluid flow from the SAS across

the interstitium and into the central canal which functions as a sink for debris. Later
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work by this group [146] demonstrated flow of tracer into the central canal in sheep
when the SAS pressure was lowered. In subsequent models of syringomyelia in rats and
sheep (induced by intraparenchymal and SAS injections of excitotoxic materials as well
as by direct trauma), central canal deposition of HRP was reported. The authors have
consistently proposed a model of arterial pulsation-dependent perivascular fluid flow
[146, 147,149, 150, 153, 308]. A very recent study involving cisternal infusion of
cadaverine in mice reported central canal labelling by tracer in only a few specimens.
The authors speculated that tracer was preferentially taken up by cells in the
parenchyma before reaching the central canal [146-149, 153, 170, 264, 309]. Thus, there
is strong support from a series of experiments for rapid fluid inflow into the central
canal at least from the parenchyma. There are likely pathways from the spinal SAS via
the perivascular space. Whether there is a predominance of cephalad or caudad flow is
unclear. Tracer molecular size, volume, route of administration and species likely

account for conflicting results.

In one of the most comprehensive autopsy studies of the human central canal, Milhorat
et al [310] found increasing incidence and length of stenosis (particularly between T2
and T8) of the central canal with age. Interestingly, there was evidence that central canal
obliteration may be a pathologically acquired process as opposed to involution. Others
have questioned this [311, 312], but Milhorat et al’s study remains the largest to date.
Thus, it appears unlikely that the central canal is a major pathway of fluid out flow in

humans.

1.3.7 Studying CSF and fluids of the CNS
1.3.7.1 Animal studies

Animal experimentation made up the bulk of research into CSF and CNS fluids last
century [249]. In extrapolating data to humans, other than the fact that most non-

primate species are not upright, there are several technical caveats. Different
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anaesthetics, each with varying dose, timing and route of administration, have complex
effects on cerebral blood flow, CSF production, cerebral function and widespread
cardiorespiratory parameters. In the anaesthetised animal, certain drugs have potent
effects on the choroid plexus. Acetazolamide, for example, can uncouple choroid plexus
blood flow and CSF production in the chloralose-anaesthetised rabbit. A lower body
temperature was found to reduce the choroid plexus epithelial metabolic rate, thus
decreasing CSF production [313]. As anaesthesia generally depresses respiration, depth
of anaesthesia can affect CSF hydrodynamics (see 1.5.5.2). Instrumentation in the CNS
and parenchymal injections can result in a florid inflammatory response which may
alter normal physiology and the creation of hydrostatic pressure gradient abnormalities
[249]. There are variations in spinal cord anatomy across species. The ovine conus
medullaris, for examine, ends at S2, and the rodent filum terminale is surrounded by
grey matter [314, 315]. Reissner’s fibre, which may have a role in binding
macromolecules such as serotonin and monoamines from CSF, is notably absent in
humans [316]. Furthermore, CSF outflow anatomy is different across animals (see
1.3.4.3). However, the choroid plexus of rodents and humans is remarkably similar in
function, histology, CSF production rates and relative mass [229]. Cell cultures can
sometimes be misleading. Although brain capillaries in vivo do not express SVCT-2 or
Aquaporin-1, after several passages endothelial cells dedifferentiate to express these
molecules [237]. Past methods have not universally reported the state of the CNS at the
end of the experiment as this can affect the choroid plexus and BBB functions. Finally, if
the myodural mechanism (see 1.5.5.3) were to exist in small animals, then a
laminectomy or exposure of the atlantooccipital membrane for cisterna magna

injections could in theory disrupt the myodural bridges and the CSF pump [317].
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Recent investigations have attempted to elucidate the changes that occur in perfusion-
fixation of tissue for ex vivo analysis. Documented in real-time with two-photon
intravital microscopy, the Nedergaard group has raised concerns that intravascular
perfusion of rodent brain with 4% paraformaldehyde not only attenuates the
perivascular space by up to ten-fold, but the process directly causes transmural
migration of tracer into the basal lamina of the leptomeninges [318]. This would account
for the presence of tracer in the “vascular basement membrane” that the Carare/Weller
group (see 1.5.3) has described over the course of many investigations [319].
Unfortunately, this study by Nedergaard and colleagues did not support their
observations with detailed confocal microscopic analysis of axial sections. Proulx et al
[320] observed with near infrared (NIFR) fluorescence microscopy that shortly after
death, there was greater accumulation of tracer around penetrating arterioles in the
mouse brain. Again, it was not clear whether histological confirmation was performed,
but the authors warned that there is likely an overestimation of tracer influx within the
parenchyma in ex vivo studies. Future investigations into CSF and ISF of the CNS need to
take heed of these findings, and results from ex vivo studies should be corroborated by

evidence from the living organism.

Although difficult to attain, the ideal experiment would involve normal, uninstrumented
and conscious subjects, as anatomically close to humans as possible. Close histological

follow up at the conclusion of the study would be mandatory.

1.3.7.2 Tracers

CSF and ISF have long been studied by injection of water soluble substances under the
assumption that they follow the fluid being investigated. Tracers have also been

employed to investigate transport processes across the choroid plexus and the BBB.
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Bulk flow, diffusion and rate of elimination determine the distribution of tracers [321,

322].

Besides being easily quantifiable, for a marker to measure effectively the flow of CNS
fluids it must move only because there is net flow and must move at the same rate as the
fluid. For example, if the tracer is too small (for example, Evan’s blue dye which has a
molecular weight of only 789 Da) it will not follow the flow of CSF, instead rapidly
diffusing non-specifically [230]. In most animal studies, another important factor to
consider is the ease of fixing the tracer to tissue. Rapid fixation, as a principle, is ideal to
prevent artifactual distortion of CSF flow by post-perfusion diffusion. Charge and
molecular size also affect penetration of the tracer across barriers. Blue dextran 2000
has a molecular weight of 1000 kDa and a low diffusion coefficient (approximately 1 x
10-7 cmz2 sec-1) which renders it almost immobile by diffusion alone, and too large to pass
through gap junctions. India ink (particle diameter of 1.5 pum) and HRP (molecular size
43 kDa), due to their sizes, have been useful for delineating routes of bulk flow, but not

for quantifying rates of flow [170, 323, 324].

On the one hand, some tracers such as HRP and cadaverine are not inert and are
phagocytosed or endocytosed by cells of the CNS such as neurones and pial cells [243,
325]. On the other hand toxic tracers should be avoided. These include lanthanum (as a
colloid), Prussian blue and trypan blue. Ferritin [240, 269], 99Tc-DTPA [326] and 131]-

albmin [278] have been used previously in small animals and humans.

Super-heavy water (tritium oxide, 3H20) is unsuitable for determining rates of bulk flow
as it diffuses out of the fluid being measured down its concentration gradient, and water
diffuses bidirectionally across a barrier [230]. In other words, there could be large tracer
fluxes with zero net flow due to an equal but opposite flux of water and solutes.

Measurement of heavy water fluxes into or out of tissues can be thousands of times
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greater than the net rate of filtration of water [230]. In the CNS, it is important to bear in

mind the distinction between tracer flux and net flux of water.

Use of fluorescent tracers in the brain has become popular. Iliff et al, used Alexa-Fluor®-
594 hydrazide, Fluorescein-d2000, Texas Red-dextran 3, and Alexa-Fluor®-647
ovalbumin to investigate fluid transport in the brain of mice [327]. Ovalbumin has
certain advantages that make it suitable for characterising fluid movement in the CNS. It
has a molecular size similar to HRP (45 kDa), is non-toxic and can be conjugated to a
fluorescent particle, allowing visualisation and quantification of fluorescence intensity.
Larger dextrans and albumin are appropriate for studying perivascular fluid dynamics

as they efflux almost exclusively via these routes [328].

Recently, in two studies [318, 329] large tracers—1 pum fluorescent polystyrene
microspheres—were injected into the SAS to investigate CSF flow. Using particle
tracking velocimetry and high temporal and spatial resolution imaging (such as
multiphoton intravital microscopy), flow measurements were quantified and computed.
This technique cannot be used with traditional fluorescent tracers due to the lack of

contrast in the flow.

Tracers attempting to access the CNS interstitium from the perivascular space (see
1.5.3) may be obstructed due to the size of the gaps between neighbouring astrocyte
endfeet. This effect is termed “sieving”, and some have attributed the distribution of
differently sized dextran tracers to this phenomenon [327]. Although such gaps have
been reported to be around 20 nm in conventionally prepared, aldehyde-fixed tissue,
new transmission electron microscopy techniques using cryofixation have revealed a
less extensive coverage of the endothelium by endfeet. The exact size of the gap is
difficult to confidently estimate, but it has raised the possibility that astrocytic sieving

may not exist [330]. Instead, the basement membrane might be the more efficacious
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filter. Recent experiments have shown that small single-domain antibodies (17 kDa;
4.5 nm diameter) can better deposit in perivascular basement membranes than large

IgG antibodies (150 kDa; 10 nm) [331].

1.3.7.3 MRI techniques

In recent decades, many insights into CNS fluids have come from humans lying supine
and motionless in MRI scanners. New dynamic MRI techniques, relevant to subsequent

discussions of CNS fluids, will be briefly discussed here.

In PC-MR], blood flow velocity can be determined. The cine phase contrast technique
allows derivation of quantitative CSF flow data by synchronising the acquisition of the
images with the cardiac cycle. CSF flow is temporally represented as an averaged back
and forth movement in a region of interest (ROI). A single acquisition is derived from a
cardiac cycle, but lines of data from multiple cardiac cycles are necessary to construct
one image. This shortcoming prevents phase contrast cine from being employed to
investigate rapid temporal changes in CSF flow, such as with respiration [332]. There
needs to be favourable conditions for detection of CSF due to slower movements. Hladky
and Barrand discussed the difficulties associated with measuring slow flow, as signal
subtraction of a stationary point is required [230]. The CNS moves in synchrony with the
cardiac cycle so this motionless point may not exist. Past studies of CSF flow may not all
be calibrated in “phantom models”, artificially controlled environments that detect time-
dependent arterial blood flow with accuracy. There is also concern that CSF velocity data
have been derived under the premise that the anatomical area examined lies within
enough voxels to calculate the average. The cross section of structures such as the
cerebral aqueduct has been assumed to be constant. Finally, technical characteristics of

the MRI scanner, such as the gradient strength, can affect the flow measurement [230].
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The Time-SLIP single shot fast spin echo technique has a higher signal-to-noise ratio
than the cine PC-MRI technique. This permits fast single-shot acquisitions to improve
temporal resolution without the multi-averaging required in the PC-MRI technique.
Furthermore, compared with the Echo Planar Imaging (EPI) method, much higher
spatial resolution can be achieved. A superior temporal resolution (about 720 ms per
image) employing single shot fast spin echo, as opposed to the cine PC-MRI technique
(temporal resolution of around 4 seconds per image) allows visualisation of CSF flow
[332]. Although Time-SLIP MRI techniques are thought to better discriminate between
respiratory and cardiac effects on CSF, some cardiac pulsation effect is incorporated
during deep inspiration and expiration. The six second acquisition window (which
reflects the temporal resolution) captures deep inhalation or exhalation, but not
breathing at rest which only requires two to three seconds. This difference reflects the
short delay between respiration and CSF movement. Therefore, this method is limited to

the deep respirations [332].

EPI enables acquisition of data with high temporal resolution but limited spatial
resolution [332]. Visualisation of CSF flow is therefore reduced. In the aqueduct and
spinal canal cardiac generated pulsatile flow varies during the different phases of
respiration as it is not possible to separate the effect of these two forces driving CSF flow
[332]. Moreover, EPI uses intensity variations of MR images which are qualitative.

Neither CSF flow direction nor velocity or CSF can be measured [333].

In Pencil Beam Imaging (PBI), the MR phase signal is not entirely determined by flow
within the spinal cord. The nominal boundaries of the pencil beam may encompass
structures outside of the cord, allowing contributions from other flow sources such as
the epidural veins. Selection of the shape and size of the pencil beam is therefore

required [334].
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Finally, techniques such as diffusion weighted imaging may be employed to study
parenchymal water movement in the CNS [335]. Thus, although increasingly
sophisticated MRI modalities are being applied to CNS fluid research, all have

shortcomings in applicability and spatio-temporal resolutions.

1.3.7.4 Computational fluid dynamics
Computational fluid dynamics (CFD) employ mathematical modeling for the study of

intracranial fluid flow in health and pathology. Although they are becoming more widely
established [289], there have been far fewer studies on spinal fluid dynamics.
Computational domains are reconstructed with image segmentation software and have
become invaluable in resolving flow and pressure fields in space and time, beyond the

capabilities of imaging modalities [289].

Loth et al studied CSF flow in short segments of the spine with idealised geometries and
the impact of annular geometric variation [336]. They adjusted the boundary conditions
for each segment and yielded CSF motion data in 1 cm segments. Subsequent groups
have calculated predicted peak diastolic and systolic velocities, stroke volume and flow
rate of CSF at various locations of the cervical spine. These values are summarised in Fig.
4. Model fidelity can be improved by using medical image reconstruction to represent

subject-specific anatomical spaces [289].
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Fig. 4 Linninger and colleagues compiled from the literature the values of human spinal CSF flow parameters as
predicted by CFD models. Boxes shaded blue indicate the data range, and black points represent the average value.
Red arrows refer to values that extend beyond range. Reproduced from Linninger et al, 2106 [289].

Computational meshes that incorporate patient-specific geometry allow the direct
comparison of simulations with in vivo data for an individual. The scarce anatomical
features, boundary assignment uncertainties, and omission of fluid surface interactions
(the movement of neural tissue in CSF) are still some shortcomings that explain
inaccuracies of CFD predictions [289]. An open, patient-specific reconstruction of the
cervical and thoracic SAS was modeled by Cheng et al to investigate whether fluid
surface interactions affected CSF pressure. The group concluded that the pial
deformations had minimal impact on the CSF velocity and pressure characteristics

[337].

As far back as 1971, spinal microanatomy was proposed to induce complex mixing
eddies [338]. However, nerve roots, ligaments, and trabeculae are beyond medical

imaging resolution. Computational analysis can help quantify their effects on microfluid
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patterns and flow resistance. Pahlavian and colleagues added nerve root pairs to a
section of the cervical spine modeled as an open, rigid annular space [298]. Their
calculations indicated that nerve roots increased both peak velocities and the duration
of bidirectional CSF flow in the SAS. Other computational models by earlier groups
include lattice Boltzmann simulations [300, 339] and the simulated porous model of the

cerebellomedullary cistern and the spinal SAS [340].

The abovementioned CFD models employ rigid walls and open cross sections
delineating only a specific subdomain of the CSF-filled spaces. Such models are not
reflective of in vivo dynamics as CSF is permitted to exit the computational domain, and
boundary conditions are adjusted to achieve the desired or measured velocities. There is
less work on closed models of the CSF flow encompassing the entire CNS. Closed models
do not have open adjustable boundary conditions. They enforce assumptions about the
mass and momentum exchange in the entire CNS. CSF displacement is accounted for by
force coupling with the distensible vasculature or compliant boundaries. Linninger’s
group [341-344] has developed a whole CNS model of CSF flow with deformable walls.
This model predicted cerebrovascular pulsations driving CSF velocities throughout the
CNS. Additionally, it described realistic phase lags between the arterial and venous
blood vessels, CSF motion in the ventricles with oscillatory CSF movement between
cranial and spinal SAS, and the deformation of the spinal SAS. In an extension of
Linninger’s model, Tangen et al [294] employed a computational meshing approach with
reconstruction of the entire CNS from patient specific imaging data. They added

microscopic trabeculae that could not be visualised by MRI (see 1.3.6.1).
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The viscous and inertial properties of CSF and their effects on flow patterns have also
been modeled. Viscosity generates a laminar flow pattern.1 The mass and velocity of CSF
result in inertial forces, which in turn involves application of pressure gradients to
laminar flow [296]. The resulting velocities depend on initial velocity of the fluid, and
different regions of the laminar flow in the SAS are affected differently by pressure
gradients (centre vs the boundaries or meninges) [296]. The transient synchronous
bidirectional flow of CSF [345] has been conceived as CSF flow direction reversing at
slightly different times as fluid flow oscillates rostrally and caudally. Eddies and vortices
in the SAS may also be predicted based on the inertial properties of fluid in some
geometries [301]. It has been predicted that CSF pressure fluctuations, which are
coupled with velocity fluxes, result in transient pressure waves and gradients in the
spinal cord parenchyma. In spinal cord models with an anatomically accurate central
canal, ventral median sulcus as well as grey/white isotropic differences (see 1.4.2.1),
pressure waves at the pial surface was found to induce interstitial radial pressure

gradients and complex patterns of fluid movement [113, 119].

The relative effects of inertia and viscosity on fluid can be deduced from the Reynolds2
and Womersley3 numbers [296]. The CSF and blood in large arteries have similar
numbers (CSF has a slightly lower Womersley number) and so are thought to share

some flow patterns according to CFD models.

Advances in imaging (for example, 4D MRI) will provide volumetric flow data in real-

time, which will be superior to the point velocity measurements using multiple

1Layers of uninterrupted flowing fluid result in fluid moving faster in the centre of a channel and slower near a
boundary due to friction.

2 The ratio of inertial to viscous forces.

3 Measures the transient inertial forces in proportion to viscous effects.
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heartbeat averages. Better image quality and measurements will improve CFD model

predictions [289].

Computational modeling is an increasingly powerful tool to generate and test
hypotheses on fluid dynamics at macroscopic and microscopic levels. Its sophistication
is still contingent, however, on data derived from careful designed laboratory and
imaging experiments. Having obtained a panoramic view of CSF, attention should now
be turned to ISF.

1.4 Interstitial Fluid

The cells of the CNS are densely packed together, resulting in tortuous narrow gaps that
make up the ECS in continuity with the basal lamina of capillaries [346, 347]. The fluid in

the ECS is the ISF. In the brain, the volume of ISF is approximately 280 mL [348].

1.4.1 Function, composition, production and absorption

There is consensus that CSF is able to penetrate neural tissue and mix with fluid and
solutes in the ECS microenvironment, which are by-products of cellular metabolism and
secreted across brain capillary endothelium [349-352]. Compared with the rest of the
body, filtration of solutes and water in the brain is markedly reduced due to the BBB
[348]. A variety of compounds, metabolic substrates, ions, and Oz cross the BBB (the
larger, hydrophilic molecules requiring transporters) from blood towards the brain
tissue. The molecules then diffuse over small distances of up to 25 pum through the
interstitium [353, 354]. Specific endothelial membrane transporters also exist for the
metabolites that require clearance across the BBB into the blood (for example, AB, lipid
soluble toxins) [348]. Although the composition of ISF may be similar to CSF near the
pial or ependymal surfaces, diffusion reduces CSF/ISF exchange the further the distance
from such interfaces. Moreover, cell-bound macromolecules, such as polysaccharides

(including negatively charged, hydrophilic glycosaminoglycans), are not exposed to the
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comparatively acellular CSF, further limiting fluid exchange, and contributing to the

composition of ISF [353].

Although there is increasing agreement that an important source of extra-choroidal CSF
is ISF, the corollary is not true. There is significant evidence for ISF production across
the BBB [355]. In in vivo experiments, plasma concentration changes do not lead to
fluctuations in regulation of brain ions [356, 357]. To achieve this, various ion channels
and transporters have been described at the brain side of the BBB, capable of net
secretion of a sodium chloride rich fluid powered by ionic gradients generated by the
Na+/K+/ATPase pump [356]. Water then passively follows this secreted fluid. This, and
other ion transporters, have been documented in primary cultured brain endothelial
cells. Thus, most ISF is “fresh”, conducive to the stringent ionic microenvironment of the
CNS and free from waste products of recycled CSF. A component of ISF likely comes from

water that results from oxidation of glucose to CO2 [356].

1.4.2 Fluid movement in the parenchyma

Whether fluid movement in the ECS of the CNS occurs via diffusion or convection is a
subject of intense debate. Neuroscientists as far back as Cushing in 1914 [358]
postulated that ISF might drain out of the brain via privileged, low resistance pathways
into the CSF. In the 1970s, this idea was further developed by Cserr et al [359-361] and
others who studied various radiolabeled tracers injected into subcortical brain
structures. Eventually, two camps emerged: 1) one group proposed fluid flow was
convective in nature and that these specialised pathways were along blood vessels and
along white matter tracts [362-364], while 2) the opposing group rejected the idea of
interstitial bulk flow, promoting diffusion as the mechanism for CSF/ISF exchange

instead [365].
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Evidence is gathering to support diffusion as the mode of solute transport in the ECS of
the CNS, at least in the grey matter [331]. In the 20t century, in vitro and in vivo
investigations included ventriculo-cisternal and subarachnoid-cisternal injection of
radiolabeled tracers (such as inulin and sucrose) [366-368], as well as real-time
iontophoresis studies of small tetramethylammonium ions [369] that demonstrated
random movements of solutes through the ECS due to its tortuous microarchitecture
(see below). An important point in the argument for diffusive transport has centred
around the width of the CNS ECS. Early electron microscopy ultrastructural studies of
conventionally perfusion-fixed neuropil yielded results in the range of 10-20 nm [370-
372]. Recently, Thorne and colleagues demonstrated that the ECS width in the living
rodent somatosensory cortex is greater than these previous estimates [373, 374]. Using
an in vivo diffusion measurement technique, integrative optical imaging (I0I), dextrans
and 3-35 nm quantum dots were injected into the grey matter. They concluded that
diffusion theory could account for solute transport in the neuropil 4+ without any
predilection for drainage to arterial or venous structures. They additionally derived an
ECS width of 40-60 nm after applying their experimental results to a model of brain ECS
as cylindrical pores [373]. These results were corroborated by further computational
modeling of hippocampal neuropil, where actual tissue geometry from serial electron
microscopy had been corrected to reflect the in vivo ECS volume [375, 376]. They
concluded that under most circumstances, the ECS geometry is convoluted and narrow
where the hydraulic resistance is likely to be so high that a pressure mediated
convective flow is implausible [377, 378]. In recent years, mathematical models have
further argued against bulk flow in the interstitium. Jin et al [376] constructed a 2D

model of the ECS, assuming ISF had the viscosity of water. They concluded that with

4 1t should be noted that a durotomy was performed in these experiments, which affects hydraulic integrity.
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physiological paravascular pressure gradients of <5 mmHg, no advective flow of solutes
was possible. Aquaporin-4 (AQP4) permeability to water had little effect on overall
parenchymal resistance. A subsequent computational simulation, using more realistic
3D electron microscope reconstruction of a rat hippocampus including smaller more
numerous objects that resist flow in the ECS, demonstrated that even for large

molecules, clearance from the brain interstitium via diffusion was easier than bulk flow
[375].

1.4.2.1 Grey matter vs white matter

Important work by Rosenberg et al [379] on ventriculo-cisternal perfusion of ECS
molecules in cats has demonstrated that although ISF flow in grey matter is consistent
with diffusion, bulk flow occurs in white matter tracts (as described originally by Cserr
et al [360] and Abbott [355]). Grey matter is unmyelinated and is also the site of
penetrating arteries from the ventral median fissure. Its ECS is packed with somas and
neurites that have no preferential orientation. The tortuositys () for diffusing molecules
is high [348]. Diffusion here is isotropic (confirmed in rat spinal cords [23]). Tortuosity
is modulated by the viscosity of the ISF, as well as the molecule size. The smaller the
diffusing molecule, the less hindered its path through the ECS. Efficacy of diffusion also
diminishes as the square of distance. Tortuosity has regional variations in the CNS grey
matter; the neocortex has a higher value than the hippocampus, for example [374]. Fluid
is constrained by and diffuses along parallel white fibre tracts that are relatively free of
interconnections. Tortuosity is therefore lower. Here, diffusion in the ECS is facilitated
by anisotropy, which has also been confirmed in the developing rat spinal cord in ex vivo

experiments [23].

s Tortuosity (L) = diffusion coefficient in water (D)/ apparent diffusion coefficient (D*)12
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The difference in diffusion isotropy between grey and white matter has been further
demonstrated in human MRI studies [15]. This was confirmed in computational
simulation of the rat spinal cord by Sarntinoranont et al using diffusion weighted MRI
[335]. They found a lower hydraulic conductivity in the grey matter and thus increased
tissue resistance. Diffusion along ECS of white matter tracts, however, was unaffected by

these factors.

Spinal cord white matter tracts differ from that in the brain; myelinated tract fibres run
parallel to its long axis. Convection-enhanced delivery (CED) experiments on animal
spinal cords give insight into ISF movement. Endo et al [380] employed Evan’s blue
tracer, a smaller molecule that is more effective in studying diffusion, to characterise the
delivery of macromolecules into the grey matter of rat cords. Evan’s blue spread in a
radial pattern after delivery into the grey matter but was confined to the white matter
after white matter injections. The tracer travelled slightly further rostrocaudally in the
white matter compared with grey matter. A durotomy was performed prior to
cannulation of the cord parenchyma, resulting in CSF leak and altered hydraulic integrity
of the SAS and perivascular spaces. This may in turn affect fluid inflow dynamics. Much
of the earlier work on ISF movement in spinal cord was performed ex vivo, and in
models where there was a breach in the dura [381-385]. These results should be
interpreted with caution. Other CED studies in animal spinal cord have yielded similar
findings of anisotropic movement of ligands through the white matter tracts [386, 387].
In these experiments, infusate was homogeneously distributed over a long segment of
the cord. However, these studies were plagued by large durotomies and significant CSF

leak.

[t is increasingly clear that diffusion largely governs fluid movement in the CNS

parenchyma, especially in the grey matter. Fluid flow is likely different in the white
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matter, and it is unclear whether bulk flow is more prominent here. Indeed, Abbott’s
2004 seminal investigation found a bulk flow rate of 0.1-0.3 pL/min/g in the rat white
matter tracts [356]. Recently, a study examined clearance of injected tracer from the rat
basal ganglia towards ventricles. The authors noted regional variations in fluid drainage
patterns that were dependent on white or grey matter was involved [388]. Whether
these findings apply in the spinal cord is largely unknown.

1.5 Interaction between fluids

In the contemporary literature, most of the efforts to elucidate the precise mechanisms
governing CSF and ISF exchange have been directed towards intrathecal
pharmacological delivery systems [331], or the pathophysiology of neurodegenerative
diseases where there is putative dysfunction of interstitial waste clearance. Fluid
exchange also subserves physiological functions. Examples include the paracrine-like
redistribution of CNS proteins by CSF (such as melatonin), or proteins that are secreted
across the blood-CSF barrier at the choroid plexus, or even by the choroid plexus for
dissemination (such as vitamin C [389, 390], folate and IGF-II [391]). A more complete
understanding of inflow and outflow systems is relevant to CNS fluid disorders such as

syringomyelia.

Current evidence strongly suggests that the CSF moves into the CNS parenchyma, where
it interacts with the ISF [328]. If there is net movement of fluid into the spinal cord,
there must be endogenous fluid drainage (and ipso facto, solute elimination) to maintain
homeostasis. Ultimately, there are only two modalities through which substances can be
eliminated from the CNS parenchyma: 1) transport across the BBB or 2) efflux to the CSF
or lymphatics [328]. Even products of metabolic breakdown still require eventual

removal by either or both of these routes.
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The gross inflow and efflux of water across the BBB is large. However, the net flux of
water is so small its overall direction is not known. There is evidence in humans
suggesting a net movement of water from blood to brain of ~10 mol/ day [283]. This is
approximately a third of CSF output by the choroid plexus. Similarly, the net movement
of Na+ and Cl- across the BBB is likely small. The net displacement of these ions is likely a
result of active transport, a significant part of which occurs in perivascular
compartments. Near ependymal surfaces, ISF and CSF exchange can be mediated by

diffusion so perivascular ionic transport can be supplemented by this process [230, 283,

328].

Given the paramount importance of these ions to fluid flow, the exchange of substances

via perivascular, transependymal and transpial routes will be discussed.

1.5.1 Transpial and transependymal exchange

The reader is reminded that water freely passes between blood, CNS parenchyma, and
CSF, and that large gap junctions exist in the pia and ependyma to facilitate CSF/ISF

diffusion and exchange [328](see 1.3.3.3).

Experimental evidence supports the notion of bidirectional exchange between CSF and
[SF via transpial and transependymal routes [392, 393]. In rabbits, rats and humans
[394-399], intraventricularly administered tracers (ascorbic acid, inulin, mannitol
sucrose) have been shown to diffuse readily from the CSF through the ependymal lining,
and then gradually towards the para-ependymal parts of the brain. Eventually, as the
tracers reach the SAS, transpial migration of these molecules into the surrounding CNS
parenchyma has been observed. The time taken was found to be a function of molecular
size. Labelled Na+ and Cl- have also been reported to exhibit similar transependymal
movements [400], and such fluxes actually represent ionic exchanges between ISF and

ventricular CSF [229]. Conversely, there is clear diffusion of homovanillic acid (from
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dopamine metabolism) and 5-hydroxyindoleacetic acid (serotonin metabolism),

products of neuropil metabolism, from the ISF to CSF [238].

The kinetics of CSF/ISF exchange of soluble molecules are complex. They are dependent
on the principles of diffusion, as well as microarchitecture of the cell-interstitium
relationships (such as tortuosity and viscosity of the extracellular matrix ) [229]. Other
driving forces in the ECS such as cardiovascular pulsations, respiration, conscious state
and posture may affect solute movement (discussed later, 1.5.4). As a general rule,
however, exchange between CSF and ISF is passive and is therefore a slow process,
taking hours or days for CSF tracers to equilibrate with the brain parenchyma at depth
[229]. Due to the porous nature of the ependyma, it is possible to conceive the CSF-ECS
as one continuous large compartment. Substances such as Na+ (that penetrate BBB
poorly, are not metabolised and are transported into the CSF continuously) equilibrate
slowly via diffusion throughout the entire CSF-ECS compartment. At steady state there
is no net flux between ISF and CSF despite the ongoing mixing between the
compartments [229]. For tracer molecules that have poor permeability through the BBB
or blood-CSF barrier, observations after short experimental times (such as 30 mins) may
be misleading. Indeed, investigators such as Iliff et al [327] have cast doubt on
transependymal movement of solutes because they noted intraventricularly infused
dextrans and ovalbumin do not penetrate the brain parenchyma. On the other end of the
spectrum, molecules such as penicillin rapidly disappear after intraventricular
administration because of bulk flow and clearance by the choroid plexus by OAT-3
transport found in capillaries and the choroid plexus [401]. Interpretation of passively
infused tracer studies, therefore, should be circumspect and take into account time,

solute characteristics and pharmacokinetics.
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1.5.2 Definition and anatomy of the perivascular space

The “perivascular spaces” of the CNS have recently become the focus of CNS fluid
research [353]. A consensus on the precise definitions and constituents of the
“perivascular” and “paravascular” space is conspicuously absent. These terms have been
interchangeably used (and misused), but appear to be supplanting the older
nomenclature, “Virchow-Robin space”. This confusion arises partly from the increasing
recognition that the microanatomy is complex, technically difficult to study, and likely
altered in ex vivo preparations [318]. In this chapter, the term “perivascular space” shall

be used for the small spaces around blood vessels.
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Fig. 5 Anatomy of the perivascular spaces around an arteriole and a venule, as proposed by the Weller/Carare
group. Reproduced from Bakker et al, 2016 [348]
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Perivascular spaces are found in both large leptomeningeal vessels and in the
vasculature of the CNS interstitium [353]. The latest ultrastructural studies employing
electron microscopy have revealed increasingly intricate anatomy (Fig. 5) [348, 402].
Firstly, the “space” around penetrating vessels may in fact be filled with fluid and
compact layers of cell processes and basement membrane [249, 403]. This “space”
occupies the connective tissue of the adventitia as well as, according to some authors,
the basement membrane within the tunica media (vascular basement membrane) [331,

404-407] and the capillary basal lamina [353].

The arterioles in the SAS are ensheathed in fenestrated leptomeninges derived from the
pia which continues with the vessel deep into the parenchyma, fusing with the glia
limitans of the astrocytes at the level of the capillaries [347, 408] (Fig. 5). The pial sheath
is thought to continue with the cerebral leptomeningeal vessel as it traverses the skull
[348] (and presumably also the bony spinal column). Collagen is found between this pial
sheath and the outer basement membrane of the smooth muscle cell, constituting the
adventitia [348]. This is the expandable component of the perivascular space. As veins
cross the SAS into the parenchyma they lose their pial sheath, thus the subpial space is
in contact with the adventitia of the vein. It would be logical to distinguish the
compartment formed by the glia limitans and venular adventitia as a “perivenular
space”. The discrete compartment between the glia limitans and the pial sheath (that
delimits the “peri-arterial space”) might warrant separate labelling. Some have referred
to this as the “paravascular” space, but perhaps it may be more reasonable to call this
the “para-arterial” space, a subdivision of the perivascular space. As the arteriole divides
into capillaries, the tunica media and the layer of pia mater are lost (Fig. 5). At the level of
the capillary, the glia limitans is in direct contact with the wall of the capillary. The

perivascular space may continue within the basal lamina of the capillary [327, 331, 362,
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409]. Fenestrations have been described in the adventitia of leptomeningeal arterioles
(in the rat), as well as in the pia and pial sheaths. These openings offer little resistance to
molecules as large as 2000 kDa [410], and intrathecally injected IgG antibodies are able
to reach even microvessels [331]. The porous nature of these barriers means that CSF
can potentially access the entire cerebrovascular tree. The above descriptions are
derived from brain studies [230, 249, 403, 411]. Ultrastructural studies of the
perivascular space and SAS in the rat spinal cord by the Stoodley group suggest similar
anatomy [402], although a pial sheath was not observed accompanying penetrating

vessels in the SAS.

The perivascular space is likely a site of significant exchange between ISF and CSF [353] .
The mechanisms surrounding this exchange, the role that astrocytes play and the
fundamental fluid dynamics at this microscopic level are topics of ongoing enquiry and

debate.

1.5.2.1 Aquaporins

As one of the centrepieces of the glymphatic model [327], aquaporins and their role in
health and disease have garnered considerable interest. Aquaporins are a family of cell
membrane water-selective channels. These 0.5 nm pores regulate osmotically driven
water (and sometimes other small molecules) through the lipid bilayer [412].
Aquaporin-1 is present on the epithelial cells of the choroid plexus. AQP4 is enriched
particularly on the astrocyte foot processes and ependymal cells—that is, at CSF
interfaces. They have polarised expression at the pial surface-facing glia limitans, and
within perivascular endfeet that form the boundary between the CNS blood vessels and
the neuropil [413, 414]. Aquaporin-9 is localised to tanycytes and astrocyte end-feet
[415]. Together with a medley of neuronal and glial ion cotransporters and

neurotransmitters, aquaporins play a central role in regulating water homoeostasis in
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the ECS. The impact of AQP4 deletion is not completely understood. Observations

include:

1. Reduced ependymal production of CSF [416].

2. Increased diffusion in mice, suggesting that solutes move quicker in ECS with less

water content [417].

3. Reduced CSF/ISF exchange with diminished paravascular water and solute entry

and ISF flow (see 1.5.3) [327] .

4. Increased brain ECS volume fraction, basal water content and greater ICP spikes
in response to vasogenic oedema. This suggests AQP4 has a role in induction and

resolution of oedema via fluid shifts between brain compartments [418-420].

5. Loss of AQP4 polarisation in the ageing rodent brain is associated with reduced
CSF circulation and paravascular inflow of intracisternal delivered tracers, as
well as decreased clearance of A} [421].
1.5.3 Fluid flux theories
The precise interaction between the CSF, ISF and perivascular fluid remains
controversial. It was hypothesised over a century ago that ISF and CSF might mix.
Beginning with Weed [262] in the 1910s, experiments by various groups demonstrated
that tracers can enter the CNS (the vast majority of studies focused on the brain) via an
inward perivascular route, or a diffusive transpial pathway [353]. Ichimura et al [422]
demonstrated communication between the ECS, the perivascular space, the subpial
space and the SAS. They observed, however, a slow, variable, back and forth longitudinal
movement of large tracer molecules in the perivascular spaces that did not support
rapid fluid flow into brain via these channels. This was in contrast to the findings by

Rennels [362] who laid the foundation for a model of ISF clearance via rapid “para-
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arterial inflow” (with HRP tracer) and “para-venular” outflow of CSF. A model of fluid
circulation within the CNS was thus established. At the close of the 20t century,
Stoodley et al [148] later found evidence for rapid fluid flow via perivascular spaces into

the spinal cord interstitium and central canal in the normal rat using HRP.

The “glymphatic” system, described in 2012, revived interest in perivascular flow and
the concept of fluid circulation [327]. This theory was borne out of well-designed in vivo
experiments using multiphoton microscopy on transgenic mice that exhibited
fluorescent vascular smooth muscle cells. Intraventricular, intracerebral and
intracisternal injections of fluorescent CSF tracers (dextran and ovalbumin) led to a
theory of CSF convective inflow into brain via a “para-arterial” route (histological
clarification of tracer deposition was not performed). Bulk interstitial flow through the
ECS then washed the tracer towards para-venous spaces for efficient clearance out of
the brain. “Paravascular” tracer and water entry (and exit from the interstitium) was
hypothesised to be dependent on AQP4, found in abundance on astrocytic end-feet in
spaces around penetrating vessels [327]. The basis of this claim was made after
observing reduced inflow and outflow of tracer in AQP4-null animals. Smaller, lipophilic
tracers were also injected and were observed to follow spatially restricted interstitial

pathways. AQP4 modulation did not affect this phenomenon.

Although well publicised, the glymphatic theory has been levelled with major criticisms
regarding the methodology and interpretation of results within the study [230, 249, 351,

376, 423]:

1. The precise mechanism(s) by which perivascular astrocytic AQP4 channels
mediate directed arteriovenous transparenchymal ISF and macromolecular flow
have not been elucidated. There is no explanation for continued rapid periarterial

inflow of large tracers in AQP4-null mice. Other authors have consistently
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questioned whether generation of the required hydrostatic pressure or osmotic
gradient is possible to support interstitial convective flow [424]. The results of
subsequent animal experiments and computational modeling [376, 423] by other
groups have suggested high hydraulic resistance values in the ECS that would

impede any significant bulk flow [375, 425].

. AQP4 is not known to transport large proteins [353].

. Convective flow of ISF, solutes, and waste through the parenchyma is at odds
with the stringent homeostasis of the ECS microenvironment necessary for

synaptic transmission [353].

. Smith et al [426] repeated central aspects of the original glymphatic experiments
including similar intracisternal delivery of tracers in both wild type and AQP4-
null mice. They, and others [331], reported that there was transpial tracer influx
and this mechanism was dependent on size and consistent with diffusion, with
symmetrical spread of parenchymally injected dextrans in vivo. Whether the mice
were AQP4-null did not result in any qualitative or quantitative differences in CSF

tracer deposition.

The Carare/Weller group has long promulgated a vascular basement membrane model

[427] centred on fluid influx and efflux via different layers within the perivascular space

that is present as a continuum from capillary to artery (Fig. 5). In a recent publication

[403], intrahippocampal injection of fluorescent A resulted in its deposition in the

superficial leptomeningeal arterial wall. Transmission electron microscopy verified the

protein was found with high specificity in the basement membrane within the tunica

media (as opposed to endothelial basement membrane). This was interpreted as

“perivascular” ISF and solute clearance, along arterial conduits directly to lymphatic

systems in the skull base [249, 428]. This route was fast, and limited penetration by
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larger particles. Accumulation of 15 nm gold nanoparticles in the “pial glial” layer
(corresponding to the para-arterial space—for definition refer to 1.5.2) after injection
into the cisterna magna suggested fluid inflow via a paravascular route. In the
capillaries, there was adjacent bidirectional flow of fluids with CSF inflow next to the glia
limitans and ISF outflow next to the endothelium. Notably, there was no venular
involvement in fluid transport. Earlier work by the group reached the same conclusions
with dextran and ovalbumin tracers (3 and 40 kDa respectively) [427, 429]. After
entering the basement membrane at the capillary level, ISF was observed to drain along
the basement membranes of cerebral arteries by bulk flow. Further key evidence for this
was acquired with intravital multiphoton microscopy of fluorescent tracers injected into
mouse brains to study ISF clearance [430]. A rapid co-localisation of dextrans of
different sizes to the arterial basement membrane was reported. The tracers deposited
in the perivascular space within the smooth muscle cell layer. Again, no tracers were
detected around venous structures. Biexponential reduction of tracer over 30 mins was
demonstrated, which the authors interpreted as consistent with bulk flow in the
perivascular space. This study was notable for its real-time in vivo, high temporal
resolution tracking of small volumes of intraparenchymally delivered tracer in single
vessels. The caveat was that a durotomy was performed presumably for the imaging and
stereotactic injection, compromising hydraulic integrity. It should be noted that Iliff et al
injected 1251-labelled AB into mouse brain and found that 60 mins after delivery, the

iodinated tracer was detected along capillaries and veins [327].

Thus, the major points of contention between the dominant models of fluid flux are
centred around: 1) the involvement of basement membranes in fluid influx/efflux and 2)
the types of vascular structures involved. If, on the one hand, vascular basement

membranes (within and binding the smooth muscle layer) mediate perivascular fluid
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influx, then cardiovascular pulsations cannot be the driver of fluid flow due to their
incompressibility and higher resistance to flow. It should be noted at this point that it is
not established whether bulk flow exists in the perivascular space at all. In another
critical analysis of the glymphatic theory, a recent modeling study concluded that bulk
flow driven by steady state pressure (between the SAS and the parenchyma) in
perivascular spaces around arteries is implausible [431]. The authors showed that the
hydraulic resistance of vascular basement membrane is too high to facilitate ISF
clearance, unless there was direct lymphatic drainage in the CNS parenchyma. There
was also an inadequate driving force from local pressure differences to effect
“paravascular” bulk flow in arteries and veins. However, in recent in vivo animal
experiments, Mestre and colleagues derived a high Peclet number for fluid flow within
leptomeningeal perivascular spaces of mice, consistent with advection [318] (which

would align with the original glymphatic assertion of bulk flow, see 1.5.5.1.2).

On the other hand, if fluid and solutes flowed instead within fluid filled, compressible
extramural compartment(s) of perivascular spaces then arterial pulsations, associated
with modest changes in blood pressure, can drive fluid flow. Pizzo and colleagues
suggested that both basement membrane routes and other, extramural routes exist with
their relative importance depending on the size of vessel and the size of the solute [331,
409]. Others have suggested that extramural basement membrane mediate influx, while
the intramural basement membrane route between smooth muscle cells facilitate efflux

[319, 347].

The available evidence suggests that both influx and efflux occur along both arteries and
veins [320] either via common pathways or separately along parallel pathways. Efflux
along unspecified blood vessels has also been observed [426]. At the level of the

capillaries, the hydraulic resistance of the basement membrane (as modeled by Asgari et
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al [423]) may be irrelevant. The small distance between any two large blood vessels is
small enough that diffusion can drive fluid movement without the need for a preferential

fluid drainage pathway.

If a fluid filled, compressible perivascular space is likely, another possibility is to-and-fro
convective mixing (also known as dispersion [423]) of fluids in the perivascular spaces
of arterial and venous structures. This could, according to a recent mathematical model,
facilitate relatively rapid movements of solutes both inwards and outwards [432].
Diffusion would then be adequate to explain movements within the interstitial spaces in
the parenchyma due to the small distances involved (as explained earlier). The driver of
the mixing is the full vessel length deformation of the perivascular space dimensions by
changes in blood pressure. Some experimental support of this to-and-fro movement has
recently emerged in intravital particle tracking of microspheres in the perivascular
space of leptomeningeal vessels in the murine brain cortical surface [329]. Moreover,
there is a computational model of the spinal cord demonstrating transport of
macromolecules down their concentration gradients against the direction of net CSF

flow, and at rates greater than diffusion allows [433].

In recent years only two groups have investigated the pathways of fluid flux in the spinal
cord. Using a variety of intracisternally infused fluorescent fluid tracers, Wei and
colleagues [325] and the Stoodley group [402] examined the distribution of these
molecules in ex vivo preparations under fluorescence, confocal and transmission
electron microscopy. Wei et al found that the small tracer, cadaverine, was able to
penetrate the parenchyma via transpial and perivascular routes but made no distinction
between arteries or veins. Interestingly, the authors injected an AQP4 inhibitor which
reduced the amount of tracer detected in the cord. They concluded that the glymphatic

theory governed fluid transport in the spinal cord as well as the brain. Lam et al
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observed accumulation of tracer around arterioles and venules, but not capillaries. They
concurred that the basement membrane around perivascular spaces facilitated solute
transport (as opposed to the fluid-filled model of the perivascular space). The
anatomical description of perivascular tracer deposition appeared to conform to the
compartment between the glia limitans and the outer limits of the vessel adventitia. The
authors also reported a novel finding of the apparent crossing of the blood-spinal cord-

barrier by the tracer. This has not been described elsewhere in the literature [402].

1.5.3.1 Lymphatics

The nature of connections between the perivascular space around penetrating vessels,
the CSF in the SAS and the perivascular spaces of leptomeningeal vessels is still unclear.
Perivascular outflow of fluid and solutes from the interstitium appear to distribute
partly to the SAS (water exchange occurring through the pial sheath), and partly to the
dura [434]. A significant amount of perivascular efflux of large solutes may be directed
straight to lymph, bypassing CSF altogether. Szentistvanyi and colleagues [435] found
that injected radio-iodinated serum albumin redistributed from the brain ISF to the
walls of the intracranial arteries, but could not be detected in the walls of the neck
carotid artery. This was interpreted as ISF draining from the intramural vascular
basement membrane to the cervical lymph nodes [436]. Papolla found that the rate of
production of interstitial mutant A correlated with the amount found in the cervical
lymph nodes in transgenic mice that overexpressed amyloid precursor protein [437].
Aspelund [273] recently demonstrated that tracers delivered into the brain flowed into
dural lymphatics and thence into the deep cervical lymph nodes. The original glymphatic
theory also postulated drainage from perivenous spaces to the neck lymphatics [327].
Recently, Proulx and colleagues published findings from injection of NIFR fluorescent
tracers into the lateral ventricles in vivo. Although not strictly a study of interstitial

clearance, they provided indirect evidence of a brain fluid outflow mechanism into the
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lymphatics and systemic circulation [260, 320]. The precise pathways were not
elucidated in either of their papers. It should be noted there were methodological

problems mainly pertaining to CSF leak secondary to removal of injecting needles.

1.5.4 Summary

There is mounting evidence against the model of the glymphatic circulation of fluids, as
originally described in 2012. A perivascular fluid system, characterised by convective
flow or dispersion along the perivascular spaces of large vessels, is more likely. These
well-regulated channels are minimally disruptive to neural functions, bringing CSF
inwards from the SAS and removing ISF towards the pial surface. It is not possible to
rule out entirely the existence of a net flow between the perivascular spaces of arterioles
and venules. It is increasingly clear, however, that bulk flow through the neuropil is
improbable. Diffusion is at least partly capable of accounting for movement of solutes
and CSF/ISF exchange at the at the level of the capillary, as neurons and other
constituents of the neurovascular unit are within 20 um from the pericapillary spaces.
Convection in the basal lamina of the capillaries, as a means to connect arteriolar and
venular perivascular spaces, is still possible. Finally, some ISF is also likely to cross the

ependymal surfaces.

1.5.5 Drivers of fluid flow

Great strides are being made not only in elucidating the anatomical pathways of fluid
flux in the CNS, but also in determining the driving forces behind fluid movements.
There is widespread consensus that the production and absorption of CSF do not
contribute significantly to the pulsatile bulk flow of fluid in the SAS [289]. Various
authors have raised the possibility that fluid dynamics in the SAS may not be similar to
those in perivascular spaces [353]. Therefore, we will consider the SAS and perivascular

spaces separately.
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1.5.5.1 Coupling pulsations to cardiovascular parameters
1.5.5.1.1 In the subarachnoid space

There is strong integration of the CSF system with the cerebrovascular, cardiovascular
and respiratory systems [211]. Pulsatile CSF flow throughout the SAS of the spine and
cranium is thought to be linked to the phase difference in the egress and ingress of
cerebral blood flow. In the skull, pulsatile CSF results in ICP oscillations (around 0.5-

3 mmHg peak-to-peak amplitude), which rise with increases in CBF, and decrease
rostrocaudally along the spinal SAS [211]. The CSF stroke volume in the spinal SAS at C2
is thought to be approximately 0.3-1 mL/cardiac cycle with almost no net flow [336].
Here, pulsation is the sum of total inflow and outflow of cerebral blood flow, with

intracranial compliance causing a small difference in magnitude and phase [438-443].

In the brain, the precise source and type of force coupling the expanding and contracting
vasculature, CNS movement and induced CSF dynamics are uncertain. Early theories
from Du Boulay et al [444] suggested that bilateral thalamic movement was responsible
for pumping CSF. Enzmann in the 1990s modified this to include the theory that arterial

pulsations of the whole brain propelled fluid flow [291].

During systole expansion of the cerebral vasculature triggers displacement of CSF from
the fixed cranial vault (Monro-Kellie doctrine). The 1-2 mL of cerebral blood volume
flux (and the equivalent exchange of CSF between cranium and spine) during the cardiac
cycle has been corroborated by MRI [445]. Pulsations occur along every ramification
from the major arteries to the capillary bed. The distension of the vessel is transmitted
to the surrounding parenchyma, dilating the brain, a view supported by Greitz [446].
This produces motion as documented by Enzmann and Pelc [291]. Zhu et al employed
PC-MRI to quantify ventricular wall motion [447]. They found that choroidal arterial
expansion may impart energy to the ventricular walls, leading to pulsations against the

ependymal and ventricular dilatation, thus generating oscillatory CSF flow [447, 448].
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Others have questioned this proposal [449-451]. It is also possible that ventricular
contraction could arise from vascular expansion at the cortical surface that is conveyed
through the brain parenchyma. Du Boulay believed, additionally, that expansion of the
cerebral hemisphere produced basal cistern pulsations [449]. Alternatively,
compression of the brain by vascular pulsation could lead to displacement of ISF into the
ventricles, a consequence of an accommodating reduction in the overall ECS [452]. In at
least one canine experiment [453], venous pulsations have been shown to contribute to
cisternal CSF pulsations, although arterial pulsations were shown to be the dominant
driving force. The dural venous sinus system has also been hypothesised to be
compressible or even collapsible by raised ICP. It has been suggested that deformation
of the venous wall would trigger, through negative feedback, a reduction in vertebral
artery flow with resultant alteration in CSF dynamics [454]. Harmer et al, however,

concluded that intracranial CSF pulse amplitude in dogs increased with raised ICP [455].

The source of spinal CSF pulsations has been elusive. A number of investigators have
posited that lumbar CSF pressure waves originate from a combination of brain and
spinal arterial pulsations [456-458]. Urayama [458] claimed that at least three quarters
of the lumbar pressure pulse wave can be attributed to spinal vasculature pulsations (in
which arterial and venous pulsations contributed equally), and a quarter from
transmitted cranial pulsations. This was further supported by Dunbar and colleagues’
canine studies involving spinal blocks and aortic occlusions. They concluded that the
arterial vasculature of the spinal cord supplied most of the lumbar CSF pulse wave, with
minimal contribution from cranial vascular pulsations (including those from choroid

pleuxs) [456].

Martin et al [211] modeled the relationship of spinal cord blood flow and CSF pulsations

along the spinal SAS to investigate the spinal arterial to CSF pulse delay. Coupling of the
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cardiovascular and CSF system was achieved by a transfer function based on in vivo
measurements of CSF and cerebral blood flow. Craniospinal SAS compliance was varied.
Then, the pressure and the flow of CSF and blood were calculated. A greater spinal SAS
compliance resulted in increased CSF flow wave attenuation and reduced flow rate along
the spinal canal from the cervical to lumbar spine. Compliance and vertebral level
significantly affected the delay between the spinal cord blood flow and CSF pulsations.
Arterial pulsations arrived earlier than CSF pulsations when there was greater

compliance.

1.5.5.1.2 Perivascular effects
1.5.5.1.2.1 Animal studies

There is consensus that arterial pulsations impart the motive force for perivascular flow
of solutes and fluid. This has come from observations in animal experiments where
perivascular fluid movement is attenuated after ligation of major afferent arteries or
cardiac arrest (and the corollary when sympathomimetics are administered) [146, 427,
459]. Reduction of parenchymal efflux as well as influx into the CNS have been reported
[146]. Hadaczek et al [460] showed adrenaline-induced hypertension and tachycardia
promoted apparent bulk flow of different sized macromolecules through the brain ECS,
while hypovolaemia-induced bradycardia and hypotension had the opposite effect. The
authors coined the term “perivascular pumping” to describe the undulating expansion
and contraction of the arterial wall propelling solutes. They posited that pulse pressure
provided the motive force, and that flow was also modulated by the elasticity of the
vessel (greatest near the suface) and resistance (highest distally). Rennel’s and
Stoodley’s experiments involved ligation of the brachiocephalic artery in dog and sheep
respectively, resulting in reduced perivascular CSF tracer inflow into the brain and

spinal cord [146, 362].
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The Nedergaard group [461] also reported results from in vivo and ex vivo animal
experiments in this area. Using two-photon intravital microscopy in mice, they
demonstrated that carotid artery ligation reduced pulsations in penetrating cortical
arteries and was associated with reduced CSF tracer accumulation around both
leptomeningeal arteries and superficial penetrating arterioles. This was confirmed in
extracted and fixed histological samples of brain. The methodology in these experiments
was rigorous. Mice were subjected to both injected and isoflurane anaesthesia, thinned
skull and open cranial window preparations, as well as sham operations. The authors
then tested the effects of a single intraperitoneal injection of dobutamine and found
uniformly increased tracer influx throughout the brain on fluorescence imaging of the
extracted brain (no in vivo data were acquired here). Increased pulsatility of all blood
vessel types was detected, but the blood pressure rise was not sustained and there was a
reflexive tachycardia associated with the inotrope administration. This effect was not
discussed further by the authors. In a follow up study, the same group attempted to
quantify physiological changes at the level of the perivascular space. Mestre et al [318]
employed two-photon intravital microscopy and particle tracking velocimetry on 1 um
fluorescent polystyrene microspheres, injected into the cisterna magna, to derive the
CSF flow velocities in what the authors assumed were the perivascular spaces of mouse
brains, and thence the Reynold and Peclet numbers (see 1.3.7.4). By synchronising the
electrocardiogram and respiratory waves to the velocity of the tracked microspheres,
they demonstrated that the particle motion was yoked to the cardiovascular pulsations,
but not to respiratory patterns. They thus concluded that the displacement of the
arterial walls was the source of the “perivascular pump” driving CSF in the same
direction as arterial blood flow. The authors then acutely raised the mean arterial
pressure of the mice with Angiotensin II and found that the particle velocity reduced.

They posited that the increased arterial stiffness, induced by hypertension, diminished

88



the efficacy of the “pump”. A major shortcoming in this study was that no microspheres
were detected deep to the SAS so their observations and derived values reflect the
leptomeningeal vessels, as opposed to subcortical vessels that may have different
physiology. These vessels were identified in their previous work as the vessels that were
most acutely modulated by vessel ligation and inotrope injection [461]. A reasonable
assumption is that if there was slowing of tracer movement, then there would be
reduced total tracer influx (this was not explored). No explanation was given as to why
these results differed from their earlier study. Using similar methods, Bedussi et al [329]
performed intravital confocal microscopy (albeit single photon) to track CSF infused
microspheres on the surface of mouse brains. They found no microspheres below the
SAS, but unlike Mestre et al’s findings, particles were present around both arteries and
veins in this study. This group’s interpretation of the pulsatile nature of the bead
movement was that arterial pulsations generated mixing in the penetrating vessel
perivascular space (see 1.5.3). The authors concluded that fluid movement observed in

the perivascular space was instead generated by the choroid plexus.

In an animal model of ischaemic stroke [430], arterial occlusion resulted in rapid,
localised and marked reduction in perivascular efflux of solutes along that vessel. This
finding has raised the question of whether blood flow through a patent vessel also
contributes to perivascular transport. Accumulation of leptomeningeal mural A} was

also observed after cerebral hypoperfusion in a mouse model of Alzheimer’s Disease

[462].

1.5.5.1.2.2 Computational models
The concept of a valve action from pulse waves was explored in a biophysical model

[463]. Fluid and solutes may be driven by contrary or reflection waves generated by the

pulse wave. The contrary wave travels against the direction of the pulse wave and blood
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flow. This model stipulated the existence of a valve-like action to prevent reflux during
the major pulse wave’s passage along the vessel wall. Carare and colleagues adapted this
contrary wave model and hypothesised that it may be plausible for deformation of the
vascular basement membrane (and other biochemical interactions) to instigate an
appropriate valve action. This would drive solutes and fluid centrifugally along arterial
walls. With ageing, vessels stiffen, lose elasticity and with it, the ability to drain along
perivascular routes [464]. In a follow up combined analytical and numerical model a
decade later, the same collaborators confirmed that a general valve mechanism
producing net reverse drainage along the vascular basement membrane was feasible,
but the computed arterial pulsations were eight times too weak to generate outflow in
the basement membrane (when correlated to experimental results) [465]. This was
secondary to the long wavelength of the arterial pulsations relative to the artery section,
which resulted in small pressure gradients along the length of the vessel. The authors
supported this argument with injection of A} into mice hippocampi and demonstrated

no difference in drainage between groups receiving a beta-blocker and saline [465].

Bilston et al [151] used computational modeling to show that arterial pulsations
(modeled as travelling waves on the arterial wall) induce fluid movement in the
perivascular space in the direction of the arterial wave. They found the greater the pulse
wave velocity and arterial deformation, the greater the flow rate. It was suggested that
these pulsations could lead to fluid flow in the perivascular space even against “adverse”
pressure gradients (the implication here is the loss of fluid kinetic energy)[150]. In
another study, the same group explored the consequence of a timing mismatch between
arterial pulsations in the perivascular space and the SAS pressure wave (which may
arise from SAS arachnoditis, for example, elevating the SAS pressure [466]). When the

peak SAS pressure occurred at a time when the perivascular space was largest (this
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occurred when the artery was the smallest), resistance to CSF flow would be lowest.
Later in the cycle, as the artery was at its maximum width and the SAS pressure was at
its nadir, the smallest amount of CSF backflow into the SAS could occur [151]. Thus,
using an axisymmetric model, they showed that a mismatch in relative timing in arrival
of a CSF pressure wave in the spinal SAS and an arterial pulse could theoretically drive

perivascular fluid inflow along a small artery entering at right angle to the spinal cord.

Other mathematical studies have postulated peristaltic wave motion induced by
pulsations [467]. A recent mathematical paper using two hydraulic network models
investigated the effects of blood vessel pulsations on solute transport in the parenchyma
and the perivascular space [432]. Increased pulsatility was shown to increase
dispersion, not convection. A Peclet number in the perivascular space of <103 was
calculated. Peak fluid velocity in the parenchyma and perivascular spaces increased with

pulse amplitude and vessel size.

In Martin et al’s (1.5.5.1.1) coupled spinal cardiovascular and CSF model, the authors
assumed a high spinal SAS compliance, and mismatched arrival of arterial pulsations
and CSF pulse waves [211]. They found perivascular flow of CSF into the spinal cord
accounted for bulk fluid movement out of the parenchyma. Additionally, a reduction in
SAS compliance was associated with greater perivascular flow into the spinal cord. The
degree of perivascular flow fluctuations with compliance changes decreased from the
cervical spinal cord to the lumbar region [211]. Other factors that modified the hydraulic
resistance of the perivascular spaces included irregular spinal SAS or arterial geometry
resulting from stenosis. Overall, the perivascular flow calculations represented
predictions about egress and ingress of bulk fluid near the surface of cord but were

based on many simplifications and assumptions [211].
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1.5.5.2 Effect of respiration
1.5.5.2.1 In the subarachnoid space

Intrathoracic and CSF pressures are intimately linked [468-471]. This relationship can
be modulated by postural changes, coughing, Valsalva, and abdominal pressure [284].
The epidural venous plexus and the dural venous sinuses transmit pressure changes

from the abdomen to the SAS [211].

A respiratory influence on the CSF oscillations in the cerebral aqueduct has been
established [284, 332, 334, 469, 472-474]. Yamada et al [332] studied normal adults
employing a modified Time-SLIP MRI technique with single shot fast spin echo. Early
deep inhalation was associated with cephalad movement of CSF in the ventricular
system and in the prepontine cistern. During early exhalation, there was reverse flow.
Breath holding was characterised by small rapid oscillatory movements of CSF [332].
Interestingly, the authors found that respiration had a much larger magnitude of effect
on CSF movement than arterial pulsations. Similar findings were obtained recently by
Chen et al [475] using simultaneous multi-slice EPI MRI. Reduced CSF velocity was
recorded in the Sylvian fissure with little respiratory and cardiac motion present in
smaller sulci in SAS [475]. Kao et al also showed using dynamic EPI that there were

respiratory rhythms present near the ventricles, the SAS and the sagittal sinus [473].

New MR imaging techniques such as PBI, real-time simultaneous multi-slice EPI velocity
phase contrast imaging, real-time gradient echo, and spin labelling have demonstrated
that respiration has a major impact on CSF flow in the SAS [284, 332, 334, 476].
Recently, Dreha-Kulaczewski et al demonstrated in human subjects, using real-time PC-
MR, significant rostral movements of CSF at the beginning of forced inhalation. The
inspiration-induced CSF wave was more prominent than that associated with cardiac
pulsations, which were consistently low amplitude [284, 472]. This was observed both

in the cervicothoracic spine and intracranially. Conversely, expiration demonstrated a
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trend towards caudal movement of CSF, but this was variable. At the ROI examined they
were able to quantify the net flow of CSF volumes rostrally. They also showed that there
was concurrent caudal drainage of blood in the cervical epidural veins with rostral CSF
flow, with greater venous flow corresponding to deep inspiration. Interestingly, spinal
epidural veins and venous plexuses were found to be less affected by changing
intrathoracic pressures than large neck veins that collapsed with inspiration. This
phenomenon would maintain a constant intracranial volume as stipulated by the Monro
Kellie doctrine. In a later high spatiotemporal resolution investigation of the entire
vertebral column [477], this group again reported rostral movement of CSF with forced
inspiration. However, forced expiration resulted in caudal flow from T6 (approximately
the level of the heart) to the sacrum, and very low flows rostral to T1-4. The authors
hypothesised that a “watershed” point at the level of the heart divided the spinal SAS
into two compartments. They postulated that this binary pattern was a reflection of the
intimacy of the intrathoracic and intraabdominal pressures, and the pressures within
epidural venous plexus (transmitted via the large caval veins) that are thought to
modulate CSF pressure. It has been long observed that above the heart, epidural venous
pressure increased during expiration and decreased during inspiration. A criticism of
the methodology in this study was that PC-MRI is a technique that employs cardiac cycle
triggering to acquire and average images, potentially overlooking respiratory
contribution of CSF flow [235]. However, Yildiz et al validated the accuracy of real-time
PC-MRI in quantifying the contributions of cardiac and respiratory factors to CSF
velocity at the foramen magnum. This group agreed that deep inhalation resulted in
rostral movement of CSF, however, cardiac and respiratory components contributed
equally to CSF velocity during deep breathing but not natural breathing. Cough was
found to increase peak CSF velocity almost three-fold [333]. Takizawa et al [478]

employed an asynchronous two dimensional PC-MRI technique under respiratory
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guidance to separately analyse the respiratory and cardiac components of CSF flow in
healthy adult brains. They observed larger CSF displacement secondary to respiratory
events compared with cardiovascular impulses, although this gave rise to higher velocity
flows. They provided quantitative evidence of small, rapid CSF pulsations due to cardiac
drivers while respiration generated slow, large fluid waves. This was particularly

evident in the cerebral aqueduct, but the effect was attenuated at the foramen magnum.

Bhadelia et al [334] studied eight patients using fast cine PC-MRI and two patients with
PBI MRI to investigate the effects of Valsalva manoeuvres on CSF flow. CSF flow in the
SAS between the foramen magnum and C2 decreased during Valsalva and exceeded the
resting flow rate in the post-Valsalva period. These results were consistent with
previous experiments in the 1980s performed by Williams who performed simultaneous
invasive measurements of CSF pressure in the head and spine [468, 469]. Williams
demonstrated that Valsalva retards the pressure wave from the head to the lumbar
spine. PBI revealed a gradual reduction in pressure followed by a sharp rebound in
pressure fluctuation amplitude at the end of the manoeuvre. Bhadelia and colleagues
proposed that during Valsalva, high intrathoracic pressures are transmitted to the spinal
SAS and consequently the epidural veins distend. There is a smaller concomitant rise in
the ICP because the cardiac output is reduced. CSF flow across the foramen magnum is
thus reduced due to the relative increase in spinal CSF pressure compared with ICP.
Upon resumption of normal breathing intrathoracic pressure drops, collapsing the
epidural veins which decreases the spinal SAS pressure. Cardiac output and ICP,
however, rise, which promotes flow across the foramen magnum, resulting in the post-

Valsalva rebound.

In a two dimensional PC-MRI study, Yiallourou and colleagues [479] found that

application of a full-fitted continuous positive airway pressure mask (at 15 cmH20) in
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young adult males resulted in reduced intracranial venous outflow (a decrease in pulse
amplitude of jugular venous flow), as well as reduced stroke volume and pulse
amplitude of CSF at C2/3. There were no changes to total cerebral blood flow
characteristics. Expected reduction in cutaneously-measured changes in CO2 levels did
not correlate with CSF dynamics. An intriguing clinical study by Ju et al [480] reported
diminished CSF AP (in addition to other neuronally derived proteins) in patients with
obstructive sleep apnoea. The authors hypothesised that repeated intrathoracic
pressure increases and elevated ICPs followed by sharp reversal attenuates CSF/ISF

interactions, and therefore outflow of metabolites into the CSF.

1.5.5.2.2 Perivascular effects

There are very little data about the effects of respiration on fluid flow at a microscopic
level. Recently, novel ultrafast MR encephalography [481] with synchronous
electrophysiological monitoring was used to study pulsations propagating in the brain
parenchyma. This technique enables three-dimensional imaging of the whole brain at
100 ms intervals and is free of cardiorespiratory aliasing and spin-history artefacts (that
plague sequential 2D acquisitions due to bulk head motion across slices). Respiration
evoked a MR encephalograhic pulse several times slower and lacked an inverted arterial
initialisation of the cardiovascular impulse. It was found to begin from perivenular areas
in the cortex and spread centripetally towards the centre. This was in contradistinction
to the centrifugal pulse induced by arterial pulsations. A counter-pulsation mechanism
was postulated to occur during the respiratory cycle [481]. The authors hypothesised
that negative intrathoracic pressure associated with inspiration collapsed perivenular

spaces, increasing fluid outflow from the CNS.

Smith and colleagues [424, 426], however, recently demonstrated that cardiac and

respiratory pulsations contribute minimally to cerebral interstitial solute transport in
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mice. Efflux of injected fluorescent dextran continued unimpeded for several minutes
following cardiorespiratory arrest. Transport was only impaired after anoxic

depolarisation and cell swelling.

1.5.5.3 Effect of other parameters

There is increasing interest in how different conscious states—that is awake, sleeping or
anaesthetised—might affect fluid and solute transport into and out of the CNS. The
Nedergaard group [482] proposed that the inflow of small tracers (3 kDa dextrans) into
the brain is reduced in awake mice compared with those that are sleeping or have been
anaesthetised with ketamine/xylazine. They hypothesised that the phenomenon could
be explained by attenuated ECS volume and altered ISF ionic composition, which they
measured using real-time iontophoresis. The authors attempted to consolidate this
theory by demonstrating that mice in a lateral decubitus position, compared with those
in prone or supine positions, exhibited elevated brain tracer efflux and influx (visualised
with paramagnetic gadolinium contrast and fluorescent dextran). Gakuba et al [483],
however, challenged these findings. The investigators injected gadolinium, Evan’s blue
and ICG intrathecally in awake mice and those anaesthetised with isoflurane,
ketamine/xylazine, and ketamine. In vivo imaging with MRI and NIFR fluorescence
demonstrated that there was reduced tracer influx in the anaesthetized group. This
group hypothesised that the findings on tracer transport from the earlier study by
Nedergaard and colleagues could be explained by other effects such as change in the
configuration of the perivascular space or the glial endfeet. There has been some
indirect experimental evidence suggesting that fluid and solute transport could be
affected by other neurological events. Induction of cortical spreading depression
(thought to be the instigator of migraine with aura) in mice has been shown to result in
the rapid closure of the perivascular space around superficial arteries and veins using

multiphoton intravital microscopy [484]. Moreover, there was reduced perivascular
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efflux of intraparenchymally injected tracer. The authors hypothesised that the
mechanisms underlying their observations could be AQP4 mediated astrocytic endfeet
swelling as they did not detect any changes to the blood vessels per se. Ma et al [320]
used NIFR fluorescence imaging to demonstrate that after an intraventricular infusion of
a small tracer, mice that were allowed to wake had higher levels of the tracer in their
systemic circulation than those anaesthetised with isoflurane and medetomidine. Tracer
efflux was inversely correlated with perivascular deposition. This group posited that
changes in respiratory and cardiovascular profile in awake animals (which were not
measured in this study) as well as increased muscle activity resulted in greater
clearance of the tracer, perhaps via a lymphatic route (which was also explored in ex
vivo experiments in this paper). Clearly, more work is needed to resolve the conflicting

results obtained from different imaging techniques and tracers.

Xu et al have recently proposed a novel theory in which occipitocervical musculature
acts as CSF pumps via direct connections to the cervical dura (myodural bridges) [317].
In this study, human subjects were studied with PC-MRI and after one minute head
rotations, there was increased CSF flow across the craniocervical junction. A
predilection for direction of flow could not be established. Simultaneous Time-SLIP MRI
measurements demonstrated CSF agitation in the lateral ventricles when subjects

moved their heads.

Finally, ependymal cilia have been recently proposed as having a major influence on CSF
flow adjacent to the ventricular wall in mice. Siyahhan and colleagues modeled CSF
dynamics in the centre of ventricles and proposed that fluid was driven mainly by wall

motion and choroid plexus pulsations [485].
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1.6 Other fluid disorders of the central nervous system

A more complete understanding of normal fluid physiology in the CNS is critically
relevant to a wide spectrum of clinical disorders. Syringomyelia is not the only disease
characterised by abnormal fluid homeostasis. There are significant knowledge gaps in
the pathophysiology of hydrocephalus, pseudotumour cerebri as well as brain and spinal
cord oedema [486]. [t is very likely that the interaction between ISF and CSF plays a
large role in diverse conditions such as CNS tumour dissemination [487], trauma, stroke
[488], multiple sclerosis, neurodegenerative diseases such as Alzheimer’s disease [489],
cerebral vasospasm and even sleep disorders [490]. Intrathecal drug delivery

technologies are being developed based on this emerging field [491, 492].

1.6.1 Hydrocephalus

One of the most common, puzzling and debilitating Neurosurgical conditions,
hydrocephalus has been recently defined as “an active distention of the ventricular
system of the brain resulting from inadequate passage of CSF from its point of
production within the ventricles to its point of resorption into systemic circulation”
[493]. However, in light of recent mathematical modelling and laboratory experiments,
hydrocephalus can no longer be considered merely an imbalance between production
and absorption or an obstruction of CSF flow. The mechanics of the brain and fluid
transport systems need to be considered. There is increasing recognition, for example,
that CSF is able to flow across the ventricular ependymal layer into the brain
interstitium when pressure in the ventricles increases [494-496]. This may manifest as
periventricular oedema of the white matter, particularly in acute hydrocephalus in
children and young animals [348]. Curiously, it has been observed that such oedema
tends to spare grey matter [497]. Reduced production (through administration of
acetazolamide) or diversion of CSF via shunting have been shown to reverse the degree

of perivascular oedema [498]. It is not clear why compensatory mechanisms of fluid
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drainage in the white matter are less robust than those in the grey matter. Like the
spinal grey matter, cerebral grey matter is highly tortuous and vascularised, and could
therefore have more numerous outflow pathways. How perivascular spaces contribute
to these outflow pathways is still a subject of scrutiny, but there is evidence of

transependymal flow into perivascular spaces [499].

The cause of ventriculomegaly is another contentious topic where old assumptions are
being challenged by revived interest in brain and fluid mechanics. It was previously
believed that if ventricular pulsatile ICP exceeded the ICP in the SAS over the cerebral
convexity, ventricular expansion occurred. As the ventricles are in communication with
the SAS, there is increasing doubt surrounding this concept of the “transmantle pressure
gradient”. Furthermore, this pressure gradient transgresses LaPlace’s law.
Ventriculomegaly might instead be contingent on factors such as resistance to fluid flow
through the brain ECS and the inherent viscoelastic properties of brain tissue [500].
There is now significant interest in examining the dynamic relationship between blood
flow, intracranial pulsatility and CSF flow as a mechanism of ventricular expansion, as a
predictor for effectiveness of shunting and to explain why third ventriculostomies are
inexplicably effective in conditions such as normal pressure hydrocephalus [488]. For a
more detailed treatment of this nuanced condition, the reader is referred to numerous
recent radiological, laboratory and computational studies that have challenged

traditional paradigms [501-504].

1.6.2 Neurodegenerative disorders

The accumulation of AB plaques and neurofibrillary tangles of hyperphosphorylated tau
protein is central to the pathogenesis of Alzheimer’s disease [505]. Recent animal
studies have focused much attention on the fluid pathways that might be involved in the

clearance of AB. Two studies involving AQP4-knockout mice have demonstrated
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reduction in the clearance of radiolabeled 1251-A and unlabeled A from the brain
parenchyma compared to wild type [327, 506]. Whether this effect was due to decreased
outflow of ISF, impaired BBB transport, an intrinsic neuroprotective function provided
by AQP4 has not been established. Although some human genetic studies on the role of
APQ4 (and other proteins that potentiate fluid and solute transport) in Af metabolism
have been conducted, genome-wide association studies are required. Further work on
CSF/ISF dynamic imaging with corresponding ex vivo A measurements may be
necessary [505]. Ageing mice have been shown to exhibit reduced parenchymal
clearance of tracers [507]. In similarly aged rodents with altered AQP4 expression and
reduced arterial wall pulsatility, radiolabeled A outflow was compromised [506]. These
findings have not been reproduced in humans but are intriguing as they may partially
explain accumulation of Af in the elderly population. Investigations into altered vascular
compliance and fluid transport in animal models are urgently needed. Interest in AQP4
will yield more studies into ageing and neurodegeneration. AQP4 mislocalisation in the
perivascular space has been observed to greater extent in elderly individuals with
dementia compared with those who are cognitively intact in a post-mortem study [508].
A similar effect has been found in aged mice [488]. Finally, there is early evidence from
murine studies that Af itself may be a cause of perivascular space fluid transport
dysfunction. This would potentially instigate a feed-forward cycle where reduced
clearance of AP results in increasingly attenuated ISF/CSF exchange and escalating

levels of AB [509].

1.6.3 Traumatic brain injury

The Nedergaard [510] group demonstrated in mice that after traumatic brain injury
with a controlled impactor, there was reduced tracer inflow and impaired clearance of
intracortically injected radiotracers from the brain. This effect was observed for more

than four weeks after injury. In AQP4-knockout mice, these effects were exacerbated,
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resulting in accumulation of phosphorylated tau and axonal degeneration. These are
mechanisms that are thought to contribute to cognitive decline after head injuries but
have not been demonstrated in humans. Nevertheless, these changes have clear
diagnostic as well as therapeutic implications. Transport of brain injury biomarkers to
the circulation has been shown to be reduced in mice after head injuries, raising the
possibility of a future diagnostic serum test [511].

1.7 Summary

There are still many questions surrounding the fundamental nature of CSF and ISF.
Efforts to elucidate the fluid inflow and outflow pathways into the CNS, particularly via
perivascular spaces, are escalating. Unresolved questions surrounding perivascular flow
include its anatomical configuration (the role of vascular basement membranes), the
direction of solute movement around arterioles and venules, the driving force of the
perivascular flow (convection versus mixing), whether lymphatics play an important
role in CSF outflow, and whether a net flow from arterioles to venules occurs (either
through parenchyma or via capillaries, as proposed by the glymphatic model). The focus
has, however, largely been on the brain. The literature on ISF dynamics is also
comparatively sparse. Much of the recent research has come from computational
modeling. Very few studies, laboratory or mathematical, have been conducted into the
normal fluid pathways of the spinal cord, particularly concerning how fluid travels

through and egresses from the cord.

In contrast to the ventricles, the spinal cord central canal is much smaller and encased in
grey matter, while white matter forms the superficial layer [512]. Whether this reversed
anatomical configuration affects transparenchymal flow [487] is unknown. It has been
demonstrated that CSF flows from the SAS into perivascular spaces in the spinal cord

central grey matter, and that there may be flow across the parenchyma to the central

101



canal [148]. With age, there is narrowing or occlusion of the central canal, so it is

improbable all the fluid entering the spinal cord exits this small calibre channel [146].

There is growing recognition that the spinal thecal sac is a dynamic, pliable structure,
and is highly responsive to intraabdominal and intrathoracic pressure fluctuations
[292]. As recent MRI studies have intimated, the respiratory cycle exerts concomitant
changes in the epidural venous network which may be responsible for significant fluid
fluxes in the SAS. The effect of these transmitted thoracic pressures on perivascular flow
remains unexplored. Arterial pulsations have been thought traditionally to be the driver
of CSF flow, but there is still a lack of consensus from animal and mathematical models
on its role in perivascular transport. The focus has almost entirely been directed

towards the brain, while the spinal cord remains uncharted territory.
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2 Aims and Hypotheses

There is an urgent need to elucidate the pathophysiology of syringomyelia and other
fluid disorders in the CNS. Efforts to achieve this end have been hindered by an
incomplete understanding of the fundamental details surrounding fluid physiology in
and around the spinal cord. In an attempt to fill these gaps, the experimental work

described here tested the following hypotheses:

1. Fluid outflow to the SAS is predominantly via a perivenular route in the grey and

white matter of the spinal cord.

2. Increases in arterial pulse pressure and heart rate will increase perivascular flow

into and out of the spinal cord.

3. Negative intrathoracic pressure will increase perivascular flow into and out of

the spinal cord.
The aims are to:

1. Determine the fluid outflow pathways in the grey and white matter of the normal

rat spinal cord.

2. Determine the effects of heart rate, blood pressure and respiration on fluid flow

in and around the rat spinal cord.
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3 Fluid outflow in the rat spinal cord: the role of perivascular and

paravascular pathways
3.1 Abstract
3.1.1 Background

Cerebrospinal fluid (CSF) is thought to flow into the brain via perivascular spaces
around arteries, where it mixes with interstitial fluid. The precise details concerning
fluid outflow remain controversial. Although fluid dynamics have been studied in the
brain, little is known about spinal cord fluid inflow and outflow. Understanding the
normal fluid physiology of the spinal cord may give insight into the pathogenesis of
spinal cord oedema and CSF disorders such as syringomyelia. We therefore aimed to

determine the fluid outflow pathways in the rat spinal cord.

3.1.2 Methods

A fluorescent tracer, Alexa-Fluor®-647 Ovalbumin, was injected into the extracellular
space of either the cervicothoracic lateral white matter or the grey matter in twenty-two
Sprague Dawley rats over 250 s. The rats were sacrificed at 20 or 60 min post injection.
Spinal cord segments were sectioned and labelled with vascular antibodies for

immunohistochemistry.

3.1.3 Results

Fluorescent tracer was distributed over two to three spinal levels adjacent to the
injection site. In grey matter injections, tracer spread radially into the white matter. In
white matter injections, tracer was confined to and redistributed along the longitudinal
axonal fibres. Tracer was conducted towards the pial and ependymal surfaces along
vascular structures. There was accumulation of tracer around the adventitia of the
intramedullary arteries, veins and capillaries, as well as the extramedullary vessels. A
distinct layer of tracer was deposited in the internal basement membrane of the tunica
media of arteries. In half the grey matter injections, tracer was detected in the central

canal.
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3.1.4 Conclusions

These results suggest that in the spinal cord interstitial fluid movement is modulated by
tissue diffusivity of grey and white matter. The central canal, and the compartments
around or within blood vessels appear to be dominant pathways for fluid drainage in
these experiments. There may be regional variations in fluid outflow capacity due to
vascular and other anatomical differences between the grey and white matter.

3.2 Keywords

Cerebrospinal fluid, outflow, spinal cord, syringomyelia, perivascular, interstitial fluid

Published as: Liu, S., Lam, M.A,, Sial, A. et al. Fluid outflow in the rat spinal cord: the
role of perivascular and paravascular pathways. Fluids Barriers CNS 15, 13 (2018).
https://doi.org/10.1186/s12987-018-0098-1
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3.3 Background
Details of the circulation of cerebrospinal fluid (CSF) and interstitial fluid (ISF) of the

CNS remain controversial [249, 410]. In recent decades, the concept of CSF circulating
through the brain parenchyma, as a mechanism for metabolite transport and clearance
[230, 249, 351, 410], has gained momentum. ISF consists of water and solutes that are
the by-products of cellular metabolism and synaptic transmission in the extracellular
space. There may even be a component of ISF that passes across the brain capillary
endothelium (although compelling in vivo evidence is contentious) [229, 349-352].
Perivascular spaces have received renewed interest as a crucial facilitator of fluid inflow
in neural tissue [150, 327, 362,427, 513]. If fluid can enter brain parenchyma, there
must also be efflux pathways [230]. The assumption is that ISF must be cleared,

probably into the SAS [381, 514], but the precise mechanism is unclear.

The “glymphatic” theory of fluid homeostasis posits that fluid flow into and out of the
parenchyma is via arterial and venular pathways respectively [327, 459, 515]. Studies to
date have largely focused on the brain, with few investigations of spinal cord. Although
there is some evidence of similar mechanisms governing fluid ingress [146, 148, 309],
how fluid egresses from the cord is almost unknown [380, 516]. Compared to the brain
the spinal cord is not only much smaller, but the arrangement of the grey and white
matter is reversed. Furthermore, spinal cord axonal tracts are oriented parallel to its
long axis. These fundamental anatomical differences mean diffusion and transport of

fluid in grey and white matter are likely to be different [230, 381, 517].

Syringomyelia is a puzzling condition where fluid filled cysts develop in the spinal cord,
usually secondary to another pathology, such as trauma, that results in CSF obstruction
in the SAS. There is emerging evidence that its pathogenesis is a dynamic process

involving imbalances in fluid inflow and outflow. The important contribution of
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perivascular spaces to mechanisms of fluid entry into syrinxes has been characterised in
previous animal experiments [147, 148, 153]. Recent work [170] on fluid outflow
pathways in an ovine model of post-traumatic syringomyelia indicated diffuse fluid
movement away from the syrinx cavity and towards the central canal and perivascular
spaces. However, the precise pathways of fluid drainage in the spinal cord under normal
physiological conditions, and whether perivascular spaces play a crucial role in this
context are unknown. A more complete understanding of the mechanisms governing
spinal cord fluid homeostasis may lead to new insights into the pathogenesis of

syringomyelia.

In this study, we aimed to determine the fluid outflow pathways in the rat spinal cord.
We injected a CSF tracer, ovalbumin conjugated to the fluorophore Alexa-Fluor®-647
(AF0O-647), into the spinal grey and white matter of Sprague-Dawley rats. Our
hypotheses were: 1) fluid outflow from the spinal cord is via the perivenular spaces; and
2) the pattern of fluid flow in the white matter is different from that of grey matter.

3.4 Methods

Ethics approval was obtained from Macquarie University Animal Ethics Committee (ARA
2016/032-5). Outflow from the grey and white matter was separately investigated at

two time points in 22 male Sprague Dawley rats, weighing from 155-345 g.

3.4.1 Surgical procedure

After induction of general anaesthesia with 4% isoflurane in oxygen, the animal was
positioned prone in a stereotactic frame, and maintained under anaesthesia with 2.5%
isoflurane (adjusted as necessary) in 0.2 L/min of oxygen. Heart rate, oxygen saturation,

respiratory rate and rectal temperature were continuously recorded.

Under an operating microscope, a dorsal midline occipitocervical incision was made

followed by subperiosteal muscle dissection. Segmental laminectomies at C7/T1 or
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T1/T2 were performed with fine rongeurs. A window of thecal sac, eccentric to the right,
was exposed. A 34G Nanofil needle, loaded onto a glass syringe (World Precision
Instruments, Florida, USA), punctured the dura in a single pass. For grey matter studies,
the entry point of the needle was 0.5 mm right of the midline at the C7/T1 interspace.
For white matter studies the entry was at least 1 mm right of the midline at the T1/T2
interspace, where the grey matter is less prominent. The needle passed into the
parenchyma to a depth of 1 mm targeting either the junction of the ventral and dorsal
horns (for grey matter injections), or the lateral white matter funiculus. An Ultramicro
pump (World Precision Instruments, Florida, USA) was used to deliver 500 nL of
Ovalbumin Alexa-Fluor®-647 conjugate (Life Technologies, Victoria, Australia) with
10% fluorescent microspheres (v/v %) (Thermo Fisher Scientific, Massachusetts) at a
rate of 2 nL/s. The needle was left in situ for either 20 or 60 mins. The animal then
underwent transcardiac perfusion with heparinised 0.1 M phosphate buffered saline
(PBS) followed by 4% paraformaldehyde (PFA) (Lancaster Synthesis, Pelham, New
Hampshire).

3.4.2 Tissue processing

The spinal cord and brain were harvested en bloc for macroscopic fluorescent imaging.
After post fixation in 4% PFA overnight, the specimen was stored in 30% sucrose for
cryoprotection. The spinal cord was segmented from C2-T4. Each segment was snap

frozen, and 40 pm axial sections were taken on a cryostat and mounted onto glass slides.

3.4.3 |Immunohistochemistry

The glass slides were washed twice for 10 min in tris-phosphate buffered saline, and
then in 50% ethanol for cellular permeabilization. After application of 15% normal
donkey serum (NDS) blocking solution, the slides were incubated overnight with 1:100
Rat Endothelial Cell Antibody (RECA-1, Abcam, Cambridge, United Kingdom) in 4% NDS.

The secondary antibody, 1:400 anti-mouse IgG Alexa-Fluor®-488 (Molecular Probes,
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Life Technologies, New York, USA) was then applied. This was followed by anti-actin a-
smooth muscle antibody at 1:400 dilution (SMA-Cy3, Sigma-Aldrich, St. Louis, Montana).
Primary and secondary controls were established to exclude autofluorescence. The

slides were cover-slipped with fluorescent mounting medium (DAKO, NSW, Australia).

3.4.4 Image acquisition

After post fixation, macroscopic white-light and single channel fluorescent images were
captured with the In-Vivo MS FX PRO (Bruker, Billerica, MA). The fluorescence camera
was set at excitation and emission wavelengths of 630 nm and 700 nm respectively, with

an exposure time of 4 secs.

Spinal cord axial sections from C2-T4 were imaged with a Zeiss Axio Imager Z1
fluorescence microscope (Carl Zeiss Microimaging GmbH, Germany) for qualitative and
quantitative analysis. The fluorescent microspheres were used to verify the location of
the injection site. SMA- and RECA-1- positive vessels were identified as arterioles. SMA-
negative, RECA-1-positive vessels were designated venules or capillaries. Those with
largest diameter = 6.5 pm were considered venules, and those < 6.5 pm capillaries.
Further delineation of vascular and anatomical structures was undertaken with confocal

microscopy (LSM 880, Carl Zeiss Microimaging GmbH, Germany).

3.4.5 Image analysis

Quantitative analysis of fluorescent signal intensity was performed using Image ],
version 1.46r [518]. Subtraction of background fluorescence was performed in all
measurements. In macroscopic fluorescent acquisitions, the spinal segment levels were
identified by counting nerve roots on the white light images (Fig. 1a). These were then
overlaid onto the fluorescence images. Mean pixel densities were measured in each

spinal segment from C2-T4 to yield fluorescence intensities.
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In fluorescent photomicrographs of axial sections, the integrated density of the CSF
tracer (mean pixel density multiplied by area) was calculated. The mean pixel densities
of the white and grey matter were measured separately. At least three sections were
analysed per spinal level from C2-T4, and then averaged to give a mean integrated

density.

3.4.6 Statistical analysis

Grey matter and white matter integrated densities were compared using two-way
analysis of variance (ANOVA) and adjusted for multiple comparison using Bonferroni'’s
post-hoc tests (GraphPad Prism v7.02, GraphPad Software Inc, California). A p value <

0.05 was considered statistically significant. All values were expressed as mean *

standard error of the mean (SEM).

Fig. 6 White light and single fluorescence channel acquisition of harvested brain and spinal cord with the In-Vivo
MS FX PRO Multispectral Imager System. Brightness and contrast have been uniformly adjusted for optimal
visualisation. a White light enabled spinal level localisation. b Macroscopic appearance of tracer distribution.
There is a sharp drop off in fluorescence intensity within 1-2 spinal levels rostral and caudal to injection site at
C7/8 (arrow)
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3.5 Results
3.5.1 Rostral-caudal tracer distribution

In macroscopic fluorescent imaging, CSF tracer was observed to be localised to the
injection site in all experiments (Fig. 6b). The macroscopic mean fluorescence intensity
was determined for each spinal cord level. A sharp drop-off in intensity within two levels
rostral and caudal to the injection site was observed (Fig. 7). At the 60 min time point,
but not at the 20 min time point, the cord had significantly higher mean fluorescence
intensities after white matter injections (WMi) compared to grey matter injections (GMi)
(p = 0.0026). On post hoc analysis, significance was reached one and two levels rostral to
the injection point (p = 0.045 and 0.026 respectively) (Fig. 7b). Post hoc analysis also
demonstrated a significant difference between white and grey matter injections at the

20 min time point one level caudal to the injection site (p = 0.034) (Fig. 7a).
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Fig. 7 Quantification of CSF tracer fluorescence per spinal level. Each spinal cord level (“Level”) is expressed as
the number of levels rostral (positive integers) or caudal (negative integers) to injection site. All error bars are
expressed as +SEM. Macroscopic analysis of of mean fluorescence intensity versus spinal cord level in grey (n=10)
and white (n=10) matter injections at a 20 mins and at b 60 mins. In both white and grey matter injections at both
time points, there was a sharp drop off of tracer fluorescence within 2 levels rostral and caudad to the injection. At
the 20 min time point a, there was no difference in fluorescence intensity between white and grey matter injections,
but on post hoc analysis a significant difference was reached at -1 level caudal to the injection site (* p = 0.0341).
At the 60 min time point b, fluorescence intensity was significantly higher in the white matter injections compared
to the grey matter injections (p = 0.0026). On post hoc analysis significant differences were observed at +1 and +2
levels rostral to the injection point (* p = 0.0448 and 0.0259 respectively)
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Fig. 8 Quantification of CSF tracer fluorescence (integrated density) per spinal level. Each spinal cord level
(“Level”) is expressed as the number of levels rostral (positive integers) or caudal (negative integers) to injection
site. All error bars are expressed as +SEM. Microscopic analysis of axial sections after grey and white matter
injections. a After grey matter injections at 20 mins (n=5) there was no statistical difference between grey and
white matter fluorescence. b This was also observed in grey matter injections after 60 mins (n=5). However, after
white matter injections at ¢ 20 mins (n=5) and at d 60 mins (n=5), there was significantly greater tracer
fluorescence in the white matter compared to the grey matter (p = 0.0094 and 0.0041 for 20 mins and 60 mins
respectively). On post hoc analysis, a statistically significant difference was observed at one level caudal to the
injection site (*** p < 0.0001) at 20 mins c, and one level rostral and caudal at 60 mins d (** p = 0.0017, **** p
< 0.0001)

3.5.2 Axial tracer distribution

Quantification of AFO-647 intensity from microscopic analysis of axial sections is
summarised in Fig. 8a—d. The fluorescence intensity within the grey and white matter,
expressed as integrated density, is represented in relation to spinal level at the 20 and
60 min time points separately. After white matter injections, at both 20 and 60 mins,
fluorescence was significantly greater in the white matter compared to grey matter (p =
0.0094 and 0.0041 for 20 mins and 60 mins respectively) (Fig. 8c, d). On post-hoc
analysis, at the 20 min time point, a significant difference was observed at one level

caudal to the injection site (p < 0.0001). At 60 mins, white matter fluorescence was
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found to be significantly greater one level rostrally (p = 0.0017) and caudally (p <
0.0001). Following grey matter injections, however, tracer fluorescence was not

significantly different between grey and white matter, at either time point (Fig. 8a, b).

3.5.2.1 Pattern of tracer distribution: grey matter injections

In six of 12 animals, tracer was delivered to the junction of the ventral and dorsal horns.
There was a continuous radial decrease in fluorescence intensity in all directions away
from the injection site. Tracer signal was detected in the white matter surrounding the
grey matter at the injection level (Fig. 9¢). In rostral and caudal axial sections, CSF tracer

was detected predominantly in the grey matter.

In the other six animals, tracer was delivered into either the middle of the ventral or
dorsal horn, and although the highest fluorescence intensity was found within the grey
matter, there was substantial tracer signal in the adjacent white matter. In rostral and
caudal sections there was prominent tracer signal in the white matter (Fig. 9f). In all but

one animal, tracer was detected in the contralateral grey matter.

3.5.2.2 Pattern of tracer distribution: white matter injections

In eight of 10 animals the distribution of AFO-647 conformed to the shape of the lateral
funiculus, staying primarily in the white matter (Fig. 9g). A radial reduction in tracer
fluorescence was also observed. A small amount of tracer entered the lateral horn of the
grey matter. Rostrocaudally, ovalbumin was almost exclusively found in the white
matter (Fig. 9h). Within this subgroup of animals, no tracer was detected in the

contralateral grey matter except in one animal.

In two of 10 animals, there was a similar pattern of tracer spread in the white matter but
considerable ovalbumin also redistributed into the grey matter. Rostrocaudally,

however, tracer was confined to the white matter.
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3.5.2.3 Tracer in relation to vascular structures

In all animals CSF tracer accumulated around the walls of arterioles, venules and
capillaries in both the grey and white matter (Fig. 10, Fig. 11g). Arterioles were more
numerous in the grey matter than the white matter (Fig. 9d). Selective tracer labelling of
vascular structures was particularly evident in areas of low background tracer
concentration (Fig. 10a, d). In the white matter, tracer concentrated along arterioles and

venules that extended from the grey matter to the pia (Fig. 10d).

CSF tracer co-localised with arterioles and venules of the ventral median fissure in all
but one animal (a white matter injection, sacrificed at 20 mins) (Fig. 10d, f, h). Tracer was
present in the wall of the anterior spinal artery (ASA) and its central branch in 10
animals (Fig. 10d), of which nine were grey matter injections. Fluorescence was further
present in the walls of the arterial vasocorona in 13 animals (Fig. 11d-f), of which 10
were white matter injections. Confocal microscopy demonstrated tracer deposition
external to the smooth muscle layer of the ASA. Additionally, there was a distinct layer of
tracer between the endothelial and smooth muscle layers (Fig. 10e). This pattern of
tracer distribution was also observed in parenchymal arterioles and other
extramedullary arteries, such as the central branch of the ASA and the arterial
vasocorona. AF0-647 was discretely deposited external to the endothelial layer of

capillaries and venules of the cord parenchyma (Fig. 10h, i and Fig. 11g).

In at least six animals (two from white matter injections), tracer deposited prominently
around “remote” arterioles (Fig. 10f, g). These labelled vessels were far removed from the
bulk of the contiguous tracer at the injection site. Tracer labelling of the pia and subpial
space was generally limited or absent as fluorescence intensity decreased from the site
of injection towards the cord surface. Instead, ovalbumin concentrated around vessels

that traversed the cord parenchyma towards the pial surface. Tracer appeared to be
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transported from the injection site to the extramedullary vasculature (Fig. 11i), along

these conduit-like arterioles and venules.

3.5.2.4 Central canal

CSF tracer was detected in the central canal ependymal cell layer in six of 12 grey matter
injections. In three animals, central canal tracer fluorescence was present in at least
eight contiguous spinal levels, rostral to the injection site. Furthermore, tracer was
observed within the lumen of the canal, confirmed by confocal microscopy. The
bordering layer of ependymal cells was heterogeneously delineated by fluorescence.
Nuclear labelling by tracer was absent. The apical ends displayed greater tracer
intensity compared to the basal surface (Fig. 11a—c). In two animals, central canal
ependymal tracer was detected rostrally over only 2 spinal levels. In one animal, tracer
extended caudally only from T1—T4. No tracer was found in the central canal in any of

the white matter injection animals.
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Fig. 9 Typical axial sections at the cervicothoracic junction after injection of fluorescent CSF tracer into the spinal
grey and white matter. a—e Grey matter injection. a RECA-1 and d SMA immunofluorescent staining of arterioles,
which were present in greater numbers in the grey matter compared to white matter. b Fluorescent microspheres
confirmed the Nanofil needle had traversed the grey matter. c, e Radial redistribution of tracer from the middle of
the grey matter in all directions. f Axial section rostral to a grey matter injection site where a significant amount
of tracer had spread into dorsal column. Note tracer fluorescence was mainly confined to the dorsal white matter
column at this level. g After delivery into the white matter, AFO-647 tracer conformed to the shape of the lateral
funiculus with limited spread into the grey matter. h In rostral sections in the same animal, tracer was confined to
the white matter. Arrow heads demonstrating selective tracer deposition around arterioles. All fluorescent
photomicrographs were taken at x20 magnification
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20 pm

Fig. 10 Relationship of injected CSF tracer to vascular structures. a—d Fluorescent microscopy of grey matter
injection. Tracer co-localised with the wall of the anterior spinal artery (ASA) (*). A radially directed venule
(single arrow head) and veins (note RECA-1 positive and SMA negative) in the ventral median sulcus (double
arrow heads) appeared to conduct ovalbumin away from the injection site towards the pial surface. Prominent
accumulation of tracer around an arteriole (marked by arrow) against a relatively low background fluorescence
suggests it is a pathway for fluid outflow. e Confocal photomicrograph of the ASA found in d. A layer of AFO-
647 tracer (indicated by right pointing arrow head) was detected external to the tunica media (SMA positive,




indicated by *). Another distinct layer of CSF tracer was also found internal to the tunica media layer (left pointing
arrow head), separate from the endothelial layer (RECA-1, marked by arrow). f Pronounced tracer deposition
around a “remote” arteriole (arrow) and vein in the ventral median sulcus (arrow head). These vessels were one
level rostral to the grey matter injection site, and therefore tracer accumulation around these structures could not
be explained by contiguous tracer spread. It is likely ovalbumin was transported over a distance in the spaces
around these vessels. Note tracer labelling of the central canal (indicated by “cc”). g “Peri- and para-arterial”
pattern of tracer deposition in specific compartments external and internal to the tunica media of parenchymal
arterioles (arrow heads, arrow and * denote the same anatomical layers as in €). h Tracer accumulation between
the adventitia and the glia limitans of veins in the ventral median sulcus (found in f). i The same “para-venular”
pattern demonstrated in a radially directed parenchymal venule, found in d. All fluorescent and confocal
photomicrographs were taken at x20 and x63 magnification respectively

3.5.3 Effect of time

Fig. 12a—d compares CSF tracer fluorescence intensity (derived from axial microscopic
photomicrographs) in both the white and grey matter at the 20 min time point to that of
the 60 min group. There was no statistically significant difference in the grey matter
fluorescence intensities between the two time points after either grey or white matter
injection (Fig. 12a, b). However, on post-hoc analysis significantly greater grey matter
fluorescence was observed at one spinal level rostral to the white matter injection site
after 60 mins compared to 20 min (p < 0.0001). There was no overall significant
difference in the white matter fluorescence intensities between the two time points after
either grey or white matter injections. Post hoc analyses demonstrated significantly
higher white matter fluorescence at 60 mins compared to 20 mins at one level caudal (p
= 0.009) and one level rostral (p < 0.0001) to the injection site following grey matter and
white matter injections respectively (Fig. 12c, d). At the longer time point, it appeared
that after white matter injections there was greater redistribution of tracer from the
white matter into the grey matter, and also along white matter tracts rostrally. After
grey matter injections, there also appeared to be greater tracer spread into the lateral

white matter caudally with time.
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Fig. 11 CSF tracer delivered into the spinal cord parenchyma accumulated around ependymal and extramedullary
structures. a—c Fluorescent (a) and confocal (b) micrographs demonstrating tracer accumulation in the central
canal. Note the presence of tracer within the lumen in b (12 o’clock position). ¢ Confocal microscopy of central
canal in another experiment. The ependymal cells were heterogeneously delineated by fluorescence, with the noted
absence of nuclear tracer signal. In both b and c, the apical ends displayed greater tracer intensity compared to the
basal surface. d, e Tracer deposition around the arterial vasocorona (arrow heads, note RECA-1 and SMA
positivity) of the dorsal spinal cord surface. f Confocal microscopy view of the same arterial vasocorona




demonstrating the characteristic “peri-arterial” and “para-arterial” distribution of the tracer (arrow heads) with
respect to the tunica media (*) and endothelium (arrow). The absence of subpial tracer signal excludes the
possibility of contiguous tracer spread from injection site to artery. The arterial vasocorona could be the dominant
pathway for fluid outflow from the white matter. g Fluid outflow appeared to involve all vascular structures.
Confocal microscopy of grey matter showing arteriolar (arrow head), venular (*) and capillary (arrow) labelling
by tracer. Note the “paravascular” location of tracer in venules and capillaries. h-i Fluorescent microscopy of grey
matter injection demonstrating conduction of tracer along the central branch of the anterior spinal artery towards
the ventral median fissure. This suggests drainage of interstitial fluid towards the pial surface via vascular
structures. All fluorescent and confocal photomicrographs were taken at x20 and x63 magnification respectively
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Fig. 12 Comparison of CSF tracer fluorescence (integrated density) in axial sections at the 20 and 60 min time
points per spinal level to assess the effect of time on tracer distribution. Each spinal cord level (“Level”) is
expressed as the number of levels rostral (positive integers) or caudal (negative integers) to injection site. All error
bars are expressed as SEM. a After grey matter injections, no statistical significant difference between the time
points was observed in the fluorescence intensity in the grey matter. b Following injection of tracer in the white
matter, no statistically significant difference was observed between the 20 min and 60 min groups in the grey
matter. However, on post hoc analysis there was significantly greater fluorescence at +1 level rostral to the
injection site after 60 mins (**** p < 0.0001). Similarly, after both ¢ grey matter injections and d white matter
injections, there was no overall statistical significant difference between the 20 min and 60 min groups in the white
matter. However, post hoc analysis demonstrated greater integrated densities at 60 mins (compared to 20 mins) -
1 level caudal (** p = 0.009) and +1 level rostral (**** p < 0.0001) to the injection site in ¢ grey matter and d
white matter injections respectively

3.6 Discussion

In this study, the distribution of CSF tracer up to 60 mins after injection into the spinal
cord interstitium was limited to the adjacent two to three spinal cord levels. Tracer was

distributed in a radial pattern after delivery into the grey matter, with dissemination
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into white matter. The absence of statistically significant differences between tracer
fluorescence intensities of the grey and white matter after grey matter injections Fig. 8a,
b) is consistent with this observation. However, there was limited redistribution of
tracer from white into grey matter after white matter injections. The statistically
significant differences between grey and white matter tracer fluorescence intensities
after white matter injections support this observation. There was some evidence these
patterns were amplified over time. Greater spread of tracer along white matter tracts
longitudinally was also observed. There was prominent labelling of all vascular
structures by AF0-647. Tracer appeared to be conducted away from the injection site
towards the pial surface by depositing around radially projecting arterioles and venules.
Support for this inference was provided by the detection of tracer fluorescence around
extramedullary vessels. This finding was unlikely to have been secondary to diffusion
(or other means of contiguous solute transport such as bulk flow) of tracer because of
the general absence of subpial fluorescence (Fig. 11e, i), particularly after grey matter
injections. Further microscopic analysis revealed accumulation of ovalbumin both in the

perivascular and paravascular spaces of arterial vessels, which will be discussed below.

Although it was not possible in this study to conclude whether diffusion or bulk flow
governed interstitial tracer movement, our findings are in concordance with theoretical
and animal models of spinal ISF movement. Confinement of tracer to white matter tracts
is characteristic of anisotropic diffusion, well described in the literature on CNS diffusion
tensor imaging [517], and has been confirmed in the developing rat spinal cord in ex
vivo experiments [382, 519]. Here, fluid diffuses along, and is constrained by,
myelinated white matter fibres that run parallel to its long axis. The unmyelinated grey
matter, however, is the site of penetrating arteries and its extracellular space (ECS) is

rich with somas and neurites that have no preferential orientation. Diffusion here is
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isotropic which may explain why in our experiments tracer in the grey matter was able
to redistribute in all directions. Convection enhanced delivery (CED) studies in animal
spinal cord have yielded similar findings of anisotropic movement of ligands through the
white matter tracts [386, 387]. Endo et al [380], employing Evan’s blue tracer, observed
comparable results to ours but described almost no tracer penetration into grey matter
after white matter injections. Moreover, Evan’s blue tracer was redistributed further
rostrocaudally from the injection site in the white matter compared to the grey matter.
These differences could be secondary to the larger delivered volume of tracer (2 pL) in
their experiments, and the smaller molecular size of Evan’s blue compared to ovalbumin.
Like other CED models and earlier ex vivo work on spinal cord ISF movement [381-387],
in Endo’s study a large durotomy was performed, resulting in substantial CSF leak and
altered hydraulic integrity of the SAS and perivascular spaces, which may in turn alter
fluid inflow dynamics. Computational simulation of the rat spinal cord by
Sarntinoranont et al [520] yielded a lower hydraulic conductivity in the grey matter and
thus increased tissue resistance. They showed that diffusion of macromolecules through
ECS is limited by tortuosity (higher in grey matter) and efficacy of diffusion diminishes
as the square of distance. Diffusion along ECS is unaffected by these factors [410, 521].
This would account for the greater penetration of CSF tracer from grey to white matter
(compared to white to grey matter) in this study, and the higher fluorescence signal
rostral to the injection site observed at 60 mins in white matter injections (Fig. 7b). It
may also explain the apparent increase in white matter fluorescence after white matter
injections at 60 mins compared to 20 mins, and the absence of this in the grey matter

after delivery of tracer into the grey matter (Fig. 12a, d).

3.6.1 Perivascular clearance

» o«

Various authors have used the terms “Virchow-Robin space”, “perivascular space” and

“paravascular space” interchangeably, but also at times to refer to discrete anatomical
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compartments. A comprehensive review of the ultrastructure of the “perivascular” space
is beyond the scope of this article, but readers are referred to excellent treatises by
Bakker et al [411] and others [230, 403, 522]. For our purposes, we distinguish the
“peri-arterial space”, which consists of multiple compartments within the pial sheath
that accompanies the arteriole/artery as it enters the CNS parenchyma, from the “para-
arterial space”. The latter is the space formed by the glia limitans and the pial sheath of
the penetrating artery. The “para-venular space” is formed by the venular adventitia and
the glia limitans. Collectively the “para-arterial” and paravenular” spaces form the
paravascular compartment. Henceforth, “perivascular space” loosely refers to all the
compartments between vessel and glia limitans. These descriptions have been derived
from brain studies [230, 249, 403, 411]. Ultrastructural studies of the rat spinal

perivascular space suggest similar anatomy [523].

There is compelling evidence from our study supporting the importance of the vascular
basement membrane in fluid outflow in the spinal cord. Controversy still surrounds the
relationship of CSF, ISF and perivascular flow in the brain. There are two prominent
contemporary theories of brain perivascular flow — the “glymphatic” system [327] and
a vascular basement membrane model [427]. The former was borne out of experiments
on transgenic mice where intraventricular, intracerebral, and intracisternal injections of
CSF tracers established CSF inflow into brain via a “para-arterial” route, bulk interstitial
flow, and “para-venous” outflow. Other groups later raised concerns regarding the
methodology and interpretation of observations [229, 230, 249, 351, 376, 423]. The
Carare-Weller group has long promulgated that fluid influx is via the para-arterial space
and clearance of solutes and ISF occurs via the “peri-arterial” vascular basement
membrane found within the tunica media. Their model has been backed by experiments

from their own laboratory [403, 427-429] and from other groups employing intravital

123



multiphoton microscopy [430]. They also assert that at the level of the capillaries, there
is adjacent bidirectional flow of fluid, with inflow occurring adjacent to the glia limitans,
and outflow of ISF occurring next to the endothelium. Notably, there is no venular
involvement in fluid transport. The major points of dissent are: 1) the types of vascular
structure(s) that are involved in ISF and solute egress; and 2) the precise relationship of
the outflowing fluid to the various compartments surrounding these vessels. In this
study, confocal microscopy demonstrated the presence of tracer not only in the “para-
arterial” and “paravenular” spaces, but also in the “peri-arterial” compartment. It
appeared that arterioles, venules and even capillaries are implicated in fluid outflow,
and hence elements of both dominant theories (that are based on brain studies) have
relevance in the spinal cord. Moreover, the vascular basement membrane (as proposed
by Carare-Weller) has been shown here to play an important role in solute clearance in
the spinal cord, which in turn suggests ISF outflow occurs both within and outside the
wall of the arteriole. While injection pump pressure could confound our interpretation
of interstitial perivascular tracer deposition, it is unlikely to explain tracer accumulation
around only some extramedullary vessels and “remote” arterioles that are far removed
from the bulk of the tracer. Moreover, our infusion rate of 0.12 pL/min is lower than that
employed by other groups [230, 524], and thus is unlikely to alter the physiological
drainage pathways. Uniform perivascular distribution of tracer around the spinal pial
surface, which has been previously observed following cisterna magna injections [309,
523], was not detected in our experiments. Therefore, accidental delivery of tracer into

the subarachnoid space is highly improbable.

Our findings raise the possibility of a model of spinal perivascular fluid dynamics
characterised by rapid bidirectional movement. Some authors have suggested that there

is little or no directed net fluid displacement in the perivascular space, a concept that
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aligns with earlier experimental data [249, 422]. A recent mathematical modelling study
proposed that although there might be fast water movement to-and-fro in the
perivascular space, solute transfer is facilitated by advection or dispersion [423].
Dispersion is in turn driven by arterial pulsations, which authors of disparate theories
can all agree underlie the mechanism of perivascular flow [146, 427, 459, 463].
Additionally, solutes may freely communicate between the “para-arterial space” and the
“peri-arterial” space through porous barriers that have been confirmed in
ultrastructural studies of the spinal cord [249, 522, 523]. If this “convection” [230]
theory of bidirectional fluid displacement also applies to the “para-venous” space, then
tracer molecules injected into the cord parenchyma would disperse along both
arteriolar and venular pathways by way of the capillaries [427]. Initially, there is “peri-
arterial” drainage of solutes via the vascular basement membrane, but tracer is then able
to infiltrate the “para-arterial” space. As pulsations are much stronger in arteries, tracer
is propelled further along arterioles (towards the extramedullary arteries) compared to
venules. This is reflected in the preponderance of tracer around extramedullary arteries
and “remote” arterioles. However, we would also expect greater “paravenular” tracer
deposition at 60 mins compared to 20 mins. This was, however, not observed,
challenging this conjecture on perivascular fluid outflow. Future studies would mandate

longer time points to investigate paravenular tracer distribution.

3.6.2 Central Canal

Central canal labelling by tracer was detected in 50% of grey matter injection
experiments, with a predilection for rostral migration. This corresponds to the earlier
observation by Milhorat [516] of cephalad flow within the central canal, which gave rise
to the theory that it acts as a “sink” for excess solutes and fluid from the cord
interstitium. Previous work by the Stoodley group and others has indicated that the

central canal is a route of clearance in normal and injured rat and ovine cords [146-148,
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153,170, 264, 309, 525]. Bedussi et al have suggested that in the brain, ISF drains
preferentially towards the ependymal surface. However, this was only true in close
proximity to the ependymal lining and the effect decreased away from the ventricles
[514]. In the spinal cord the distance between the ependymal and pial surfaces is much
smaller, so the relevance of this hypothesis is unclear. A more likely explanation for the
disparate central canal labelling between grey and white matter injected animals is that
diffusivity differences (which in turn are dependent on factors such as tortuosity and
distance) at the grey/white matter junction result in the central canal playing a critical
role in fluid outflow from the grey matter. It was not possible to clarify, based on
confocal micrographs, whether tracer migration into the central canal was transcellular,

paracellular or both. Further ultrastructural studies may address this.

3.6.3 Clinical Relevance

Although outflow pathways involve all vascular structures, there may be regional
variations. In the spinal grey matter, there is prominent drainage of solutes and ISF via
the ramifying arteries from the ventral median sulcus, as well as into the central canal.
In the white matter, outflow efficiency may differ as there are fewer arterioles, and
greater reliance on the smaller arterial vasocorona. Extra-canalicular syringomyelia (a
consequence of spinal cord injuries) may be partly precipitated by pathological
processes disproportionately compromising ISF drainage via white matter perivascular
spaces. Outflow is unable to keep up with fluid influx, ultimately leading to fluid
accumulation. Similarly, this may partially explain why spinal cord oedema
preferentially follows white matter tracts, as in the grey matter there may be more

robust drainage pathways.

3.6.4 Limitations

As some authors have emphasized [327] that for maintenance of perivascular bulk flow

the hydraulic parameters of the subarachnoid and perivascular spaces cannot be
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compromised. Although CSF losses were not observed during injections in this study,
small leaks cannot be ruled out and may account for the relatively limited longitudinal
displacement of ovalbumin, and the absence of statistical significance in tracer
redistribution between 20 and 60 mins. Other groups have noted that in CED studies,
spinal cord injury results in migration of tracer across the grey-white border [387]. We
used the smallest calibre needle possible, but there was still some evidence of local
parenchymal trauma due to the cyclical movements of respiration. Unlike in Endo’s
study where Evan’s blue did not cross the grey/white junction after white matter
injections, tracer in this study was not completely contained within white matter at the
level of injection. As with other tracer studies, labelling of the "pial glial" layer and the
smooth muscle basement membrane may be explained by selective binding of tracer or
by a sieving effect [229]. Fluid passage within the dorsal white columns was not directly
investigated. As this area is isolated from the rest of the white matter the pattern of fluid
outflow could theoretically be different. In future investigations of spinal cord fluid
outflow, longer experimental time points are recommended. This would validate some
of the observed differences between grey and white matter tracer distribution patterns.
[t may also provide insight into the role arterial pulsations might play in driving tracer
outflow - paravenular tracer deposition may increase with time (see above). Finally,
these results were obtained in anaesthetised prone small animals and extrapolation of
these findings to upright large mammals should proceed cautiously as volatile
anaesthetics are known to alter cardiovascular parameters and CSF production, which in
turn affects CSF hydrodynamics [229].

3.7 Conclusions

This study investigated the pattern and pathways of fluid outflow in the rat spinal cord.
Our results suggest interstitial fluid is transported radially in the grey matter, and along

the parallel axonal fibres in the white matter. Fluid outflow appears to be limited
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predominantly to a few spinal segments after 60 mins. Paravascular and perivascular
pathways, including both arterial and venous routes, likely play important roles in fluid
efflux. The precise mechanisms by which the vascular basement membrane of arteries
act as a conduit for fluid and solute drainage from the spinal cord warrants further
investigation. There may be regional variations in fluid outflow pattern within the spinal
cord due to the presence of the central canal and differences between grey and white
matter in vascular anatomy. These results suggest interstitial fluid dynamics are more

complicated than that described by the glymphatic model.
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4 Intrathoracic pressure and arterial pulsations exert different
driving forces on spinal cerebrospinal and interstitial fluid flow

4.1 Abstract
4.1.1 Background

There is mounting evidence that disruption of CSF circulation and CSF/interstitial fluid
exchange is likely to contribute to a number of CNS diseases including syringomyelia.
However, the physiological factors that govern CSF flow in the SAS and fluid transport in
the spinal cord are poorly understood. The aims of this study were to determine the
effects of heart rate, blood pressure and respiration on the flow of fluid in the SAS, as

well as into and out of the spinal cord interstitium.

4.1.2 Methods

In Sprague Dawley rats, physiological parameters were manipulated such that the
effects of free breathing (generating alternating positive and negative intrathoracic
pressures), mechanical ventilation (positive intrathoracic pressure

only), tachy/bradycardia, as well as hyper/hypotension were separately studied. To
investigate spinal CSF hydrodynamics, in vivo near infrared imaging of intracisternally
infused indocyanine green was performed. Spinal fluid inflow at a microscopic level was
quantitatively characterised by ex vivo epifluorescence imaging of fluorescent
ovalbumin, AFO-647, injected into the SAS. Fluid and solute transport at the level of the
perivascular space was further characterised with in vivo two-photon intravital imaging
of intracisternally delivered fluorescent ovalbumin and microspheres. To assess fluid
outflow, AFO-647 was injected into the cervicothoracic spinal grey or white matter for

epifluorescence analysis.

4.1.3 Results

Compared to controls, free breathing animals had significantly higher flow of CSF in the
SAS. There was also greater inflow of AFO-647 into the spinal cord interstitium. This

correlated with higher microsphere tracer velocity and displacement. Hypertension and
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tachycardia had no significant effect on SAS CSF flow. In hypertensive animals, there was
reduced AFO-647 influx compared to some of the control cohorts, although higher
microsphere velocities and displacement were noted. Tachycardia did not result in
greater AF0-647 inflow compared to some of the control animals. There was no
difference in microsphere velocity or displacement compared to control groups.
Tachycardia and hypertension stimulated AF0-647 tracer efflux, while respiration did

not affect spinal interstitial clearance.

4.1.4 Conclusions

Intrathoracic pressure has a significant effect on spinal CSF flow and cord parenchymal
fluid influx. Arterial pulsations play a smaller role in SAS hydrodynamics but have
profound effects on spinal cord interstitial fluid homeostasis, particularly in outflow.
4.2 Keywords

Cerebrospinal fluid, spinal cord, syringomyelia, perivascular, interstitial fluid,

respiration, intrathoracic pressure, pulsations, hypertension
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4.3 Background

There is mounting evidence that the exchange between CSF and ISF is vital for many
homeostatic functions in the CNS [198, 231, 353]. Many investigators have proposed
that the interface between the two fluids occurs at spaces around penetrating blood
vessels—the perivascular spaces—with additional interactions via transpial and
transependymal routes [230, 328, 353]. The precise anatomical configuration of the
perivascular space, as well as the mechanisms that mediate fluid and solute exchange,
have not been fully elucidated [348]. There are compelling data, largely derived from
MRI studies and computational modelling, that physiological forces such as arterial
pulsations and respiration drive fluid flow in the SAS [211, 289, 468, 469]. Inspiration
has been identified as one of the major drivers of CSF flow [284, 472, 477]. MRI studies
suggest that respiratory forces may displace more CSF than cardiac pulsations [478].
The cardiorespiratory effects on fluid transport into and out of the CNS have been the
subject of far fewer studies. Stoodley et al demonstrated that perivascular inflow of a
fluid tracer into the sheep spinal cord was dependent on pulse pressure [146]. However,
there are conflicting findings on the role of induced hypertension in perivascular flow. In
mice studies employing multiphoton intravital microscopy, both increased periarterial
inflow of tracers, as well as attenuated perivascular flow after administration of
inotropes, were reported [318, 461]. An ultrafast magnetic resonance encephalographic
study suggested a role for respiration driving fluid centripetally (counter to arterial
pulsations) through the brain parenchyma with inspiration promoting fluid efflux from
perivenular spaces [481]. However, this nascent technology lacks temporal and spatial
resolution for quantification of hydrodynamics [318]. Most investigators have explored
the effects of either the cardiac or the respiratory cycle on fluid transport. There have

been no previous attempts at examining discretely the effects of blood pressure, heart
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rate and ventilation on CNS fluid dynamics. In such experiments, all other

cardiorespiratory variables must be carefully controlled.

The focus of most studies, thus far, has been on the fluid dynamics of the brain. There is
a conspicuous paucity of similar research into spinal cord fluid transport. Not only is the
spinal cord parenchyma anatomically different compared to the brain (the grey and
white matter are reversed), but the extradural venous anatomy is configured such that
there is direct exposure of the epidural venous plexus to intrathoracic pressures [211].
The transmission of pressure waves to the spinal SAS cannot simply be extrapolated
from intracranial studies. Moreover, the segmental arterial supply of the spinal cord is
distinct from the highly collateralised circulation of the brain [213]. Elucidating the
physiological effects of arterial pulsations and respiratory pressures on spinal fluid
mechanics may further understanding of the pathophysiology of CNS fluid disorders
such as syringomyelia and spinal cord oedema. There is also the potential for
therapeutic advancements in other CNS disorders such as multiple sclerosis and

subarachnoid haemorrhage [348].

To comprehensively assess the impact of cardiorespiratory drivers on spinal CSF flow
and CSF/ISF exchange, the effects of hypertension (pharmacologically induced),
tachycardia (induced by sinoatrial node pacing) and spontaneous respiration (in which
cyclical positive and negative intrathoracic pressures were generated) were compared
to mechanically ventilated controls in animal experiments. In control groups, animals
were subjected to positive intrathoracic pressures only, as well as relative hypotension
and bradycardia. Fluid inflow and outflow were investigated separately after
manipulation of each of the three physiological variables. It was hypothesised that

elevated pulse pressure, tachycardia, and negative intrathoracic pressures (in
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spontaneous respiration) would result in greater CSF flow and fluid transport compared

to mechanically ventilated controls.

Here, it is demonstrated with complementary ex vivo epifluorescence imaging and novel
in vivo techniques—near infrared (NIFR) and two-photon intravital microscopy—that
negative intrathoracic pressure is a crucial driver of CSF flow and subsequent fluid
influx into the cervicothoracic spinal cord. Tachycardia and hypertension have
comparatively smaller effects. Finally, both tachycardia and hypertension, but not
respiration, stimulate outflow from the spinal cord interstitium into the SAS.

4.4 Methods

Male Sprague Dawley rats (aged between 8-12 weeks and weighing 280-430 g) were
used in all experiments. Ethics approval was obtained from the Animal Ethics
Committees of Macquarie University (ARA 2016/032) and the University of Sydney
(ARA 2018/1402). Table 5 summarises the number of animals in each experimental

group (refer to 7.1 for elaboration).

Table 5 Number of Sprague Dawley rats included for analysis in each experimental arm. Note complementary in
vivo and ex vivo studies were performed to investigate fluid inflow. Note that two control groups, MV and MV norma,
were established for fluid inflow only (refer to 4.4.2). A total of 111 rats were used

Flow in Fluid Inflow Fluid
SAS Outflow
In vivo Ex vivo

Free Breathing 6 3 7 10
Blood Pressure 6 2 7 10
Heart Rate 6 3 7 10
Mechanical Ventilation 6 4 7 10
(MV) — control

MV normal — control 4

Total 24 12 35 40

4.4.1 Instrumentation and preparation

After induction of general anaesthesia with 5% isoflurane in oxygen, each animal was

positioned supine on a heating pad and maintained under anaesthesia with isoflurane in
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0.2 L/min of oxygen. Heart rate, oxygen saturation, respiratory rate, and temperature
were continuously monitored by pulse oximetry and rectal thermometer. Rats
undergoing intravital microscopy were pre-medicated with subcutaneous midazolam

(1 mg/kg) and buprenorphine (0.05 mg/kg).

A right transverse inguinal incision was made, and the femoral neurovascular bundle
was exposed for cannulation by arterial and central venous polyethylene catheters. This
was followed by a midline suprasternal incision. The trachea was exposed for insertion
of an endotracheal tube. This was connected to a respiratory circuit, delivering
isoflurane in oxygen. The egress tubing was connected in series to a capnometer
(Capstar-100, CWE Inc., Ardmore, PA, USA), for continuous end-tidal carbon dioxide
(CO2) monitoring, as well as to a custom-made respiratory circuit pressure manometer.
At this point, for the subset of rats where heart rate was modulated, a three centimetre
length of the right external jugular vein was dissected out. A custom manufactured atrial
pacing wire was inserted into this vein to rest just above the sinoatrial node. The pacing

wire was connected to an isolated pulse stimulator (A-M Systems Inc, model 2100)

[526].

The animal was then repositioned prone and the respiratory circuit manometer and
arterial line were connected to pressure transducers, enabling the continuous
measurement of blood pressure and circuit pressure. All vital statistics were recorded
continuously for the remainder of the experiment on a data acquisition interface,
Power1401 (Cambridge Electronic Device, Cambridge, UK). Arterial blood gas was
analysed for pH, partial pressure of oxygen, and partial pressure of CO2. Each
physiological variable - respiration, blood pressure and heart rate — was then
manipulated in isolation to investigate its effect on spinal SAS flow, parenchymal inflow,

or outflow.
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4.4.2 Modulation of physiological parameters

To examine the effects of negative intrathoracic pressure generated by free respiration,
rats were either allowed to breathe spontaneously on the respiratory circuit, or a
neuromuscular blockade was administered (pancuronium bromide 0.8 mg induction,
0.4 mg/h maintenance) followed by mechanical ventilation using a small animal
ventilator (Harvard 7025 Rodent Ventilator, set at a tidal volume of approximately 1.2
mL). Any prolonged vagolytic effects of pancuronium resulting in hypertension and
tachycardia were reversed with small boluses of metoprolol. The end tidal CO2 was
adjusted to a physiological range of 3.5-4.5%. In anaesthetised spontaneously breathing
rats, bradypnoea of 50-55 breaths/ min was observed, with resultant CO2 retention and
respiratory acidosis. Therefore, mechanically ventilated control rats were ventilated to
either a respiratory rate of 66 breaths/ min, which normalised the partial pressure of
CO2 and pH, or their respiratory rate matched that of their free breathing counterparts.
This was done to detect the effects, if any, of blood pH, partial pressure of CO2 and rate of
ventilation on ISF/CSF fluid dynamics. Thus, in initial ex vivo studies of effects of
respiration on fluid inflow there were three cohorts: free breathing (FB), mechanical
ventilation to a normalised blood gas profile (hereafter designated as “MVnormal”), and
mechanical ventilation where the blood gas profile matched that of FB (designated as
“MV”). The latter two cohorts, MVnormal and MV, were control groups for the FB animals,
but also served as control for later experiments investigating the effects of heart rate
and blood pressure modulation on fluid inflow (Table 5). In all other experiments, there
was only one control group. These rats were mechanically ventilated at a respiratory
rate and to a blood gas profile similar to that of the MV cohort. Other variables including
mass, heart rate and mean arterial pressure (MAP) were kept constant between FB and

control groups.
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To examine the effects of blood pressure, hypertensive rats were compared to the
mechanically ventilated group(s), which had an approximate MAP of 70 mmHg. In
hypertensive rats, the MAP was raised to a target of 140 mmHg (a ~40% increase from
the normal physiological value, or approximately double that of controls) by an
escalating infusion of phenylephrine, a selective ai-adrenergic receptor agonist. In order
to maintain a constant heart rate and prevent baroreflex compensation, the nicotinic
receptor antagonist hexamethonium was administered. All hypertensive animals were
mechanically ventilated to relative hypercapnic levels (matching the MV control group).
Mass, heart rate and ventilation were kept constant between hypertensive and control

groups.

To examine the effect of heart rate, tachycardic rats were compared to the mechanically
ventilated group(s), which had an approximate heart rate of 330 beats/min (bpm). A
pacing wire (described above) was connected to an isolated pulse generator (A-M
Systems Inc, model 2100). A square pulse duration of 2 ms and an amplitude aiming for
1.0 V was used to generate a heart rate of at least 500 bpm. There was no appreciable
change in blood pressure on pacing, even over prolonged periods. All tachycardic
animals were mechanically ventilated to a relative hypercapnic level (matching the MV
group). Mass, MAP and ventilation were kept constant between tachycardic and control

groups

After the desired physiological parameter target was reached and maintained, one of
four surgical procedures was performed to investigate fluid transport in the spinal SAS,

into and out of the spinal cord.

4.4.3 Surgical procedures for investigation of fluid dynamics
4.4.3.1 Spinal subarachnoid space

To characterise the flow of CSF in the cervicothoracic SAS in vivo, NIFR imaging of an

intracisternally injected fluorescent CSF tracer, indocyanine green (ICG), was performed.
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Under an OPMI Pentero 800 microscope (Carl Zeiss, Oberkochen, Germany) a midline
dorsal incision was made, followed by muscle dissection to expose the atlanto-occipital
membrane (AOM) and the dorsal bony elements from C1-T2 (these were kept intact).
The cisterna magna was accessed via a single pass through the AOM of a 30G Hamilton
needle loaded onto a glass syringe (Hamilton Company, Nevada, USA) mounted on a
stereotactic frame. Approximately 1 mm of the needle tip was left in situ, and
cyanoacrylate glue was applied around the cannulation site to prevent CSF leakage. After
the physiological targets were achieved, the Pentero NIFR camera function, IR800, was
then activated (set at a zoom of x4.0 and a focal length of 300 mm) to encompass the
surgical field from the craniocervical junction to T2. A carefully agitated 10 pL aliquot of
5 mg/mL ICG (Verdye, Aschheim-Dornach, Germany) was delivered into the cisterna
magna at 33 nL/s via an Ultramicro pump (World Precision Instruments, Florida, USA).
The intraoperative in vivo fluorescence of redistributed tracer and the corresponding
operative field under white light were continuously and simultaneously recorded from
the start of injection for 20 min. The animal then underwent transcardiac perfusion with
heparinised 0.1M phosphate buffered saline (PBS) followed by 4% paraformaldehyde

(PFA) (Lancaster Synthesis, Pelham, New Hampshire).

4.4.3.2 Spinal fluid inflow
4.4.3.2.1 Exvivo experiments

The flow of fluid from the SAS into the spinal cord was qualitatively and quantitatively
assessed by analysing the redistribution of fluorescent tracer from the cisterna magna to
the cervicothoracic spinal cord interstitium. A limited midline dorsal incision was made
to expose the AOM. As described above, a 30G needle was used to inject a 10 pL volume
of fluorescent ovalbumin tracer, Ovalbumin Alexa-Fluor®-647 conjugate (Life

Technologies, Victoria, Australia) (AF0-647) into the cisterna magna at a rate of 33 nL/s.
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The needle was left in situ ensuring CSF leakage did not occur. After 10 mins the animal

underwent transcardiac perfusion.

4.4.3.2.2 In vivo two-photon intravital experiments

To study the dynamic interaction between CSF and the spinal cord at the level of the
perivascular space, multiphoton intravital microscopy was employed to evaluate the
real-time flux of fluorescent microspheres and fluid tracer. After extensive muscle
dissection of the upper thoracic levels, T3 and T4 laminectomies were performed. A
polyethylene sheath attached to a rubber ring was used to create a custom-made tubular
spinal imaging window. A rapid-setting silicon glue (Twinsil®, Picodent, Wipperfiirth,
Germany) was used to adhere the window to the surrounding soft tissue, creating a
watertight seal for the immersion fluid. The AOM was then exposed and a cannula
inserted into the cisterna magna. The cannulation site was reinforced with
cyanoacrylate glue. The cisterna magna catheter was fashioned from the 3 mm tip of a
29G needle fitted into a polyvinyl chloride catheter. The cisterna magna catheter was
prefilled with CSF tracer mixture and loaded onto a 10 uL. Hamilton needle and syringe.
The instrumented animal was moved en masse to the stage of the SP8 DIVE Deep In Vivo
two-photon intravital microscope (Leica Microsystems, Wetzlar, Germany), equipped
with the InSight™X3 Ti-Sapphire (Spectra-Physics) laser system (maintained at constant
power at a range of 10-20%). There was continuous physiological recording throughout
the experiment. A target leptomeningeal vessel measuring 150-200 um in width was
acquired, and a 100-200 pL bolus of 2 mg/mL fluorescein dextran or
tetramethylrhodamine dextran vascular tracer (ThermoFisher Scientific, Massachusetts,

USA) was administered intravenously to delineate the vasculature.

Following manipulation of the target physiological parameter, a 10 pL volume of a CSF

tracer mixture of AFO-647 and 1 um fluorescent microspheres (13% v/v), FluoSpheres™
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(ThermoFisher Scientific, Massachusetts, USA) was delivered at 33 nL/s through the
cisterna magna catheter. Vascular tracers fluorescein and tetramethylrhodamine, AFO-
647 and FluoSpheres were excited with excitation wavelengths of 500-550 nm, 570-
620 nm, 660-710 nm and 420-470 nm respectively (gains between 10.0 and 100.0).
Images were acquired with a x25 water immersion objective (IRAPO L 25x/1.0 W
motCORR with an NA of 1.0, Leica Microsystems). Images and videos were obtained in
the x, y and z axes. At the completion of imaging, the rats were euthanised by

administration of pentobarbital.

4.4.3.3 Spinal fluid outflow

The outflow of spinal ISF was assessed by analysing the egress and craniocaudal
redistribution of a fluorescent tracer injected into the spinal parenchyma. The spinal
grey and white matter were separately investigated. Following a limited dorsal incision
and muscle dissection, a right sided hemilaminectomy at T1 was performed. A 34G
needle loaded onto a glass syringe (Hamilton Company, Reno, USA) punctured the dura
perpendicularly and cannulated the parenchyma in a single pass. The dural entry points
for the grey and white matter injections were 0.5 mm and 1 mm lateral to the dorsal
midline vein, respectively. A comprehensive description of spinal cord injection has
been previously described [527] (3.4.1). A 500 nL volume of AF0-647 was delivered at
2 nL/s. The point of injection was confirmed by the location of endogenously inert
fluorescent microspheres (Fig. 23 a). Cyanoacrylate glue was applied around the dural
puncture site to prevent CSF leakage. The needle was left in situ for 180 mins, after

which the animal underwent transcardiac perfusion.

4.4.4 Tissue processing and immunohistochemistry

The brain and spinal cord of all animals, except those that had undergone intravital
microscopy, were harvested en bloc for macroscopic fluorescent imaging (4.4.5) [527].

The spinal cord was then segmented from C2-T4 after post-fixation and cryoprotection.
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Each segment was snap frozen, and 40 um axial sections were acquired and mounted
onto glass slides for immunohistochemistry. To label the endothelium, slides were
incubated with the primary Rat Endothelial Cell Antibody (RECA-1, Abcam, Cambridge,
United Kingdom) in 4% NDS, followed by the secondary antibody, anti-mouse IgG Alexa-
Fluor®-488 (Molecular Probes, Life Technologies, New York, USA). Smooth muscle cells
were then labelled by anti-actin a-smooth muscle antibody (SMA, Sigma-Aldrich, St.
Louis, Montana). Immunohistochemistry was not performed on specimens exposed to
ICG as the processing degraded the tracer. Instead, in these animals, the glass slides
were washed in tris-phosphate buffered saline for 10 min and were then cover-slipped

with fluorescent mounting medium (DAKO, NSW, Australia).

4.4.5 Image acquisition

The craniocaudal macroscopic distribution of ICG and AF0-647 over the neuraxis was
captured with white-light and single fluorescent channel using the small animal optical
imaging system MS FX PRO (Bruker, Billerica, MA). For AFO-647, the fluorescence
camera was set at excitation and emission wavelengths of 630 nm and 700 nm,
respectively, with an exposure time of 4 s. For ICG, excitation and emission wavelengths

were 760 and 830 nm, respectively.

All spinal cord axial sections from C2-T4 were imaged with a Zeiss Axio Imager
fluorescence microscope (Carl Zeiss Microimaging GmbH, Germany). In axial sections
that had undergone immunohistochemistry, arterioles were positive for RECA-1 and
SMA, whereas venules and capillaries were labelled by RECA-1 only (vessels that had a
luminal diameter < 6.5 pm were classified as capillaries). Further delineation of vascular
structures and the central canal was undertaken with confocal microscopy (LSM 880,

Carl Zeiss Microimaging GmbH, Germany).
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4.4.6 Image processing and analysis
4.4.6.1 Fluid flow in the subarachnoid space

In the NIFR study, videos of the intraoperative fluorescence as well as the corresponding
white light channel were converted to image stacks using Image J, version 1.46r. The
background signal was subtracted in each frame to give the mean pixel intensity (a
measure of fluorescence intensity) at each spinal level from C2-T2. Fluorescence
intensity was measured every second for 20 min. Pulse-like wavefronts of tracer
fluorescence were observed to propagate rostrocaudally from the point of injection and
were particularly prominent between C1 and C2. Surface plots of fluorescence intensity
versus displacement were constructed in Image] to reconstruct this phenomenon. The
peak amplitude of these tracer wavefronts was tracked (via the surface plots) between

C1 and C2 to compute its velocity in pixels/s (Fig. 13 d-g).
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Fig. 13 Intracisternal injection of ICG to characterise CSF flow in the spinal SAS. b Extensive muscle dissection
to expose the bony anatomy from occiput to T2, allowing infusion of ICG into the cisterna magna. a Artist’s
depiction of exposed dorsal elements, as well as the corresponding intraoperative view under white light, b, and
NIFR filter using the IR800 function, c. Heat maps in 2D, d, and 3D, e, were generated from tracer fluorescence
c. The green box denotes the spinal level C5 in each of the views. In the heat maps, high tracer signal lies towards
the yellow, while low signal lies towards the violet end of the spectrum. The white bar marks the interval between
Cland C2. Inf, a surface plot of tracer signal intensity demonstrates a pulse like wavefront of CSF tracer. Tracer
waves propagated in a craniocaudal direction and their velocities were computed between C1 and C2, summarised
in g. In this study, velocity was significantly higher in free breathing rats compared to control (FB vs MV * p =
0.036) as well as hypertensive rats (FB vs BP * p = 0.039). All error bars are expressed as +SEM
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4.4.6.2 Ex vivo experiments on spinal fluid inflow and outflow

In all macroscopic fluorescence images, the tracer signal was measured at each spinal
level from C2-T4 on the dorsal and ventral surfaces. In fluorescence microscopic axial
sections, the integrated density of the CSF tracer (mean pixel density multiplied by area)
was calculated. The integrated density of the whole spinal cord, the white matter, and
grey matter were separately calculated in each axial section. The dura and nerve roots
were meticulously excluded. At least three sections were analysed per level from C2-T4,

and averaged.

In ex vivo spinal fluid inflow experiments, the number of fluorescent “grey matter
vascular events” larger than 50 pixels in the grey matter was calculated. The number of
discrete “events” was assumed to reflect accumulation of tracer around the perivascular
space of grey matter central arteriolar branches. The aggregate area of these “events”
was also expressed as a percentage of the total grey matter area. These two calculations

were adjunctive measures of central inflow into the spinal cord.

Although intracisternally infused ICG was primarily used to characterise fluid flow in the
SAS, there was also endogenous penetration by this tracer. Therefore, ICG fluorescence

within the whole spinal cord axial section was also quantified.

4.4.6.3 In vivo experiments on spinal fluid inflow

The time-series videos obtained from the two-photon microscopy were 16-bit, each with
spatial dimensions of 256 x 256 pixels. The blue channel captured the fluorescent
microspheres. The red and green channels captured the tetramethylrhodamine-dextran
and fluorescein-dextran, respectively, in the vasculature. The dextrans were injected at
different times, so in each video, the brightest dextran was kept and the other channel,

either the red or green channel, was deleted. Images were processed using a Gaussian
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Filter, Median Filter and background subtraction in Imaris x 64 v9.0.2

(Bitplane, http://www.bitplane.com/).

The videos were then analysed using the TrackMate plugin in FIJI

(NIH, https://imagej.nih.gov/ij/). Each of the microsphere tracks identified in the
software were manually checked and adjusted as needed. Only microspheres that could
be tracked over multiple frames with confidence were included. Microspheres that
appeared to be adhered directly to the blood vessel wall (as opposed to static
microspheres in the space immediately adjacent to the vessel wall) were excluded. Net

velocity and displacement values were generated for each tracked microsphere.

4.4.7 Statistical analysis

Physiological vital statistics were compared with two tailed Student’s t-test. Where there
were three groups, one-way analysis of variance (ANOVA) was employed and adjusted
for multiple comparisons with Tukey post-hoc tests. Fluorescence intensities (integrated
densities and mean pixel densities) were compared using two-way ANOVA and adjusted
for multiple comparison using Bonferroni’s post-hoc tests. A p value < 0.05 was
considered statistically significant in all analyses. All fluorescence values were
expressed as mean * standard error of the mean (SEM). All physiological parameter
values were expressed as mean). GraphPad Prism (v7.02, GraphPad Software Inc,

California) was used to perform all statistical analysis.

In the intravital study, the mean velocity and displacement were computed for each of
the cohorts. The mean values were compared with one-way ANOVA and adjusted for
multiple comparisons with Bonferroni’s post-hoc tests. Velocity and displacement were

expressed as mean * SD.
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4.5 Results
4.5.1 Respiration is a major driver of fluid flow in the subarachnoid space

Following intracisternal injection of ICG, the distribution of tracer was qualitatively and
quantitatively assessed in real-time in vivo with a NIFR camera (Vid. 1 and Vid. 2). In all
rats, ICG tracer migrated in a rostrocaudal fashion down the lateral aspects of the
vertebral canal. Over time, increasing fluorescence was detected at the more caudal
spinal levels, and the area of highest intensity shifted caudally. Tracer signal, initially
greatest in the lateral aspects of the spinal canal, slowly spread medially. Eventually,
fluorescence was detected over most of the exposed C2-T2 region. There were,
however, areas of relative signal attenuation. They included C1, the central portion of
C2, as well as a continuous central thin strip in the middle of the spinal canal
corresponding to the spinous processes. Fluorescence spread rostrally towards the

brain from the injection point, but this was not evaluated.

FREE BREATHING
FLOW IN THE SPINAL SUBARACHNOID SPACE: -

Vid. 1 Intracisternal injection of ICG to assess cervicothoracic CSF flow in the free breathing rat. Extensive muscle
dissection permitted real-time in vivo recording (x32 speed) of ICG tracer redistribution. The panel on the right is
the intraoperative view under white light, demonstrating intact dorsal elements from occiput to T2. On the left, is
ICG fluorescence captured by a built-in NIFR camera. The video starts shortly after injection of ICG into cisterna
magna. Both channels have been recorded simultaneously. Right panel: note the needle entering the AOM with
the Hamilton syringe at the bottom left corner. The exposed laminae run vertically through the centre of the panel.
The spinous processes have been marked by a black pen. Bleeding was controlled by swabs. Left panel: the needle
entry point was outlined against tracer contamination of the AOM. ICG fluorescence migrated on the lateral aspects
of the vertebral canal in a rostrocaudal direction, before spreading in a lateral to medial fashion to involve the

145



whole spinal canal. Centrally there was a thin strip of relative low fluorescence, likely secondary to poor
penetration of light through the spinous process. Note the attenuated fluorescence signal at the higher cervical
levels. Video access via Supplementary files

MECHANICAL VENTILATION-
FLOW IN THE SPINAL SUBARACHNOID SPACE

Vid. 2 Intracisternal ICG injection in the mechanically ventilated rat. Compared to the free breathing rat,
respiratory movements were attenuated. Extensive muscle dissection permitted real-time in vivo recording (x32
speed) of ICG tracer redistribution. The panel on the right is the intraoperative view under white light,
demonstrating intact dorsal elements from occiput to T2. On the left, is ICG fluorescence captured by a built-in
NIFR camera. The video starts shortly after injection of ICG into cisterna magna. Both channels have been
recorded simultaneously. Right panel: note the needle entering the AOM with the Hamilton syringe at the bottom
left corner. The exposed lamina run vertically through the centre of the panel. The spinous processes have been
marked by a black pen. Bleeding was controlled by swabs. Left panel: the needle entry point was outlined against
tracer contamination of the AOM. ICG spread in a rostrocaudal, then lateral to medial fashion. The magnitude of
fluorescence intensity was lower on visual comparison to the free breathing rat, and tracer signal was markedly
reduced at the cervicothoracic junction. Video access via Supplementary files

Fluorescence intensities at each spinal level were quantitatively sampled at 150 s
intervals after injection (Fig. 14). At every time point analysed after injection of tracer,
significantly higher fluorescence intensities were measured in free breathing rats
compared with the mechanically ventilated controls (Fig. 14 “Respiration”, refer to
figure for p values). On post hoc analysis, significant difference at C4 was detected 2.5
mins after tracer injection (p = 0.0026). At 10 min time point, a fluorescence intensity
peak was observed at the mid cervical levels. The difference in signal intensity between
the free breathing and mechanically ventilated groups tapered rostrocaudally thereafter.
As noted earlier, tracer signal in the upper cervical levels was relatively low throughout

all time points. The velocity of the CSF tracer wavefront travelling between C1 and C2
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was significantly higher in free breathing rats compared with controls (Fig. 13 g). In free
breathing and mechanically ventilated rats, the mean values were 0.89 and 0.38 pixels/s

(95% CI0.042 - 0.98, p = 0.036 two-tailed t-test), respectively.

When hypertensive rats were compared with controls, no statistically significant
difference in fluorescence intensity was detected during the 20 min period (Fig. 14
“Blood Pressure”). On post hoc analysis, the fluorescence at C2 was transiently higher in
the control than the hypertensive group at 2.5 min after injection (p = 0.004). From

12.5 min, there appeared to be a slight relative increase in tracer intensity in the
hypertensive group from C4-T1 but this failed to reach significance. Similarly, there was
no overall difference in fluorescence signal intensities between control and tachycardic
rats at any time point (Fig. 14 “Heart Rate”). The rats with a high heart rate had slightly
elevated fluorescence levels mostly at C4-5 from 10 mins, but this was not statistically
significant. There were no significant differences in CSF wave velocity at C1/2 between

the control, hypertensive and tachycardic groups (Fig. 13 g).

Therefore, negative intrathoracic pressures of spontaneous respiration were associated
with greater cervicothoracic CSF flow than that observed in continuous positive
intrathoracic pressures of mechanical ventilation. Increasing the MAP or heart rate

resulted in little effect on SAS fluid flow.
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Fig. 14 Flow of CSF in the cervical SAS. Following cisterna magna injection of ICG, the redistribution of this
tracer from C2-T2 was evaluated with a NIFR filter on a commercial operating microscope. Fluorescence signal
intensity was deemed to reflect amount of CSF in the dorsal = ventral SAS. Continuous fluorescence data were
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collected in real-time over 20 mins. Collated here are snapshots of fluorescence intensities from C2-T2 at 150 s
intervals. The column labelled “Respiration” compares the effect of mechanical ventilation (MV) to free breathing
(FB). At every time point, significantly higher fluorescence intensities were measured in FB rats compared with
the MV controls. On post hoc analyses, an early significant difference at C4 was detected. From the 10 min mark
a consistently higher fluorescence was maintained at C5. By 20 mins, most fluorescence emanated from the mid-
cervical levels. When hypertensive rats (column labelled “Blood Pressure™) were compared with controls, no
statistically significant differences were detected at any time up to 20 mins. The fluorescence at C2 was transiently
higher in the control than the hypertensive group at 2.5 mins after injection (** p = 0.004). Tracer signal intensities
between control and tachycardic rats (column heading “Heart Rate”) were similar at all time points. All error bars
are expressed as +SEM

4.5.2 Negative intrathoracic pressure promotes fluid flow into the spinal cord
4.5.2.1 Macroscopic quantification of AFO-647 and ICG tracers

Fig. 15 Macroscopic assessment of tracers in ex vivo inflow and outflow experiments. In all ex vivo experiments,
AFO-647 or ICG tracer was injected either into the cisterna magna or into the spinal parenchyma. The
redistribution of tracers was then assessed under white light (for anatomical correlation) and single channel
fluorescence imaging after harvesting the brain and spinal cord en bloc. a To assess spinal outflow, AFO-647 was
injected into the spinal interstitium at C8 (specimen under white light). White arrow denotes level of injection. b
The corresponding fluorescence view, demonstrating intense tracer signal at the point of injection and rostrocaudal
redistribution. ¢, d Examples of fluorescence patterns after cisterna magna infusion of AFO-647 in a mechanically
ventilated and free breathing animal respectively. Note that higher fluorescence in the free breathing rat. e An
example of ICG fluorescence after cisterna magna injection. Although ICG was primarily used to characterise CSF
flow in vivo, the neuraxis was extracted to determine the spinal inflow of this tracer. Note the consistent loss of
ICG signal at the craniocervical junction

After infusion of ICG and AF0-647 into the CSF circulation, the tracers were fixed in situ
and the spinal cord harvested for macroscopic fluorescence imaging to determine the
rostrocaudal spread over the ventral and dorsal surfaces of the spinal cord and dura
from C2 to T4. On visual inspection (Fig. 15 c, d), AFO-647 intensity was highest around
the site of injection and progressively decreased in a craniocaudal direction. The overall
tracer fluorescence was significantly greater in free breathing rats, compared with their

mechanically ventilated controls, MVnormal and MV, over both ventral and dorsal surfaces
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(p <0.0001 for all groups). The markedly higher fluorescence intensities in free
breathing animals reached significance at C7 and C8 on post hoc analysis (p = 0.025 and
0.04 respectively) (Fig. 16a). On visual inspection of the macroscopic fluorescence of
intracisternally injected ICG, a conspicuous region of low signal at the craniocervical
junction was universally present (Fig. 15 e). Tracer intensity generally peaked around
C6/7. There was higher overall tracer signal in free breathing rats compared with

controls on the ventral (p = 0.0022), but not the dorsal surface (Fig. 16 d).

In tachycardic and hypertensive rats, there was a lack of concordance between
macroscopic ICG and AFO-647 tracer intensity patterns. The overall AFO-647
fluorescence was higher in hypertensive and tachycardic rats compared with
mechanically ventilated controls (MVnormal and MV), over both the dorsal and ventral
surfaces (both p < 0.0001) (Fig. 16 b-f). On the dorsal surface, hypertension was
associated with significantly higher signal intensity than controls at every spinal level,
except C2 and T3/4, on post hoc analysis (see Fig. 16 b for p values). On the ventral
surface of hypertensive animals, a similar trend was found, except the higher signal
intensities were significant in the cervical levels only. Similarly, higher fluorescence
intensities were found on the dorsal surface of paced, tachycardic rats compared with
controls from C4 to T4. On the ventral surface, fluorescence was significantly higher at
all spinal levels in tachycardic rats compared with controls (Fig. 16 c). Higher
macroscopic ICG signal intensities were found in hypertensive rats over the ventral
surface (p = 0.0007), but not the dorsal surface. ICG fluorescence was higher in control
rats compared with paced tachycardic rats on the dorsal surface (p = 0.023), whereas no

difference was observed on the ventral surface (Fig. 16 e, f).
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Fig. 16 Macroscopic distribution of intracisternally infused AFO-647 and ICG tracers. The fluorescence signal of
each tracer was quantified at each spinal level. a There was significantly higher AFO-647 signal in free breathing
animals (FB) compared with both control groups, on both dorsal and ventral surfaces. On the ventral surface, post
hoc analysis showed that the higher intensity in FB rats (compared with controls) reached significance at C7 and
C8 (p = 0.0251 and 0.0394 respectively). Similarly, after ICG injection, d, there was significantly higher signal
intensity on the dorsal surface in FB animals, but not on the ventral surface. b, ¢ AFO-647 fluorescence was
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significantly higher in hypertensive and tachycardic rats compared with both control groups over both surfaces.
Post hoc analysis demonstrated markedly greater tracer accumulation at multiple levels in FB, hypertensive and
tachycardic groups compared with controls. The p values at these levels have been summarised in tables adjacent
to the corresponding graphs. e, f Interestingly, these findings with AFO-647 were generally not replicated after
injection of ICG into the cisterna magna. With the exception of the ventral surface e in hypertensive rats,
macroscopic fluorescence in the hypertensive and tachycardic cohorts was not higher than that of the control
groups; in fact, in tachycardic animals f, significantly higher intensities were recorded over the dorsal surface
compared with control. All error bars are expressed as +SEM

4.5.2.2 Microscopic quantification of AFO-647 and ICG tracers

After macroscopic evaluation of intracisternally infused tracers over the spinal cord,
axial sections from C2 - T4 were acquired at each level to qualitatively and
quantitatively assess the microscopic influx of tracer into the parenchyma. There was
significantly higher AFO-647 signal within the whole axial section of the spinal cord, as
well as the constituent grey and white matter, in free breathing rats compared with their
ventilated controls, MVnormal and MV (Fig. 17 a-c, refer to figure for p values). On post hoc
analysis, there was a striking difference in tracer signal between free breathing and
control groups at C2 in both the grey and white matter. Higher fluorescence intensities
were also found in the whole axial section and white matter of free breathing rats
compared with controls at C3 and C4. There was a significantly greater number of
discrete fluorescent entities (assumed to be perivascular tracer deposition) in the grey
matter of free breathing rats compared with controls (p = 0.0001) (Fig. 18 g). Moreover,
the proportion of the grey matter area occupied by fluorescence was higher in free
breathing rats (p = 0.048) (Fig. 18 d). On post hoc analysis, more “perivascular events”
were found at C2 and C3 in the free breathing group compared with controls. Thus,
differences in AF0-647 inflow were the most pronounced at the upper cervical levels.
The difference in fluorescence intensity between free breathing and control cohorts
tapered in a craniocaudal direction. The results from analysing signal intensity of ICG
influx mirrored that of AFO-647 (Fig. 18 a). Although the overall ICG fluorescence in free
breathing rats was higher than that of the MV control group (p = 0.0006), none of the

levels reached significance on post hoc analysis.
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Two control groups, MV and MVnormal, were established to investigate whether the rate
of ventilation, hypercarbia and blood pH affected fluid exchange. Within the whole axial
section of the spinal cord, there was an overall higher fluorescence intensity in the
MVnormal cohort compared with the MV group (p = 0.0008) (Fig. 17). There was also
higher AFO-647 signal intensity within just the white matter (p = 0.0006). On post hoc
analysis, these differences were significant only at C2 and C3 for whole spinal axial
section and white matter. No differences were detected between the two groups for grey

matter fluorescence or “perivascular events”.

The overall AFO-647 fluorescence was significantly lower in hypertensive rats
compared with the MVnormal control group, but higher compared with MV controls. This
was observed within the whole cord and the white matter (Fig. 17 d, e). On post hoc
analysis, this difference reached significance at C3 for the whole cord (p = 0.0083) and
the white matter (p = 0.0006). Curiously, within the grey matter there was significantly
higher AFO-647 signal in the hypertensive group compared with the MVnormal and MV
controls. This trend reached significance at C2 on post hoc analysis (Fig. 17 f). These
findings were not borne out in adjunctive analyses. Compared with hypertensive rats,
there were significantly more “perivascular events” (p = 0.039) and greater percentage
of grey matter occupied by tracer (p = 0.0001) in the MV cohort (Fig. 18 €, h).
Furthermore, the amount of ICG measured in the whole axial spinal cord section in
hypertensive rats was greater than that of the control group (p = 0.017), although no

level reached significance on post hoc analysis (Fig. 18 b).

When the overall fluorescence of AFO-647 within the whole cord and white matter of
tachycardic rats was compared with that of MVnormal, no difference was found. Compared
with the MV cohort, however, there was higher tracer signal in tachycardic rats (p <

0.0001) (Fig. 17 g-i). Within the grey matter, the overall AFO-647 intensity was
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significantly higher in tachycardic rats than either control groups (p < 0.0001) (Fig. 17 i).
Adjunctive analysis of “perivascular events”, and the percentage of grey matter occupied
by tracer did not reveal any differences between tachycardic and control groups (Fig. 18
f, i). Higher overall ICG fluorescence intensity was found in tachycardic rats compared
with the ventilated control group (p < 0.0001), with post-hoc analysis demonstrating

significant differences at C3-C5 (p = 0.0032, 0.0049, 0.0031 respectively) (Fig. 18 c).

Multiple tracer experiments have, thus far, consistently demonstrated that free
breathing stimulates CSF flow in the spinal SAS as well as transport into the interstitium.
The findings from tachycardic and hypertensive rats have been less certain with
conflicting results obtained with different tracers. Intravital studies that permit real-
time tracking of fluid tracer fluxes were therefore performed to help clarify and explain

these observations.
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Fig. 17 Quantitative analysis of AFO-647 inflow into the spinal interstitium after intracisternal infusion. The
microscopic fluorescence intensities within the spinal cord from whole axial sections, grey matter and white matter
were measured at every level from C2—-T4. Experiments investigating the effects of respiration, blood pressure and
heart rate correspond to the top, middle and bottom row respectively. a-c There was significantly higher
fluorescence within the whole axial section a, grey matter ¢, and white matter b in free breathing (FB) rats
compared with the control groups. On post hoc analysis, the difference between FB and controls reached
significance at C2 in all compartments of the spinal cord, from C2—-C4 in the white matter, and at C2 only in the
grey matter. In the white matter and whole axial section d-f, the intensity of AFO-647 signal was significantly
lower in hypertensive rats compared with controls with normalised ventilation (MVnorma). However, compared
with their direct controls (MV), tracer fluorescence was higher in hypertensive rats. In the grey matter f, tracer
signal intensity was higher in hypertensive rats than either of the control groups. g, h Within the whole axial section
and white matter, there was no difference in AFO-647 intensity between tachycardic rats and MVnormal control, but
the tachycardic cohort had significantly higher fluorescence than MV. Tracer signal was significantly higher in the
grey matter in tachycardic animals compared with controls, i. Refer to the figure for p values at each level marked
by asterisks. All error bars are expressed as zSEM
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Fig. 18 Adjunctive characterisation of spinal interstitial inflow. Although intracisternally infused ICG was used to
characterise fluid flow in the SAS, there was also endogenous penetration by this tracer. Therefore, ICG
fluorescence within the whole axial section was also quantified. Experiments investigating the effects of
respiration, blood pressure and heart rate correspond to the top, middle and bottom row respectively. a Free
breathing (FB), b hypertension and ¢ tachycardia all resulted in significantly increased tracer signal within the
whole spinal cord compared with control. In tachycardic rats, the higher fluorescence intensity reached
significance at C3, C4 and C5 (p = 0.0032, 0.0049, 0.0031 respectively). The number of fluorescent “perivascular
events” within the grey matter was assumed to represent discrete accumulation of AFO-647 around perivascular
spaces of central arteriolar branches, a measure of central cord inflow. In FB rats g, there were greater number of
“events” compared with control groups, with C2 and C3 reaching significance on post hoc analysis. More “events”
were found in the MVnormal control group than in hypertensive rats h. There was no difference between the
tachycardic and both control groups i. Another adjunctive measure of central spinal cord inflow was “grey
matter %” (the aggregate area of “perivascular events” as a percentage of the total grey matter area). FB was the
only variable that resulted in significantly greater “grey matter %” compared with controls d. There was a reduction
in “grey matter %” in hypertensive animals e, while tachycardia resulted in no difference compared with controls.
All error bars are expressed as +SEM
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4.5.2.3 Invivo imaging confirms respiration and arterial pulsations have different effects on
fluid kinetics

In mechanically ventilated control rats, influx of AFO-647 and microspheres
progressively increased with time. Some microspheres coalesced around and flowed
along the long axis of blood vessels. Static microspheres were also present in these
compartments. Other microspheres did not demonstrate a predilection for these spaces
and appeared to flow in pathways unrelated to the vasculature (Vid. 3). Delineation of
the vascular microanatomy was not possible as there were no intravital fluorescent
markers for the tunica media or adventitia. Intramural blood flow velocity and vascular
wall displacement were not quantified. In the control cohort, the velocity of 69 discrete
microspheres were computed, yielding a mean particle velocity of 264.6 £ 233.01 um/s.
Many microspheres could only be tracked very limited frames before disappearing from
view. Additionally, some displayed to-and-fro movements which resulted in the majority
of particles displaying little net displacement. Despite the different lengths of time
microspheres were tracked in each cohort, the mean displacement was calculated
(within a constant ROI) as a reflection of the to-and-fro nature of particles. In
mechanically ventilated controls, microspheres had a mean displacement of 9.1 £+

15.64 um (Fig. 19).
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Fig. 19 Velocity and displacement of Fluosphere tracer in in vivo spinal inflow experiment. Fluorescent
microspheres infused intracisternally were characterised real-time in vivo using two-photon intravital microscopy.
a Microspheres were tracked to yield mean velocities. In free breathing (FB) and hypertensive rats, particles were
significantly faster than those in the control group, MV. The difference in velocity was marked in FB animals
compared with control. b The displacement of these microspheres (see text for explanation) was also computed.
Unsurprisingly, similar relationships to a were observed in FB, hypertensive and tachycardic rats compared with
control, MV. All error bars are expressed as =SD

Vid. 3 Investigation of spinal inflow employing two-photon intravital microscopy. Intracisternally infused
fluorescent microspheres were tracked and characterised in vivo. This is an example of a leptomeningeal blood
vessel branch point, approximately 150 um wide, in a mechanically ventilated control rat. Intravascular dextran
tracer has been labelled green, microspheres in blue and AFO-647 has been selectively filtered out. Tracked
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microspheres are labelled with white + and their tracks marked with dotted lines. Some microspheres flowed
parallel to the long axis of the vasculature in pathways close to the vessel wall. Other microspheres exhibited to-
and-fro movement that resulted in small overall displacement. This cohort of mechanically ventilated rats served
as control for comparison with free breathing, hypertensive and tachycardic animals. The mean velocity and
displacement of tracked particles were 264.6 + 233.01 um/s and 9.1 + 15.64 um respectively. Video access via
Supplementary files

In free breathing rats, there was extensive movement of the spinal cord in the z plane
(Vid. 4). Although the amount of tracer (per timepoint or in z-stacks) was not quantified,
there appeared to be greater numbers of microspheres and AF0-647 compared with
controls at all timepoints. Due to movement artefact, only 23 particles could be reliably
tracked in one animal. The mean velocity and displacement of these microspheres were
846.4 £497.2 um/s and 46.7 + 28.56 um respectively, which were significantly higher

than the control group (p < 0.0001 for velocity and displacement) (Fig. 19).

t=65.200 s

Vid. 4 Intravital experiment in a free breathing rat. This is an example of a leptomeningeal blood vessel branch
point, approximately 120 um wide. Intravascular dextran tracer has been labelled red, microspheres in blue and
AFO-647 has been selectively filtered out. Tracked microspheres are labelled with white + and their tracks marked
with dotted lines. Movement in the z axis was a consequence of spontaneous respiration, generating greater
movement artefact compared with control animals. Note the chaotic movement of the particles with grossly higher
velocities. The velocity and displacement were 846.4 + 497.2 um/s and 46.7 = 28.56 um respectively which were
significantly higher compared with the control group (p < 0.0001). Video access via Supplementary files

In tachycardic and hypertensive rats, it was difficult to discern whether qualitatively
more AF0-647 and microspheres were present compared with control. Fluorescent
tracers were distributed in similar patterns to that observed in controls. In hypertensive

animals, there was prominent oscillation of microspheres (as distinct to the overall to-

158



and-fro movements described earlier) in their net displacement in one direction (Vid. 5).
This phenomenon was not present in tachycardic rats (Vid. 6). In the hypertensive rat
that was suitable for particle tracking, 105 microspheres were tracked, yielding a mean
velocity of 379.0 + 258.6 um/s. This was significantly higher than controls (p = 0.0063).
The corresponding mean displacement of these microspheres, despite their to-and-fro
movements, was 17.02 = 15.73 um and also greater than controls (p = 0.05). In
tachycardic animals, 157 particles were analysed, yielding a mean velocity and
displacement of 282.1 £ 155.8 um/s and 12.2 £ 9.14 um respectively. These quantities

were not significantly different compared with controls (Fig. 19).

t =59.960 s

Vid. 5 Intravital experiment in a hypertensive rat. This is an example of a leptomeningeal blood vessel branch
point where the parent vessel was just less than 100 pum wide. Intravascular dextran tracer has been labelled red,
microspheres in blue and AFO-647 has been selectively filtered out. Tracked microspheres are labelled with white
+ and their tracks marked with dotted lines. Note the oscillatory pattern of particle flow near blood vessels. Despite
this, the velocity and displacement were slightly greater than control at 379.0 + 258.6 um/s, reaching statistical
significance (p = 0.0063). The corresponding mean displacement of these microspheres, despite their to-and-fro
movements, was 17.02 + 15.73 which was also significantly greater than control (p = 0.05). Video access via
Supplementary files
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Vid. 6 Intravital experiment in a tachycardic rat. This is an example of a leptomeningeal blood vessel branch point
where the parent vessel was just over100 pum wide. Intravascular dextran tracer has been labelled red, microspheres
in blue and AFO-647 has been selectively filtered out. Tracked microspheres are labelled with white + and their
tracks marked with dotted lines. Again, some microspheres were found in spaces next to the vessel, moving in to-
and-fro manner that resulted in little displacement. There did not appear to be gross difference in microsphere
movement in tachycardic rats compared with control. This was confirmed by the mean velocity and displacement
of 282.1 + 155.8 um/s and 12.2 + 9.14 um respectively. Neither values reached significant difference compared
with control. Video access via Supplementary files

4.5.3 Fluid influx occurs via transpial and perivascular pathways

Further insights into spinal fluid transport may be gained from qualitative assessment of

AF0-647 influx into the interstitium.

In all animals, AF0-647 deposited on the pial surface and around intramedullary and
extramedullary blood vessels. A transpial, “parenchymal”, diffusive pattern of tracer
transport was also observed (Fig. 20 b), but this was largely observed in free breathing
rats. In this cohort, the transpial pattern was observed in 33% of spinal levels, compared
with just 10% in the MVnormal cohort, and none in the MV arm. In hypertensive and
tachycardic rats, this transpial deposition of AFO-647 was found in 14% and 19%
(respectively) of spinal levels, similar to that detected in MVnormal group. Note that
further statistical analyses were not performed in these qualitative descriptions as
tracer colocalisation to anatomical structures was either present or absent (after

ensuring uniform adjustment of brightness and contrast in every photomicrograph).
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Labelling of large extramedullary vessels such as the ASA was ubiquitous. In both the
white and grey matter, tracer selectively accumulated around arterioles and venules,
especially around radially projecting blood vessels (Fig. 20 b-e). Pericapillary tracer was
detected but was not as abundant as periarterial or perivenular deposition. In ventilated
control groups MVnormal and MV, tracer was identified around white matter arterioles in
76% and 39% of spinal levels. In free breathing, hypertensive and tachycardic rats this
was observed in 86%, 62% and 76% of spinal levels. In the grey matter, periarteriolar
tracer fluorescence was detected in 61% and 62% of spinal levels in MVnormal and MV
cohorts, respectively. In free breathing animals, this phenomenon was observed more
frequently (71%), while in both paced and hypertensive rats, this was observed less

commonly (33% each).

In both extramedullary and intramedullary arteries and arterioles, confocal microscopy
confirmed perivascular deposition of AFO-647 (Fig. 20 g, j-m). Distinct layers of tracer
were detected immediately external, within as well as immediately internal to the
smooth muscle cells of the tunica media of the ASA. This was also observed in the
arterioles of the vasocorona and within the grey matter (Fig. 20 j-m). Tracer deposited
immediately around the RECA-1 labelled endothelium of intramedullary venules and
capillaries, as well as the extramedullary veins of the ventral median sulcus and the
superficial pial network (Fig. 20 n, 0). Furthermore, at higher magnifications, deposition
of AFO-647 in the spinal cord ECS highlighted the tortuous nature of the interstitial

microarchitecture (Fig. 20 o).

Tracer deposited around the central canal, but the spinal levels over which this was
found were often non-contiguous. AF0-647 deposition around the central canal
occurred in 47%, 17% and 8% of total spinal levels in free breathing, MVnormal and MV

cohorts, respectively. Hypertensive rats exhibited a similar incidence (19%), while
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tachycardic rats had increased tracer deposition around the central canal (75%)
compared with the control groups. On confocal microscopy, tracer distributed
heterogeneously within the ependymal layer of the central canal. There was preferential
accumulation along the luminal border of ependymal cells, with less fluorescence along
the abluminal aspect (Fig. 20 i). On higher magnification, there was speckled clumping of
tracer on the luminal aspect (Fig. 20 i). It was not possible to confirm whether there was
tracer uptake by ependymal cells. Occasionally, intraluminal tracer was detected.
Serpiginous trails of tracer were also observed between the abluminal aspect of the
ependymal layer and nearby subependymal microvessels (Fig. 20 h). This suggested a

pathway linking subependymal perivascular spaces and the central canal.

Although ICG tracer was primarily employed to assess CSF flow in the SAS, its influx into
the spinal cord was characterised. The tracer intensity was highest at the pial margins
circumferentially, and rapidly attenuated radially towards the cord centre (Fig. 20 a). ICG
labelling of intramedullary vasculature structures and the central canal was limited to
some prominent blood vessels and only at upper cervical levels. Immunohistochemical
labelling of blood vessels was not compatible with ICG so it was not possible to confirm

perivascular deposition.
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Fig. 20 Tracer inflow into the spinal cord is via perivascular and transpial routes. a After injection into the cisterna
magna in a free breathing rat, ICG appeared to diffuse across the pia into the interstitium. In the upper cervical
levels (a is at C2), there was some deposition of ICG around perivascular spaces in the grey matter and white
matter (arrows), as well as around the the central canal (*). However, outside of the craniocervical junction, ICG
tracer was limited to the subpial space. b AFO-647 displayed some ability to cross the pia circumferentially,
appearing to diffuse into the spinal interstitium (left pointing arrow), but perivascular labelling was prominent
(right pointing arrow head) with prominent intramedullary penetration, towards the central canal (*). Note the
deposition of AFO-647 tracer around the ASA and the central branches distal to the ventral median sulcus (left
arrow head and right arrow respectively). b-d Tracer colocalised with both arterioles (up arrow) and venules (right
arrowhead), confirmed with immunofluorescent stains for smooth muscle actin ¢, and RECA-1 d. The merged
fluorescent channel is shown in e. In a mechanically ventilated control rat at C2, f, there was reduced tracer signal
in the whole axial section. Transpial fluorescence was conspicuously reduced, although perivascular deposition
was still present. g An example of an ASA under confocal microscopy (x63 magnification). In all animals where
extramedullary arterial AFO-647 deposition was evident, tracer was detected not only external to (right arrow
head) the smooth muscle layer (*) but also within, and internal to the tunica media (left arrow). Left pointing arrow
head denotes the endothelium. A similar example of an ASA in axial section has been rendered in a 3D video.
Please refer to Vid. 7. j-m Depicts multiple distinct layers of AFO-647 tracer within and external to the smooth
muscle layer of an intramedullary grey matter arteriole (AFO-647, SMA, RECA-1 and merged channels captured
in j, k, 1 and m respectively, all X100 magnification). n AFO-647 accumulated around the outside of the
endothelium of a large intramedullary venule (* marks the lumen) (x63 magnification). o A venule at the pial
surface had similar deposition of AFO-647 around the endothelium (right arrow). In o, * marks transpial migration
of tracer, depositing in a convoluted, lattice pattern which reflects the spinal ECS architecture (x63 magnification).
h, i AFO-647 was detected within the ependymal layer of the central canal. There was an uninterrupted serpiginous
trail of tracer (right arrow head) between subependymal microvessels and the central canal (right arrow marking
venule, while ¢ denotes the lumen of the central canal in h and i) (x100 magnification). This suggests privileged
pathways may exist between the central canal and the subependymal perivascular spaces. AFO-647 tended to
concentrate on the luminal aspect of the ependymal cells. Tracer was occasionally observed within the lumen of
the central canal. i Tracer unevenly deposited on the luminal side of the ependymal layer (note speckled
appearance). The nuclei of ependymal cells were demarcated by tracer (marked by €), suggesting uptake by these
cells (x100 magnification)
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4.5.4 Tachycardia and hypertension stimulate outflow from the spinal cord

The impact of respiration and arterial pulsations on spinal outflow mechanisms was
assessed. AF0-647 was injected into the spinal grey or white matter without CSF leakage

and allowed to circulate over three hours.

4.5.4.1 Macroscopic quantification of AFO-647

The harvested spinal cord (with intact dura) was imaged to determine the macroscopic
extent of tracer redistribution 180 min after intramedullary injection. On inspection,
fluorescence was generally highest within one level of the injection point at C8 (Fig. 15
a, b). Tracer signal tapered rapidly beyond that. In free breathing rats, the overall tracer
intensity was significantly greater than that of ventilated controls over both dorsal and
ventral surfaces, after injection into both grey and white matter (Fig. 21 a). On post hoc
analysis, this difference reached significance at C5 dorsally as well as Cé ventrally after
injection into grey matter (p = 0.012 and 0.0029 respectively), and at C5 on the ventral

surface after injection into the white matter (p = 0.023 respectively).

There was also overall greater tracer signal in hypertensive (Fig. 21 b) and tachycardic
(Fig. 21 c) animals compared with ventilated controls over both surfaces, after injection
into the white and the grey matter. On post hoc analysis, there was a significant

difference at C4 after white matter injections (p = 0.016) in hypertensive rats.
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Fig. 21 Macroscopic distribution of AFO-647 after injection into the spinal grey or white matter. In all outflow
studies, macroscopic fluorescence was highest around the point of injection at C8, tapering rostrally and caudally.
Experiments investigating the effects of respiration, blood pressure and heart rate correspond to the top, middle
and bottom row respectively. Compared with the controls (MV), free breathing (FB), hypertensive and tachycardic
rats all displayed significantly higher tracer intensity over both the ventral and dorsal surfaces. This was true after
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both grey and white matter injections (GMi and WMi respectively). On post hoc analysis, the difference in tracer
intensities reached significance at C6 after grey matter injections, and at C5 after white matter injections in the
respiration experiments. There was also significantly higher tracer intensity at C4 ventrally after white matter
injections in hypertensive rats. All error bars are expressed as +SEM

4.5.4.2 Microscopic quantification of AFO-647
After injection of AFO-647 into both the spinal grey and white matter, extremely high

interstitial fluorescence intensities were observed locally. Endogenous spread of tracer
was largely limited to within one level rostral and caudal to the injection point
(approximately C8). After intramedullary injection, interstitial tracer effluxed slowly
from the parenchyma into the spinal SAS where it could be redistributed, and thence
back into the spinal cord interstitium at remote levels. Spinal outflow was indirectly, but
more meaningfully, assessed by measuring tracer that had recirculated back into the
parenchyma from the SAS. Comparing the amount of redistributed tracer, instead of total
AF0-647 fluorescence, eliminated large fluorescence intensity values around the
injection site which would have obscured differences between cohorts. Therefore, the
amount of tracer bound by (and including) the pial surface from C2 to C6, and from T2 to
T4 was quantified. Tracer signal from C7-T1 was selectively excluded. Fluorescence in

the dura, nerve roots and within the SAS was also meticulously excluded.

There was no difference in overall fluorescence within the whole spinal cord (and its
constituents) between free breathing rats and ventilated controls, after injection of
tracer into the grey matter (Fig. 22 a-c). Similar results were obtained after injection of
tracer into the white matter, although higher fluorescence was observed in the grey

matter of free breathing rats compared with controls (p = 0.0082) (Fig. 22 d-f).

After injection into the white matter in hypertensive rats, however, the overall
fluorescence level was significantly higher than that of control within the whole cord
(p <0.0001), the grey matter (p = 0.0066) as well as the white matter (p < 0.0001) (Fig.

22 j-1). On post hoc analysis, these differences reached statistical significance at T3
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within the whole cord (p = 0.039) and in the white matter (p = 0.047), and at T2 in the
grey matter (p = 0.017). There were similar findings after tracer injection into the grey
matter (Fig. 22 g-i). In hypertensive rats, fluorescence was significantly higher than
controls within the whole spinal cord (p = 0.05) and white matter (p = 0.028), but no

difference was detected in the grey matter.

After injection into the white matter in tachycardic rats (Fig. 22 p-r), the fluorescence
intensity was higher compared with controls within the whole cord, the grey matter and
the white matter (p = 0.0021, 0.0032 and 0.0028 respectively). On post hoc analysis, a
significant difference was reached at T2 in the grey matter and whole spinal cord

(p =0.043 and 0.029 respectively). After injection into the grey matter of tachycardic
rats (Fig. 22 m-0), there was increased tracer signal within the whole cord and the white
matter (both p < 0.0001) compared with controls. No difference, however, was observed
in the grey matter. On post hoc analysis, significance difference was reached at T2 within

the whole cord after injection (p = 0.027).
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Fig. 22 Quantification of AFO-647 tracer fluorescence within microscopic whole axial sections, grey matter and

white matter. After injection of AFO-647 into either the spinal grey or white matter, the fluorescence intensity of

redistributed tracer was measured within the grey and white matter of levels remote from the injection site (C2—6

and T2-T4). The top half of the figure has been shaded grey, representing grey matter injection experiments. The

bottom unshaded half of the figure therefore represents white matter injections. a-c After injection of tracer into
the grey matter, there was no significant difference in whole axial section, grey and white matter fluorescence
intensities between free breathing (FB) and control (MV) rats. d-f After injection into the white matter, there was

similarly no difference in tracer intensity within whole axial section d and the white matter f, although significantly

higher signal was detected in the grey matter in free breathing rats compared with controls, e. There was
significantly higher fluorescence in hypertensive rats (compared with controls) after injection of tracer into both
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the grey matter, g-i, and the white matter, j-l. This was observed within both the grey and white matter. However,
after grey matter injections, h, no difference was found between hypertensive and control animals within the grey
matter. On post hoc analysis of white matter injections, significant difference was reached at T2 in the grey matter,
as well at T3 in the white matter and within the whole axial section. There were similar findings in tachycardic
rats compared with controls. With the exception of the grey matter after grey matter injections n, there was higher
tracer intensity in tachycardic rats after grey matter injections, m-o, and white matter injections, p-r in all parts of
the spinal cord. On post hoc analysis, the difference in fluorescence intensities reached significance at T2 except
in the white matter. All error bars are expressed as +SEM

4.5.5 Fluid efflux occurs via perivascular pathways

Here, a qualitative study of interstitially delivered AF0-647 relative to spinal
microanatomical structures was undertaken. After grey matter injections, there was
radial redistribution of tracer from the point of injection towards the pial surface and
into the contralateral hemicord (Fig. 23 b). The fluorescence intensity attenuated as an
inverse function to distance from injection point, such that subpial fluorescence was
absent. Rostral and caudal to the injection site, tracer was largely found within the grey
matter, although it readily transgressed the white/grey junction. After white matter
injections, tracer crossed from the white matter into the grey matter and even into the
contralateral hemicord around the site of injection (Fig. 23 ¢, d). However, tracer was

largely confined to the lateral white column rostrocaudally (Fig. 23 e).

Around the injection site of all rats, tracer selectively deposited around radially
projecting arterioles and venules (Fig. 23 b, d, e). These appeared to be privileged
pathways for solute efflux towards the pia. The ASA and other extramedullary vessels

were invariably labelled even though subpial tracer was not present (Fig. 23 b, i).

Remote from the point of injection, AFO-647 was detected circumferentially on the pial
surface and around extramedullary vessels (Fig. 23 f, g). Pial tracer intensity decreased as
a function of craniocaudal distance from the injection site. At remote levels, interstitial
fluorescence was limited to the perivascular spaces of radially projecting arterioles and
venules (Fig. 23 f), instead of depositing in the ECS. This was highly suggestive of tracer
effluxing from the injection site to the SAS, and then redistributing back into the spinal

parenchyma at remote levels, via perivascular routes.
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Confocal microscopy confirmed that pathways of perivascular efflux are similar to
inflow. In both extramedullary and intramedullary arteries and arterioles, distinct layers
of AFO-647 interdigitated with the layers of the tunica media (Fig. 23 h-j). Tracer was
found external to, as well as within, the smooth muscle wall. AFO-647 was found
intimately around the RECA-1 labelled endothelial layer of intramedullary venules,
capillaries as well as the venules within the ventral median sulcus. Whether tracer was
injected into the SAS or into the ECS, there were no obvious differences in its pattern of

perivascular deposition.

The colocalization of tracer around the central canal was analysed at each spinal level in
all outflow experiments. After grey matter injections, ependymal deposition of tracer
was detected in 45% of all spinal levels in control animals. This did not vary greatly after
modulation of physiological parameters. In free breathing, hypertensive and tachycardic
rats, 55%, 51% and 45%, respectively, of all spinal levels had AFO-647 labelled central
canals. Similarly, after white matter injections, tracer was found around the central canal
of 45% of all spinal levels in control animals. In free breathing rats, this was observed in
47% of spinal levels. Slightly higher rates were documented in tachycardic and
hypertensive rats at 56% and 62% respectively. Unlike in spinal inflow experiments,
AF0-647 was invariably detected over contiguous spinal levels in all rats. Confocal
microscopy yielded further evidence of possible specialised pathways between
subependymal perivascular spaces and the abluminal aspect of the ependymal layer (Fig.
231). Continuous bands of tracer appeared to bridge microvessels and the

heterogeneously labelled central canal (Fig. 23 k, 1).
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Fig. 23 Qualitative analysis of redistributed AFO-647 after injection into the spinal interstitium. The spinal grey
matter a, and the lateral white matter tracts ¢, d were cannulated by a fine needle (at approximately C8). Inert
fluorescent microspheres (marked by * in a) mixed into the AFO-647 tracer confirmed the injection point. b
After grey matter injections (* marked injection point), there was radial redistribution of tracer locally into the
surrounding white matter and into the contralateral hemicord. There was selective concentration of tracer around
radially projecting blood vessels that end ultimately on the pial surface (up arrow). Extramedullary vessels, such
as the anterior spinal artery (ASA, left arrow head) were also labelled by tracer. Note that subpial tracer was
absent. c, d After white matter injections, there was local radial spread of tracer into the grey matter and nearby
subpial white matter. Less of the contralateral hemicord was involved. There was accumulation of tracer around
radially projecting blood vessels (right arrowhead). b, d Merged AFO-647, RECA-1 and SMA channels. e Just
caudal to the white matter injection site (approximately T1), intramedullary tracer signal was delimited by the
lateral white matter tracts (up arrow). f Three spinal levels rostral to the injection site (approximately C5), tracer
was found circumferentially on the pial surface (left arrow head) and around penetrating radial blood vessels
(right arrow head).e,f Note AFO-647 tracer deposition around the central canal (*) rostral and caudal to the
injection site. This pattern of tracer distribution is highly suggestive of interstitially injected AFO-647 effluxing
into the SAS, redistributing rostrocaudally and re-entering the cord parenchyma via perivascular spaces. g
Merged AFO-647 and vascular antibody channels of a remote spinal level. h-j In both extramedullary and
intramedullary arteries and arterioles, tracer deposited distinctly in multiple layers (confocal microscopy, x100
magnification). AFO-647 was found external to, and within the tunica media (marked by *) of the ASA, i, grey
matter arteriole, h, and arterial vasocorona, j. Arrows mark the yellow endothelium, while the layers of green
AFO-647 are marked by oppositely pointing sets of arrow heads and arrows. h Note the delineation of neuronal
nuclei and the tortuous spinal ECS by AFO-647. k,I The central canal at x100 magnification on confocal
microscopy. The left arrow head in | and the up arrow head in k emphasise the heterogeneous, speckled
deposition of tracer favouring the luminal aspect of the ependymal lining (* is the lumen of the central canal).
Tracer also deposited around ependymal nuclei (marked by left arrowhead in k). The up arrow head in | points to
a serpiginous trail of tracer, suggestive of privileged pathways between the subependymal vasculature and the
central canal

4.6 Discussion

We have undertaken a comprehensive study of CSF flow dynamics in the spinal SAS, as

well as fluid and solute influx into, and efflux from the spinal cord. Complementary in
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vivo and ex vivo imaging modalities characterised the effects of intrathoracic pressure
and arterial pulsations on fluorescent tracers injected into the CSF and spinal cord
interstitium. These studies have yielded largely concordant findings. In the
cervicothoracic SAS, alternating negative and positive intrathoracic pressures of
spontaneous respiration were associated with greater CSF flow compared with
continuous positive pressures in mechanical ventilation. The same mechanisms likely
exerted a dominant effect at a microscopic level, promoting fluid flow into the spinal
interstitium via perivascular spaces and through the pial surface. Compared with
respiration, arterial pulsations did not appear to play prominent roles in driving CSF
through the SAS or into the spinal interstitium. Tachycardia did not affect spinal inflow.
Although elevated mean arterial and pulse pressures did increase spinal inflow, its effect
was eclipsed by a modest increase in respiratory rate. Elimination of solute from the
spinal grey and white matter interstitium was stimulated by hypertension and
tachycardia, but not by transmitted epidural pressure fluxes from the respiratory cycle.
Finally, privileged tracer entry into and drainage from the spinal parenchyma via

perivascular spaces were mediated by similar anatomical pathways.

The literature is replete with animal studies in which a tracer is injected into either the
SAS or the brain parenchyma. This study has confirmed the paramount importance of
respiration and cardiovascular pulsations as drivers of fluid flow in and around the
spinal cord. The conflicting results obtained by different groups from previous tracer
studies may, in part, be explained by uncontrolled variations in physiological
parameters. Recently, intracisternally infused microspheres were used to study
perivascular hydrodynamics of CSF in mouse brains by two groups. One group used free
breathing animals [318] while the second group used mechanically ventilated mice

[329]. The microspheres in both studies were observed to move in an oscillatory pattern
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and their mean velocities were found to be similar (17£2 [329] vs 18.7 [318] um/s).
However, close scrutiny of the real-time videos revealed distinctly greater displacement
of microspheres in the free breathing mice compared with ventilated animals. Moreover,
the nature of the force driving microspheres along the vessel was a critical point of
contention between the groups. One group contended it was CSF secretion by the
choroid plexus, while the other group proposed it was arterial pulsations [318]. It is
possible that the effects of mechanical ventilation may be responsible for divergent
conclusions in otherwise similar experimental set ups. To ensure comparable results,
meticulous attention should be paid to haemodynamic and respiratory factors in future

experimental designs investigating fluid and solute transport in the CNS.

4.6.1 Fluid flow in the subarachnoid space

Here, we described the first novel deployment of ICG and the IR800 NIFR function on a
commercial operating microscope to assess spinal CSF flow in real-time. Tracer injected
into the cisterna magna of dead animals was not observed to redistribute caudally
(results not shown). Similar results occurred when CSF leaks were detected. These
negative controls indicate that cardiorespiratory pulsations are critical forces in driving
CSF. In this study, tracer signal from the dorsolateral aspects of the SAS was acquired. It

is not known whether ICG signal from the ventral SAS was detected.

Other groups have previously injected ICG into the SAS to assess CSF flow and lymphatic
outflow [528-531]. However, in these studies real-time flow data were not acquired.
Moreover, fluorescence was diminished by overlying soft tissue, impairing spatial
resolution. In our experiments, muscle was extensively dissected to maximise tracer
signal transmission, while preserving the dorsal bony elements to minimise disturbance
of SAS hydrodynamics. The relationship between ICG concentration and photon

excitation/emission (fluorescence quantum yield) is non-linear [532]. This raises the
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possibility that fluorescence intensity in this study may not correspond directly to ICG
concentration. The higher ICG signal detected in free breathing animals may be partially

a consequence of greater mixing and turbulence in the SAS.

There was a conspicuous loss of ICG signal around the upper cervical spinal cord
(observed in ex vivo macroscopic imaging and real-time in vivo flow). Intense subdural
staining by ICG tracer was found at the craniocervical junction, raising the possibility
that ICG precipitates had deposited in this area, either due to local reaction with ionic
compounds (a known property of ICG [532]) or perhaps secondary to low or absent CSF
flow. Advanced MRI studies in humans have demonstrated that at C2 there may be no
net flow due to opposing CSF flow vectors [336]. In addition, fluorescence quenching
(reduction in intensity) may occur above an ICG concentration of 50 uM [533], a

consequence of stagnant flow in this area.

It has long been held that cardiac pulsations drive CSF flow in the cranial SAS [211, 291,
444,446, 447], but whether this also holds true in the spinal SAS is unclear. A number of
investigators posited that lumbar CSF pressure waves originate from spinal arterial
pulsations with some contribution from the cranial vasculature (such as the choroid
plexus) [454-456]. This is supported by at least one canine study involving spinal blocks
and aortic occlusions [454]. Physiological drivers of CSF flow have only recently piqued
the interest of CNS fluid researchers. Most of the data have been derived from human
MRI brain studies, and the role of respiration in spinal CSF dynamics is not clear. In
these studies, the dural venous sinuses transmit pressure changes from the thorax and
abdomen to the cranial SAS [211]. Recently, the Dreha-Kulaczewski group demonstrated
prominent rostral movements of CSF throughout the spinal canal at the beginning of
forced inhalation in human subjects using real-time PC-MRI. Inspiration-induced CSF

waves were more pronounced than those associated with cardiac pulsations, which
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were low amplitude [282, 470, 475]. However, forced expiration resulted in caudal flow
from T6 and very low flows rostral to T1-4. The authors hypothesised that a
“watershed” point at the level of the heart divided the spinal SAS into two
compartments. This in turn reflects the intimacy between intrathoracic and
intraabdominal pressures, and the pressures within epidural venous plexus that are
thought to modulate CSF dynamics. Yildiz et al [333] also employed real-time PC-MRI
and found that deep inhalation resulted in the rostral movement of CSF, however,
cardiac and respiratory components contributed equally to CSF velocity during deep
breathing, but not natural breathing. A criticism of the methodology in this study was
that PC-MRI is a technique that employs cardiac cycle triggering to acquire and average
images, potentially overlooking the respiratory contribution of CSF flow [235]. Takizawa
et al [478] employed an asynchronous two dimensional PC-MRI technique under
respiratory guidance to analyse the respiratory and cardiac components of CSF flow
separately in healthy adult brains. They observed larger CSF displacement secondary to
respiratory events compared with cardiovascular impulses, although this gave rise to
higher velocity flows. They provided quantitative evidence of small, rapid CSF pulsations

due to cardiac drivers while respiration generated slow, large fluid waves.

To summarise, previous investigators have focused on brain physiology, and some
authors contend that cardiac pulsations drivers impart a greater driving force on CSF
flow than respiration. Recent studies investigating respiration have applied advanced
MRI techniques to human subjects undergoing forced respiratory manoeuvres. We have
demonstrated in an animal model for the first time, that intrathoracic pressure has a
greater impact on the of modulation of spinal CSF hydrodynamics than arterial
pulsations. The binary effects of free breathing versus mechanical ventilation may not be

directly comparable to incremental changes in heart rate and pressure. However,
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neither inducing tachycardia nor doubling the MAP resulted in as much spinal CSF flow
as the introduction of negative intrathoracic pressures. It is possible these tracer studies
may not have enough spatial resolution to discern contributions from arterial pulsations

to fluid flow in the SAS.

In these studies, CSF tracer wavefront velocities were computed at the atlantoaxial
interval. However, it is crucial to note that a mixing phenomenon was likely responsible
for the tracer bolus redistributing craniocaudally. Spinal CSF flow is thought to have an
oscillatory nature [235], modified by complex geometries of nerve roots and
trabeculations resulting in eddies and vortices [287, 292, 296-298]. These hypotheses
have largely crystallised from computational modelling studies. MRI and animal studies
have traditionally lacked spatio-temporal resolution to confirm this phenomenon. Thus,
it is important to be cognisant that the “velocity” of the tracer does not indicate a state of
unidirectional flow of fluid but may reflect, instead, the rate of solute transport and

redistribution in the spinal SAS.

There are conflicting results from the macroscopic analysis of SAS redistribution of ICG
and AF0-647 in the ex vivo studies. There is no reliable way to distinguish whether
fluorescence signal emanated from the extradural (secondary to leakage of tracer during
perfusion/fixation), intradural, intramedullary or any combination of these
compartments. The relatively low intramedullary AF0-647 fluorescence (but elevated
tracer intensity macroscopically) observed in the tachycardic and hypertensive cohorts
suggests there may have been prominent retention of tracer within the dura or even the
leptomeninges. Analysis of the macroscopic distribution of AFO-647 should proceed
with caution due to its possible poor specificity. Furthermore, all ex vivo studies
involving ICG may be unreliable due to possible undefined chemical reactions with itself,

or with surrounding structures.
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4.6.2 Fluid flow into the spinal cord

Other groups have previously employed two-photon intravital microscopy to study
murine brains. Here, we report the first ever application of this advanced technique to
investigate fluid and solute transport mechanisms in the spinal cord. Spinal cord
intravital imaging is challenging because of the greater distances the lasers are required
to penetrate compared with cranial windows. Movement artefacts also hamper image

acquisition and processing.

Two-photon intravital and epifluorescence microscopy were complementary
techniques. Intravital microscopy provided multiple, small acquisition volumes of living
tissue, centred at the pial interface. We acquired both real-time series and snapshots
(not shown) of the dynamic rate and nature of fluid exchange, presumably from the SAS
to a variable distance deep to the pia. The ex vivo epifluorescence experiments, however,
allowed quantification of the total cervicothoracic solute and fluid inflow over a
predetermined interval. The intravital finding of rapid microsphere velocities and
displacement in free breathing rats provided the physiological explanation for the
significantly greater tracer inflow in their ex vivo counterpart studies. It also suggests
that the increased interstitial inflow of tracer is not merely a consequence of greater
volumes of CSF in the overlying SAS. Transmitted cyclical intrathoracic pressures (via
the epidural venous network) result in deformation of dura and fluid movement not
only in the SAS, but also microscopically at the level of the pia. If negative intrathoracic
pressures are eliminated, movement of fluid even at the perivascular level is also
dampened. To our knowledge, the effect of intrathoracic pressure on fluid and solute
transport into the spinal interstitium has not been previously characterised. Although
the physiological effects of respiration on spinal CSF dynamics were the greatest at the
mid cervical levels (suggested by NIFR experiments), T3 was chosen for these intravital

studies as the superficial location minimised movement artefact.
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In ex vivo spinal inflow studies employing AFO-647 tracer, two mechanically ventilated
control groups were established. We have demonstrated that higher overall tracer
intensity was found in the MVnormal cohort (ventilated at 66 breaths per minute),
compared with the MV group (ventilated at 50 breaths per minute). It is plausible that
the rate of ventilation could account for the difference in tracer inflow between the two
groups. In vivo studies were, however, not performed to investigate whether CSF tracer
wavefront and/or microsphere velocities were increased in the MVnormal cohort, that is,

those with a higher respiratory rate. This should be a subject of future enquiry.

In hypertensive rats, inflow of tracer was reduced compared with control rats that had a
higher ventilation rate (MVnormal). However, compared with the control group with
similar respiration rate (MV), there was increased intramedullary inflow. In
corresponding intravital experiments where the control cohort had matched respiratory
rates, slightly higher particle velocities and displacements were observed in
hypertensive rats. [t was noted above that in vivo characterisation of perivascular flow in
control rats with higher ventilation rates (MVnormal) has not been performed. However
tempting it is to make the inference, it is still unknown whether a higher frequency of
the respiratory cycle exerts a greater effect on fluid inflow than higher pulse pressures.
It is possible that hypertension does induce elevated perivascular inflow, while
impeding solute and fluid transport via other routes (for example, transpial). This would
account for the elevated tracer signal within the grey matter (observed in Fig. 17 f and
Fig. 18 d,g), where most of the intramedullary arterioles are located, but a paucity of
fluorescence elsewhere. Other confounding factors in the intravital study include the
small number of animals studied, and the limited sampling of perivascular spaces at only

one spinal level.
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Nevertheless, at least some of these findings from these ex vivo and intravital
experiments support the long-held hypothesis that arterial pulsations generate the
motive force for perivascular transport of fluid and solutes. These have largely been
derived from animal models where brain perivascular fluid movement is attenuated
after ligation of major afferent arteries or cardiac arrest (and the corollary when
sympathomimetics are administered) [146, 360, 425, 457]. Hadaczek et al [460] coined
the term “perivascular pump” to describe the undulating expansion and contraction of
the arterial wall thought to propel solutes. The pump has, however, remained elusive as
no anatomical structure(s) that could subserve this function has ever been described.
The Nedergaard group initially demonstrated that carotid artery ligation reduced vessel
pulsations in penetrating cortical arteries in mice and was associated with decreased
CSF tracer accumulation around both leptomeningeal arteries and superficial
penetrating arterioles. The authors then found that induced hypertension via
intraperitoneal dobutamine uniformly increased tracer influx throughout the brain on
fluorescence imaging of the extracted brain [461]. Recently, in the same laboratory
Mestre and colleagues [318] employed two-photon intravital microscopy and particle
tracking velocimetry on fluorescent microspheres, injected into the cisterna magna of
mice, to derive brain perivascular CSF flow velocities. By synchronising the
electrocardiogram and respiratory waves to the velocity of the tracked microspheres,
they demonstrated that the microsphere motion was yoked to the cardiovascular
pulsations, but not to respiratory patterns. They thus concluded that the displacement of
the arterial walls was the source of the “perivascular pump” driving CSF in the same
direction as arterial blood flow. The authors then acutely raised the MAP of the mice
with Angiotensin Il and found that the particle velocity reduced, concluding that the
increased arterial stiffness, induced by hypertension, diminished the efficacy of the

“pump” [318]. The authors did not address the earlier findings from their laboratory
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that appear to give conflicting results after induction of hypertension. In a mathematical
model, Bilston et al [151] used computational modelling to demonstrate that arterial
pulsations could induce fluid movement in the perivascular space in the direction of the
arterial wave. They found the greater the pulse wave velocity and arterial deformation,
the greater the flow rate. It was suggested that these pulsations could lead to fluid flow
in the perivascular space even against “adverse” pressure gradients. In a follow up
axisymmetric model, they then showed that a mismatch in relative timing in arrival of a
CSF pressure wave in the spinal SAS and an arterial pulse could theoretically drive
perivascular fluid inflow along a small artery entering at right angle to the spinal cord
[151]. Although blood pressure appears to be a crucial facilitator of fluid transport, there
is inconsistent evidence from the literature and our experiments on the precise effects of

hypertension on CNS fluid influx.

Raising the heart rate in isolation resulted in increased interstitial tracer inflow
compared with control rats with similar ventilation rates (MV). Compared with animals
that had higher respiratory rates (MVnormal), however, this difference disappeared. These
findings, unlike in hypertensive rats, were not supported by intravital experiments. No
difference in microsphere velocities were detected between the tachycardic rats and the
control group (which had matched respiratory rates). Given these observations, it may
be reasonable to conject that pulse rate may not have as much of an effect on spinal SAS
hydrodynamics or interstitial inflow as pulse pressure. The number of fluid propelling
“events” is not directly proportional to degree of endogenous penetration of the tracer.
There was, however, isolated higher tracer influx into the grey matter in tachycardic rats
compared with control. This raises the possibility that increased arterial pulsations may
facilitate perivascular transport from the pial surface to the dense central arterial

network. Other pathways such as transpial influx are not affected. This may be similar to
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the proposed mechanism in which AF0-647 selectively accumulated in the grey matter
of hypertensive animals. No other authors have previously investigated the effects of

pulse rate on intraparenchymal CNS fluid inflow.

One of the major caveats in interpreting the results of the intravital studies is the co-
localisation of the microspheres in relation to the perivascular space. It was evident that
microspheres were often not present at the depths of z-stacks around small, presumably
subcortical blood vessels. As the neuropil was not fluorescently labelled there was
uncertainty as to whether the microspheres: 1) were in the SAS, at the level of the pial or
subcortical and 2) accumulated in compartments that could be considered perivascular.
[f the microspheres were subarachnoid, it is possible they travelled in putative pial
sheaths that according to some authors technically constitute the perivascular space
[345, 346, 406]. Induced hypertension and tachycardia may exert different effects in
these different compartments and potentially yield different microsphere velocities.
Bedussi et al [329] recognised in their own intravital work the possibility of
microspheres, either in isolation or in aggregates, being too large to traverse the
tapering perivascular space. In future intravital experiments, it will be necessary to
confirm histologically in harvested specimens whether microspheres are able to deposit
in subpial perivascular spaces. Alternatively, the glia may be immunofluorescently

labelled to visualise the relationship between tracer and the perivascular space.

Influx of tracer into the spinal interstitium involves both transpial as well as
perivascular routes. Free breathing, but not hypertension and tachycardia, was strongly
associated with a propensity for transpial migration of tracer from the SAS into the
spinal cord. It accounted for the significantly higher fluorescence signal in both the
white matter and the whole cord. This suggests that the entry of fluid and solutes via

transpial pathways might be directly related to SAS hydrodynamics. After crossing the
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pial boundary, AFO-647 fluorescence radially attenuated towards the central canal. This

may suggest a diffusive process in the ECS (4.6.3).

In ex vivo samples, AFO-647 selectively coalesced around blood vessels of all types. This
confirmed the perivascular space as a privileged pathway for fluid and solute transport.
Lam et al [402] observed deposition of intracisternally injected AFO-647 tracer around
spinal intramedullary arterioles, venules and capillaries. Wei et al [325] also observed
preferential accumulation of cadaverine tracer around numerous blood vessels but did
not clarify whether venules were present. Our findings are a distinct departure from the
popular glymphatic theory, wherein fluid and solute gain peri-arterial access to the CNS,
flow through the ECS to collect around major draining veins and exit the interstitium via
peri-venular pathways [327,461, 510, 515]. Others contend that venules have no role in
fluid transport altogether and that different compartments within the perivascular
space mediate efflux and influx [347]. We have detected discrete layers of AFO-647
tracer in both the tunica media and adventitia of intramedullary and extramedullary
arterioles and arteries, as well as around the vessel adventitial walls of venules and
capillaries. Firstly, this suggests that there is a continuous fluid conduit around blood
vessels from the arteries to veins [230]. As veins and arteries are both exposed to the
SAS, it is reasonable to deduce that both types of vessels may be involved in fluid
exchange. Additionally, the finding of tracer within the smooth muscle layer lends
credence to the model of the “vascular basement membrane” [427] as a channel for fluid

and solute transport.

4.6.3 Fluid outflow from the spinal cord

In the previous study of fluid outflow from the rat spinal cord, tracer redistribution was
assessed at 20 and 60 min after delivery into the parenchyma [527] (3.4.1). Interstitial

spread was limited to within one level caudal and rostral to the injection point. Here, we
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have demonstrated that even 180 min after delivery (the upper limit of length of time
rats could be kept haemodynamically stable under altered physiology), endogenous
tracer movement was similarly limited to adjacent spinal levels. AFO-647 exhibited
similar isotropic and anisotropic patterns of spread within the grey and white matter,
respectively. Tracer injected into the grey matter demonstrated radial redistribution
outwards from the injection point. Delivered into the white matter, AFO-647 was largely
confined within the parallel myelinated tracts. These results suggest that diffusion
governs endogenous spinal solute and fluid transport, although advanced techniques
such as integrated optical imaging (10I) and real-time iontophoresis [331] will be
required to confirm this. There is mounting in silico evidence that convective flow, as
suggested by the glymphatic theory, is implausible in the ECS of the CNS [423]. Concerns
about the interpretation of ex vivo preparations in outflow studies should be addressed
by real-time in vivo imaging of injected ECS tracers. Arbel-Ornath et al [534] employed
two-photon intravital microscopy to track fluorescent dextrans injected into murine
brain. A rapid co-localisation to the arterial basement membrane of the perivascular
space was reported. No tracers were detected around venous structures. Biexponential
reduction of tracer over 30 min was interpreted by the investigators evidence of bulk
flow in the perivascular space. However, in these experiments the dura was opened,
compromising the hydraulic integrity of the system. No equivalent investigation has

been undertaken in the spine.

Whether CNS solutes are cleared primarily into lymphatics of the dura and large blood
vessels, or into the SAS is still unclear [260, 320]. There are likely differences among
animal species and may vary with age and pathological conditions. Substantial
accumulation of tracer around the pia, with subsequent perivascular inflow into the

parenchyma at remote spinal levels was not observed in our previous study, up to
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60 min after injection [527]. Given we have observed this phenomenon after three

hours, spinal outflow of tracer is at least partially to the SAS.

Intrathoracic pressure did not appear to affect the redistribution of injected tracer into
the spinal cord away from the injection site (Fig. 22). However, there was greater tracer
signal macroscopically in the craniocaudal axis in free breathing rats compared with
control. This incongruence between macroscopic and microscopic results could be
explained by the fact that the spinal cord itself (as opposed to the thecal sac and spinal
SAS) is not directly exposed to epidural venous plexus pressure changes. The amount of
solute egress from the cord is therefore minimally affected by respiration. However, any
tracer that is drained into the SAS from the cord parenchyma is mixed more efficaciously
and redistributed further away, possibly resulting in higher fluorescence intensities in
the SAS. Moreoever, the amount of effluxed tracer in the SAS may be too small for a
difference in tracer signal (between the free breathing and control groups) to be
detected when it is subsequently redistributed back into cord parenchyma at remote

spinal levels.

Hypertension and tachycardia, however, appear to encourage solute efflux from the cord
into the SAS. There was concordance between the fluorescence intensities measured
macroscopically over the rostrocaudal axis, and the axial microscopic signal intensities.
As all groups were mechanically ventilated, and therefore under the influence of the
same redistributive mechanism in the SAS, the amount of tracer at remote levels was a

reflection of the amount cleared locally from the injection site.

Previously, Hadaczek et al [460] showed adrenaline induced hypertension and
tachycardia promoted apparent bulk flow of different sized macromolecules through the
brain ECS of rats. In a murine model of Alzheimer’s Disease exposed to cerebral

hypoperfusion, mural Af} was observed to accumulate in leptomeningeal vessels,
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reflecting reduced solute drainage [462]. Despite the paucity of similar laboratory data,
there may be some insight from computational modelling on the mechanisms that
explain our experimental findings. ISF and solutes of the CNS may be driven by
counterflowing contrary waves generated by arterial pulse waves [463]. These contrary
waves generate a valve-like action that prevents reflux during the pulse wave’s passage
along the vessel wall. Carare and colleagues hypothesised that deformation of the
vascular basement membrane (and other biochemical interactions) could provide this
valve action, driving solutes and fluid centrifugally along arterial walls [464]. However,
in a later combined analytical and numerical model, these collaborators found that the
computed arterial pulsations were eight times too weak to generate outflow in the
basement membrane [465]. The wavelength of the arterial pulsations was too long
relative to the artery section, resulting in only small pressure gradients along the vessel
length. This group then injected A into mice hippocampi and demonstrated no
difference in drainage between groups receiving a beta-blocker and saline [465]. Other
mathematical studies have postulated peristaltic wave motion induced by pulsations
[467]. Recently, Sarntinoranont and Rey investigated the effects of blood vessel
pulsations on solute transport in the parenchyma and the perivascular space using two
hydraulic network models [432]. Increased pulsatility was shown to increase dispersion,
but not convection. Peak fluid velocity in the parenchyma and perivascular spaces
increased with pulse amplitude and vessel size. Thus, deformation of the vascular wall
from arterial pulsations likely has a central role in promoting fluid and solute efflux from
the spinal interstitium. The precise mechanisms require further laboratory and
mathematical investigations, but is likely more complicated than valve like actions that

participate in unidirectional “pumping”.
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In all outflow experiments, tracer accumulated in distinct layers intermingling with the
tunica media of intramedullary and extramedullary arterioles and arteries (Fig. 23 h-j).
There was also deposition of tracer external to the smooth muscle layer. Around veins,
venules and capillaries AFO-647 circumscribed the endothelium. Thus, all blood vessel
types have been implicated in spinal outflow, similar to findings from the spinal inflow
studies. These findings recapitulate results from earlier work on fluid outflow pathways
in the normal spinal cord [527] (3.5.2.3). Dedicated ultrastructural studies will be
required to clarify the precise anatomical relationships of the tracer and the various
compartments of the perivascular space. However, these results are supportive of the
role of vascular basement membrane(s), as well as the compartments between the glia
limitans and pial sheath, or the adventitia, in mediating solute clearance. These findings
do not definitively address whether the perivascular space is fluid filled or is actually
formed by the basement membrane. Findings from ex vivo preparations should be
cautiously interpreted. Recent groups have reported transmural inward spread of tracer
upon fixation with aldehydes [318]. Others have demonstrated increased macroscopic
deposition of tracer around relatively superficial vessels of the brain upon animal
sacrifice [320]. Nevertheless, it is intriguing that pathways of inflow and outflow appear
shared. This raises the possibility that there is bidirectional, to-and-fro mixing of fluid in
the perivascular space that is able to rapidly distribute solutes. The direction of tracer
redistribution depends, therefore, on whether it is injected into the SAS (inwards,
towards the central canal) or into the parenchyma (outwards, towards the pial surface)

[230].

The central canal may be a reliable efflux pathway for the spinal interstitium. Milhorat
and colleagues had previously ascribed the central canal with a “sink” function for solute

and metabolites [516]. Free breathing, tachycardia and hypertension did not appear to
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have major effects on drainage into this compartment from the ECS. However, the
labelling of the central canal was related to the degree of overall tracer influx. Therefore,
tracer signal was increased in free breathing rats and relatively attenuated in
hypertensive cohorts. The mechanisms governing flow towards central canal may be
similar to those responsible for perivascular spinal inflow of fluids. In both inflow and
outflow studies, contiguous bands of tracer were detected between the subependymal
microvasculature and the central canal ependymal cells. To confirm and further examine
this putative pathway, the next step is to fluorescently label ependymal cells (such as
with F-actin [535]) in future intravital studies of inflow and outflow. Tanycytes and
complex ependymal basement membranes (labyrinths) are thought to subserve this
putative connection between CSF, ISF and the central canal [193]. Moreover, Cifuentes et
al had proposed more than two decades earlier the possibility of bidirectional fluid
transport between the central canal and the SAS via perivascular spaces, particularly via
peri-arterial pathways of the central branches of the ASA [305]. The role of the central
canal in fluid exchange may not be important in humans as there is progressive atresia

of this structure with age [310].

A comprehensive model of fluid transport that consolidates the findings from these
experiments, as well as data from previous laboratory and computational studies, may
still be just out of reach. There is, however, evidence that the same anatomical pathways
subserve inflow and outflow, so it is reasonable to deduce that the two processes occur
simultaneously and may be subject to the same physiological drivers. This study
provides new insight into the dramatic effects of cyclical intrathoracic pressures on fluid
flow from the SAS to the perivascular space (at least at the leptomeningeal level).
Arterial pulsations likely result in complex deformation of the vascular wall that propel

perivascular fluid and solute transport. We have provided evidence that tachycardia and
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hypertension are associated with motive forces for tracers injected either into the SAS
or the ECS. However, this has not necessarily resulted in increased overall solute influx
or drainage. An interplay of factors—such as the width of the perivascular space as
dictated by the phase difference of the arterial wave with CSF pulse wave [151], the
stiffness of the arterial wall, the possible predominance of egressive or ingressive flow at
the microscopic level as the extremes of physiology are approached—may ultimately
determine the net direction and magnitude of fluid and solute exchange. Moreover, the
possible effects of bidirectional fluid flow at the level of the perivascular space [230], the
role of the central canal in mediating intramedullary drainage, and local
microanatomical geometries in the SAS at different spinal levels add further layers of
complexity. Simple tracer experiments in animal models, while invaluable in our
attempts to elucidate the basic mechanisms of fluid transport, capture only a few colours

of the kaleidoscope of driving forces governing a dynamic process.

4.6.4 Limitations

In the intravital studies a mixture of AFO-647 and fluorescent microspheres were
intracisternally injected. The intention was to characterise the perivascular
accumulation of AF0-647 in vivo. Although this tracer was successfully detected and
visualised, it has proven difficult to quantitatively characterise AFO-647 inflow in both
the xy and particularly, the xyz planes. There are, however, ongoing efforts to extract this
data so that in vivo observations and measurements can be compared with the
completed ex vivo experiments. This would mitigate some of the concerns about the
effect of death on tracer redistribution; some authors have noted that upon perfusion of
the animal there is a rapid surge in interstitial deposition of tracer [320]. The
haemodynamic profile and vessel wall kinetics of the target blood vessels in intravital
experiments have also yet to be characterised. It may be possible to delineate arterioles

from venules based on erythrocyte velocity, and to track vessel wall displacement with
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every arterial pulse wave. These properties can then be compared in control and test
groups, which may clarify the relationship between deformation and stiffness of the

arterial wall, and perivascular fluid transport.

4.6.5 Clinical applications and future directions

Syringomyelia is a disabling condition where fluid-filled cysts develop within the spinal
cord and can lead to pain and neurological dysfunction [4, 7, 8]. It is secondary to a
variety of pathologies but ultimately, is thought to result from an imbalance of spinal
cord fluid inflow and outflow. Treatment in many cases is difficult as the underlying
pathophysiology is incompletely understood. Fluid-filled cysts commonly develop when
there is an obstruction in the SAS such as in Chiari malformation [20] or after spinal
trauma in the form of arachnoiditis. The spinal SAS is clearly essential in transmitting
forces that drive inflow. Moreover, alterations to the ECS and intramedullary
vasculature that may be associated with spinal cord trauma can disturb ISF drainage
mechanisms. The pathogenesis of syrinx initiation and growth is clearly much more
complicated. However, a complete picture of the normal physiology of spinal fluid
transport is required before pathophysiology can be addressed. This body of work has
contributed much to the former. The latter should heavily employ in vivo techniques in
future experiments. Thus, the next steps are to investigate the effects of respiration and
cardiac pulsations on spinal fluid inflow and outflow in syringomyelia animal models.
Such models may include cisterna magna arachnoiditis [174] or spinal epidural

constriction [536], post-traumatic [170] or spinal cord tethering [165] (see 5.6).

Drug delivery systems that bypass the BBB can potentially target diseases of the CNS
much more effectively than conventional methods [491, 492]. Intrathecally delivered
systems may be improved by exploiting the physiological parameters that maximise

circulation and penetration of macromolecules from the SAS into the CNS.
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Vasospasm after subarachnoid haemorrhage can lead to severe neurological deficits and
stroke. Its pathogenesis is unclear, but there is experimental evidence that clot burden in
perivascular spaces is implicated [537]. Thus, removal of adherent thrombi on blood
vessels could theoretically mitigate vasospasm risk. We have already demonstrated that
CSF flow in the spinal SAS is exquisitely sensitive to intrathoracic pressure. Clarifying
the physiological effects on cerebral fluid exchange may be the first step in designing

therapeutic or preventative measures against vasospasm.

There are no effective medical treatments for the deleterious secondary effects of spinal
cord injury. These effects are thought to be mediated by release of excitotoxic factors
that further potentiate local damage after primary injury [177]. An efficient system for
removal of these metabolites would be advantageous and would be predicated on
intimate knowledge of perivascular fluid exchange. Furthermore, some authorities
advocate hypertension to prevent hypoperfusion as spinal cord autoregulation may be
compromised [177]. We have demonstrated that the effects of hypertension in the spinal
cord is still uncertain. This has implications for clinical protocols surrounding
augmentation of blood pressure after spinal cord injuries.

4.7 Conclusions

Spinal CSF flow and fluid transport in the spinal cord are sensitive to physiological
forces. Intrathoracic pressure changes associated with respiration drive CSF flow in the
spinal SAS and inflow into the interstitium. Neither hypertension nor tachycardia alter
SAS hydrodynamics substantially. Although there are inconsistent findings on their
precise effects, blood pressure and heart rate have smaller impacts than the respiratory
cycle on spinal fluid inflow. Tachycardia and hypertension facilitate drainage of ISF and
solute from the spinal interstitium, whereas intrathoracic pressure fluxes appear to have

little effect. In future laboratory experiments investigating fluid exchange in the CNS,
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meticulous attention should be paid to carefully controlling these cardiorespiratory

parameters.
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5 General Discussion

The aims of this thesis were borne out of the recognition that much remains unknown
about the basic anatomy and physiology that govern fluid and solute transport in the
spinal cord. This has hampered attempts to understand the pathophysiology of
syringomyelia, a condition arising from a heterogeneous collection of pathologies. There
is presumably a common pathway(s) that fundamentally results in an imbalance of fluid
inflow and outflow. In order to grasp what abnormal physiology might entail, normal
physiology needs to be clarified. Much of the research in this niche field has been
performed on the brain, which has spawned a growing body of literature. However, the
mechanisms of fluid transport in the spinal cord has remained largely unexplored. Until
now, no information has existed on the pathways of normal spinal fluid outflow. After
these anatomical pathways were investigated, the physiological forces that promote and
inhibit spinal fluid exchange were examined.

5.1 Fluid flow in the subarachnoid space

NIFR imaging of the small ICG fluid tracer in the SAS has confirmed that CSF flow ceases
with cardiorespiratory arrest. Elimination of normal inspiratory negative intrathoracic
pressure had a greater effect on gross spinal CSF flow (or mixing) than modulation of
MAP /pulse pressure or heart rate, within physiological extremes. There is mounting
evidence from MRI studies of human subjects that the respiratory cycle is a dominant
driver of CSF flow. The apparatus through which forces are transmitted is likely the
continuous epidural venous-azygos venous system, and the deformable thecal sac. As
spatial and temporal resolutions of specialised MR studies (such as PC-MRI) improve,

further insights will be obtained at increasingly microscopic scales.

Many studies have employed intrathecal gadolinium to assess CSF hydrodynamics [331,

538]. The findings from the NIFR experiments investigating flow of CSF in vivo need to
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be replicated with greater numbers and extended to the thoracolumbar spine. There is
also scope for these corroborative studies to employ advanced MRI techniques such as
intrathecal gadolinium. MRI can potentially capture the whole neuraxis and provide
real-time supplementary data on cardiorespiratory fluxes. PC-MRI techniques enable
blood flow, particularly venous, to be simultaneously measured. The non-invasive
nature of MRI also eliminates the possibility of surgical dissection of paraspinal muscles
(with its attendant haemodynamic changes) disturbing normal physiology.

5.2 Perivascular flow into and out from the spinal cord

The perivascular space is unquestionably a site of paramount importance in mediating
spinal fluid exchange. Tracer studies may introduce bias into the relative significance of
the multiple pathways of fluid transport (for example transependymal, transpial, etc). It
is nevertheless reasonable to conclude that perivascular mechanisms facilitate
privileged routes of inflow and outflow. After injection of AFO-647 into the spinal
parenchyma, there was selective accumulation of the tracer around radially projecting
intramedullary as well as extramedullary blood vessels. There was a contrasting lack of
subpial fluorescence, suggesting that solutes could access preferential routes for
clearance from the interstitium. With time, it was apparent that tracer drained at least
partially into the spinal SAS, redistributing over the pial surface distant to the injection
site. Moreover, higher MAP /pulse pressure and heart rates were associated with more
endogenous tracer deposition remote from the delivery site, indicating greater clearance
locally from the point of injection. Arterial pulsations, therefore, promote spinal outflow.
Interestingly, when tracer was injected into the SAS there was predilection for
intraparenchymal deposition around penetrating vasculature. There have been
consistent findings from multiple imaging modalities of various tracers that elimination
of the normal cyclical intrathoracic pressure waveforms leads to dramatic reduction of

not only CSF flow, but also inward fluid transport at the microscopic level. There is
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mixed evidence to indicate that hypertension and tachycardia result in greater inflow
compared with hypotensive and bradycardic controls. These experiments need to be
repeated in animals with a wider range of normal and abnormal physiological

parameters.

From a microanatomical perspective, AFO-647 tracer accumulated around all vessel
types in the same pattern regardless of whether it was delivered into the SAS or into the
ECS. There was a predilection for the circumferential compartment between the
endothelium and the glia limitans of capillaries, venules and veins. Around muscular
arterioles and arteries, tracer was found consistently within and external to the tunica
media. The possible post-mortem ultrastructural changes in tracer experiments after
cardiorespiratory arrest and fixation with aldehydes deserve further consideration.
However, these observations from this body of experimental work raise the possibility
of common compartment(s) around arteries and veins and even capillaries where fluids
and solutes exchange. In other words, the arena for inflow and outflow is shared and
fluid movement is bidirectional. The mechanisms governing this could be characterised
by mixing, distinct from diffusion and convection, where solutes move down their
concentration gradient [230]. These driving forces are derived from cardiac pulsations
and transmitted intrathoracic pressures at both macroscopic (SAS) and microscopic
(perivascular) levels. Mathematical modelling will likely be central to furthering
understanding of the role of arterial pulsations in perivascular fluid mechanics. To this
end, laboratory studies involving live animals and tightly controlled vital parameters are
required to generate the necessary substrates for computational experiments. Thus,
there is an imperative to investigate spinal intramedullary fluid outflow under in vivo
conditions. To perform such a study, a novel tracer delivery device would be needed.

After delivery of a fluid tracer into the spinal parenchyma in a similar manner described
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herein, this device would be severed at the level of the dura. The device is therefore on
the one hand, robust enough to withstand durotomy and myelotomy in one pass, but on
the other hand delicate enough to be truncated atraumatically. A topical sealant such as
cyanoacrylate glue would be applied over the durotomy to prevent fluid leak. Intravital
microscopy would then proceed. We have demonstrated in our intravital experiments, z-
stacks of more than 1000 um thickness can be acquired (data not shown). Previous
studies have reported laser penetration of only 200-300 um [327, 461].

5.3 Limitations of studies

One of the fundamental flaws of tracer studies is that injected macromolecules are
susceptible to uptake, degradation and metabolism by the interstitium (1.3.7.2).
Molecular weight and charge are just two properties that may limit their ability to
penetrate barriers (for example, the spinal cord-CSF barrier). These factors may have
affected the craniocaudal extent of AFO-647 movement after injection into the spinal
cord parenchyma. Compared with a smaller solute such as Evan’s blue, dissemination of
AF0-647 was likely restricted to some degree by the tortuosity of the ECS (of both grey
and white matter). Passage through perivascular spaces, and across the pia, glia limitans
and ependyma would have been similarly impeded or facilitated due to its intrinsic
properties (“sieving”, see 1.3.7.2). The interpretation of these observations would then

affect our understanding of physiological fluid outflow.

In many of the ex vivo experiments, although CSF leakage was meticulously prevented
during and after the delivery of the tracer, removal of the needle was necessary to
perfuse and fix the CNS. The innovation of the cisterna magna catheter in the intravital
experiments should be implemented in all studies involving intracisternal delivery of
tracers in the future. Mestre et al have demonstrated it is possible to perfuse a mouse

with PFA in situ during multiphoton intravital microscopy [318]. The combination of
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these techniques would eliminate CSF leakage and preserve tracer distribution with

high fidelity.

In five animals, ICG was delivered in a similar fashion into the spinal grey and white
matter in an attempt to study spinal outflow in vivo. Fluorescence was detected within
one level rostral and caudal to the point of injection (results not shown). No extradural
leakage ICG tracer was observed over the course of three hours. Upon perfusion, fixation
and subsequent microscopic analysis of axial sections, however, only small amounts of
the tracer remained in the tissue. This suggested there may have been poor fixation by
PFA, rapid efflux of the ICG upon needle withdrawal, or lack of local tissue binding by
tracer. Given that ICG appeared to be readily fixed to the dural and pial surfaces when
injected into the cisterna magna, the most likely explanation is either the loss of the
small volume of tracer during tissue processing or ICG did not bind to any spinal
endogenous structures. Other technical problems were encountered with ICG. Tracer
was not able to withstand the rigours of immunohistochemistry processing preventing
confirmation of its perivascular deposition. The optimum concentration of ICG for
investigating CSF flow has yet to be determined. As quenching of the tracer remains a
possibility, future experiments should trial various concentrations of ICG. The possibility
of ICG forming precipitates has not been eliminated. Although others have demonstrated
that mixing ICG with lipids is not mandatory in its preparation as a fluid tracer, an ICG-

human lipoprotein mixture should be considered in the future [528-531].

ICG may have a role in determining whether diffusion prevails as the fluid transport
mechanism in the spinal ECS. ICG appeared to diffuse into the spinal parenchyma when
infused intracisternally. It has exhibited many similarities to the small antibodies

employed by Pizzo and colleagues [331], where the diffusion co-efficient of the brain
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was determined based on previous I0I studies. The diffusion co-efficient of the spinal

cord can also be determined in a similar manner.

Although ex vivo studies enable macroscopic assessment of tracer circulation, or
quantification of bulk fluid movements, the effects of death and perfusion with PFA
require further investigation. As discussed in 1.3.7.1, if PFA does indeed induce
transmural migration of tracer and reduces in the width of the perivascular space, then
findings on pathways of fluid flux (particularly in relation to vascular basement
membranes) should be interpreted with caution. Attempts should be made by other
groups to replicate and histologically confirm the phenomenon of transmural tracer

migration as described by Mestre et al [318].

In all experiments investigating effects of physiology on fluid homeostasis, the intention
was to precisely match the physiological parameters of control with test cohorts.
However, this was not always successfully executed. Respiratory circuit pressures and
heart rate were tightly controlled but blood pressure was at times labile and difficult to
precisely regulate. This could have been secondary to the use of inhalational, as opposed
to intraperitoneal delivered, anaesthetic. Arterial blood gases were also not performed
in the intravital experiments due to equipment issues. Phenylephrine was effective at
inducing and sustaining hypertension but in smaller animals, moderate tachycardia,
unresponsive to hexamethonium, was observed. Therefore, this needs to be considered
when interpreting results where the MAP was raised. In future experiments, the heart
rate could be controlled with sinoatrial node pacing if this drug were used again. The
circuit pressure merely gave an indication of the fluxes in intrathoracic pressure. Body
plethysmography is necessary to fully characterise the precise changes in intrathoracic
pressures and its transmission to the epidural venous network via the caval and azygos

systems. Simultaneous recording of intraabdominal pressure would elucidate the effects
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of mechanical ventilation on the epidural venous pressure in the lumbosacral spine.
Central venous pressure monitoring may have been useful to ensure all animals were
euvolemic. The most useful assessment of venous pressure would be just proximal to the
epidural venous network around the thecal sac. This would be a worthy future pursuit,

particularly during induced hypertension.

The wide-ranging effects of inhalational anaesthesia on both cardiorespiratory and CNS
fluid systems need to be considered. [soflurane depresses blood pressure, heart rate,
respiratory rate and tidal volumes, and such changes are likely mass- and

age- dependent. In these experiments, there were minute-to-minute variations in
physiological parameters especially in free breathing animals. The results obtained in
these cohorts could partially reflect greater cardiorespiratory fluctuations. It would be
prudent to repeat these studies using injected anaesthetics, such as ketamine/xylazine,
which will likely result in less physiological flux. Anaesthetics may also exert complex
effects on cerebral blood flow, choroidal CSF production and CNS fluid exchange. Gakuba
and colleagues [483] demonstrated that general anaesthesia (particularly isoflurane)
impairs fluid inflow in the mice brain. These findings on the effects of sleep/wake cycle
on brain waste clearance directly contradict those from the Nedergaard group. It is not
known whether these effects of general anaesthesia increase with time, which would

have implications on experimental methodology.

The effects of inotropes on ICP and venous pressure, as well as the impact of mechanical
ventilation on thecal sac compliance have not been assessed. Complex relationships exist
between ICP, intracranial pulsatility and vascular compliance [288]. Pulsatility refers
changes to fluctuations in blood pressure related to the cardiac cycle and is not merely

the same as pulsations [288]. Spinal thecal pressure should be measured in the future as
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part of a systems analysis that aims to determine how MAP is translated to spinal
intrathecal pressure [439].

5.4 Clinical implications

Intrathoracic pressure fluxes from respiration are translated to spinal CSF flow, which
affects CSF/ISF exchange at the microscopic level. Obstruction of the SAS, from Chiari
malformation, arachnoiditis or spinal deformity, could have downstream effects
(literally and figuratively) on fluid homeostasis in the spinal cord. Valsalva manoeuvres
are associated with transient, extreme positive pressures. The recoil that is transmitted
to the thecal sac may have implications for sudden stasis of fluid exchange, leading to
dissection of the syrinx into the parenchyma. If fluid transport is impaired by continuous
positive airway pressure, the use of assisted ventilation in sleep apnoea should be
reviewed. Ju et al [480] reported reduced AP protein levels in the CSF of sleep apnoea
patients. It is possible that mechanical ventilation could have reduced solute clearance
from the cord as tracer inflow is simultaneously diminished. Patients with upper
cervical/brainstem cord syrinxes (or syringobulbia) often have respiratory failure which
may necessitate assisted ventilation. Meticulous attention should be paid to the mode of
ventilation to strike a balance between appropriate gas exchange and adequate CSF flow

and ISF transport.

Syringomyelia may result from spinal dysraphism such as tethered spinal cord, but in
these cases subarachnoid obstruction is usually absent. Thus, many hydrodynamic
pathophysiology theories do not apply to these syrinxes. Arterial pulsations play a role
in mediating fluid ingress and egress from the cord. Tethering of the spinal cord may
lead to dysfunction of transmitted arterial impulses, which compromises the efficiency

of intraparenchymal fluid transport. Spinal cord injury could result in abnormal
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haemodynamic coupling to fluid dynamics via direct insult to the intramedullary

vasculature.

Perivascular spaces are sites of great importance in fluid exchange. Regional variations
in the density of blood vessels may affect the susceptibility of the spinal parenchyma
fluid transport pathologies. The grey matter, for example, likely has more robust fluid
drainage pathways and is therefore less likely to be affected by oedema. Blood pressure
is likely an important driver of fluid and solute outflow from the parenchyma. Therefore,
hypotension in spinal cord injury, either from spinal shock or from haemodynamic
shock from other injuries, is particularly deleterious from the perspective of preventing
secondary cord injury. An inefficient fluid and solute exchange system may result in
accumulation of excitotoxic and oxidative factors and further local tissue damage.

5.5 Unanswered questions

One of the most important unanswered questions has been raised by our findings of
tracer within the “vascular basement membrane” of blood vessels, and the fact that
arterial pulsations appear to drive ISF/CSF exchange. The synthesis of these
observations imply that fluid and solute transport occurs in a fluid filled, compressible
perivascular space [431] (1.5.3). However, the precise anatomical configuration of the
perivascular space is still a point of intense contention, and its resolution will likely lie in
future in vivo investigations of the ultrastructure of the perivascular space, ideally free of
the biases of tracer injections. No such study currently exists. Furthermore, a consensus
should be established on the precise definition and nomenclature surrounding the
perivascular space. Whether the perivascular space extends beyond the pia into the SAS,

for example, is controversial.

In this thesis, the cervicothoracic spinal cord down to T4 was the focus of the studies. It

is conceivable that SAS fluid dynamics are markedly different in the rat thoracolumbar
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spine. Modelling studies in human have demonstrated that CSF flow velocities differ
greatly between the upper and lower cervical levels (Fig. 4). There is also some evidence
from MRI studies suggesting SAS flow differences exist between upper thoracic and
lower thoracolumbar spine [477]. Thus, future experiments, especially in silico ones,
need to incorporate a more holistic view of the vertebral column. Outflow has been
investigated exclusively near the cervicothoracic junction, but future investigations also

need to consider other regions of the spinal cord.

Recently, brain dural lymphatics and their role in fluid outflow have garnered significant
attention [260, 320]. There is likely a role for spinal dural lymphatics in CSF/ISF
clearance in at least some mammalian species [269]. It is possible that respiration and
cardiovascular pulsations have profound effects on lymphatic CNS fluid drainage.
Immunofluorescent labelling of lymphatic vessels and in vivo characterisation of
lymphatic outflow have already been well described in the literature [272, 273]. Future
studies could appropriate these techniques to the vertebral column, the superior sagittal
sinus and the peripheral circulation. The role of the spinal nerve roots in facilitating fluid
outflow has also not been investigated. These structures are richly vascularised and
traverse the interface between dura, lymphatic vessels and CSF. They may even provide

insight into the connection between extradural lymphatics and ISF (if ones exist).

In adult humans, the central canal is atretic, so its physiological role may be limited.
Nevertheless, it may play a role in pathological conditions such as canalicular
syringomyelia. With its prodigious depth of penetration, the SP8 DiVE intravital
microscope can be employed to capture fluorescence around the central canal. If
ependymal cells can be labelled in vivo, it might be feasible to characterise the

mechanisms that govern solute and fluid exchange across this barrier.
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5.6 Animal pathological models

The next step is to repeat many of the experiments detailed in this thesis in animal
disease models. SAS block can be achieved either with constriction, whereby a ligature is
used to obliterate the SAS circumferentially [536]. NIFR imaging of intracisternally
infused ICG tracer can be then performed. The results from this thesis can be used as
“normal” controls. Similarly, a multiphoton intravital study of this model would yield
detailed in vivo data about the effects of altered SAS pressure transmission on fluid
exchange at the microscopic level. The Stoodley group has published extensively on
syrinx models including excitoxic [174] and spinal cord injury [170] models. These
models can also be employed in NIFR and intravital studies. Finally, a tethered cord
model was reported by Lee et al recently [165]. Unfortunately, this was more akin to an
epidural compression model. Tethering by extradural chronic traction has been
demonstrated in cats [539]. A similar set up recreating this in a medium or large animal
would enable ultrastructural analysis of blood vessel changes in a tethered spinal cord.
Intravital microscopy may give insight into altered intramedullary fluid transport.

The possibility of studying other mammalian species should be explored. A criticism of
quadrupedal animal models might be that CSF/ISF dynamics could be subject to
different sets of hydrodynamic laws compared with humans. A way to circumvent the
need to perform primate experiments could lie in macropodid marsupials. Kangaroos
and wallabies exhibit many experimental advantages. They are 1) bipedal 2) large
enough to perform invasive pressure monitoring, instrumentation and imaging 3)
readily accessible locally 4) born very immature such that developmental studies can be
performed easily. Indeed, an Australian group recently published a study on spinal cord

regeneration in the tammar wallaby (Macropus eugenii) [540].
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6 Conclusions

The main conclusions from this thesis are:

1. Spinal cord ISF is transported radially in the grey matter and along parallel

axonal fibres in the white matter.

2. The spinal perivascular spaces of both arterial and venous vessels mediate
privileged pathways of CSF/ISF exchange. The same anatomical compartments

are involved in the influx and efflux of fluid and solutes.

3. Respiration has a more prominent effect on CSF flow in the SAS and fluid inflow

than arterial pulsations.

4. Elimination of negative intrathoracic pressure diminishes spinal perivascular and
transpial fluid flow but has little effect on fluid and solute clearance from the

spinal cord parenchyma.

5. Spinal fluid inflow may be increased in hypertension

6. Tachycardia may have little or no effect on spinal inflow.

7. Spinal fluid outflow into the SAS is increased in hypertension and tachycardia.
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7 Appendices

7.1 Adverse events

Perioperative mortality was rare in all experiments. In the fluid outflow experiments
(chapter three) there was one intraoperative respiratory arrest, thought to be due to
malfunction of wall suction which removed isoflurane from the respiratory circuit.
There were another two intraoperative mortalities secondary to similar mechanisms in
experiments investigating effect of respiration on fluid inflow and outflow. In the
intravital experiments, there were two intraoperative deaths. One was due to suspected
endotracheal tube malposition, and another likely related to inadvertent pressure of the
microscope objective on the animal’s cervical spine. All animal mortalities were

reported to the Animal Ethics Committee.

7.2 Results from control studies and other experiments
7.2.1 Practice injections of fluorescent fluid tracers in deceased animals

In all experiments, at least one deceased rat was used for initial practice of surgical
techniques and as a negative control. This was repeated for ICG and AFO-647 tracers in
inflow studies. In these studies, it was confirmed that no ICG fluorescence propagated
down the cervical spinal column over 20 mins. The tracer remained around the injection
site in the subarachnoid space, and this was corroborated with macroscopic
fluorescence imaging and microscopic analysis of axial sections (employing AFO-647).
This confirmed that physiological drivers in the live animals are necessary for CSF flow

in the SAS and fluid exchange in the spinal cord.

7.2.2 CSF leaks

CSF leak occurred occasionally in both inflow and outflow experiments. This was
evident visually under an operating microscope, in real-time during ICG injections and
after macroscopic fluorescence imaging. In ICG inflow experiments, tracer was observed

to spill out onto the atlanto-occipital membrane and the surrounding occipitocervical
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musculature. Similar results were obtained to those in deceased animal experiments for
both ICG and AF0O-647. In outflow experiments, little or no appreciable tracer was
detected in the parenchyma as most CSF leaks occurred around the time of the tracer
infusions. These results support the importance of intact hydrodynamics in the SAS in

mediating solute and fluid transport into and out of the spinal cord.

7.3 Supplementary Methods and Results from Chapter 4
7.3.1 Respiration is a major driver of fluid flow in the subarachnoid space

The number of rats analysed for studies where ICG was intracisternally infused was six

per cohort. A total of 24 rats were used.

7.3.1.1 Successful matching of physiological parameters

The baseline physiological parameters including mass, heart rate, MAP, respiratory rate
and pCO2 were well matched between mechanically ventilated controls and free
breathing animals. The peak circuit pressures of control rats were significantly higher
than that of FB (mean 7.98 vs 1.27mmHg, p< 0.001), while free breathing trough
pressures were significantly more negative than that of control (mean -0.55 vs -3.19
mmHg, p <0.001) (Fig. 24 b). There was no difference in mass and circuit pressure
between hypertensive and control animals, but there were minor significant differences
in respiratory rate (mean 50 vs 44.67 breaths/min, p =0.0017) and pCO2 (mean 48 vs
59.67 mmHg, p = 0.0359). In hypertensive rats, the MAP and pulse pressure were
successfully maintained at twice that of the control (mean of 139 vs 68.3 mmHg,

p <0.001; 80.05 vs 39.8 mmHg respectively) (Fig. 24 j,1). Due to the inotropic a1 agonist
effects of phenylephrine, HR was also slightly elevated in the test arm relative to
comparative controls, despite administration of hexamethonium (mean 398.2 vs 34.5
bpm, p = 0.001). In tachycardic rats, the heart rate was successfully increased compared
with control (mean 497.7 vs 349.5 bpms, p < 0.0001) without affecting MAP (Fig. 24 1, t).

There were also no differences in circuit pressure and mass between groups. Again,
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there were minor differences in respiratory rate and pCO2 (mean 51.57 vs 44.67

breaths/min, p = 0.0004; mean 39.5 vs 59.67 mmHg, p = 0.0034 respectively).
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Fig. 24 Comparison of vital parameters between the physiologically modulated and control groups. Rats were
allowed to either breathe spontaneously (FB) or were mechanically ventilated to normocarbia (MVnormat) or to
hypercapnia (MV). a, ¢, d AFO-647 inflow studies b ICG inflow study. a, b In studies of CSF flow in the SAS
and inflow into the cord, the peak circuit pressures of MVnormat and MV cohorts were significantly higher than that
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of FB. Similarly, the trough pressures were more negative in the FB group than either of the mechanically
ventilated groups. ¢ Free breathing rats had significantly lower respiratory rates (around 50 breaths/ min) than the
MVnormat animals (set at RR of 66 breaths/ min) but matched that of the MV cohort d The lower, physiological
pCO2 in the MVnormal group reflected the circuit pressure and respiratory rate. In outflow studies (e, g grey matter
injections f, h white matter injections), all mechanically ventilated control rats had significantly higher peak
respiratory circuit pressures, and more negative trough pressures than the free breathing group, e, f. This was due
to carefully matched respiratory rate in the MV cohort g, resulting in approximately equal pCO2, h. i-p
Phenylephrine infusions were administered to induce hypertension. j, I In NIFR studies of CSF flow, sustained
MAP and pulse pressure of approximately 140 mmHg and 80 mmHg respectively over 20 min were achieved.
These values were twice that of controls. i, k In the inflow studies employing ovalbumin, similar large MAP and
pulse pressure differences between the hypertensive and the two control groups (MVnormai and MV) were also
attained. m, o In outflow studies of injections into the grey matter and white matter (n, p), it was more difficult to
maintain an elevated MAP and pulse pressure over 180 min to the same degree as 20 min experiments.
Nevertheless, significantly higher MAP and pulse pressure values were obtained for grey matter injections. After
injection into the white matter, the MAP was significantly higher than controls o, but a higher pulse pressure was
not achieved p. To investigate the effects of tachycardia on CSF flow, r, t, inflow into the cord, q, s, and fluid
outflow from the grey matter u, w, and white matter, v, x, all cohorts were electrically paced to 500 bpm. q, r In
the inflow studies, test animals had heart rates approximately 50% higher than the mechanically ventilated controls,
without any blood pressure differences, demonstrated in s, t. u Similarly, after grey matter injections, heart rate
was higher in the paced group without any significant changes to MAP, w. x After white matter injections however,
the control group had a significantly higher MAP than the paced group. This could be secondary to the larger,
more robust subjects in the control group. There was a significant difference of 45g in mass between the two
groups (p = 0.0058). All error bars are expressed as £SD

7.3.2 Negative intrathoracic pressure promotes fluid flow into the spinal cord

For inflow studies where AF0-647 was used as the tracer, the mean number of rats per

group was seven. A total of 35 rats were used.

For the intravital studies, 12 animals were included for analysis. Four rats were assigned
to the mechanically ventilated control group. There were three rats each in the paced
and free breathing groups. Only two rats were available for analysis in the hypertensive
group. In each animal, data from multiple regions of interest (ROI) were acquired.
Particle tracking was carried out on only one time series video from one animal per

cohort. Further analysis will be carried out in the future.

7.3.2.1 Successful matching of physiological parameters
7.3.2.1.1 Exvivo studies

The mass, MAP and heart rate were matched successfully between free breathing and
the two mechanically ventilated control groups (MVnormal and MV). The peak circuit
pressures of the control cohorts were significantly higher than that of FB (mean 7.97
and 5.29 mmHg vs 2.03 mmHg, p < 0.0001 and 0.0003 respectively), while the trough

pressures were significantly more negative in the free breathing group than the control
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groups (mean -2.43 vs -0.53 and -0.26 mmHg, p =0.0183 and 0.035 respectively) (Fig. 24
a, ¢). The respiratory rate of free breathing rats was significantly lower than the MVnormal
control group (mean 52.29 vs 66.43 breaths/min, p < 0.0001), but matched that of the
MV cohort well (mean 49.17). The pCO2 in the MVnormal group was according lower than
both the free breathing and MV groups (mean 43.43 vs 60 and 63.83 mmHg, p = 0.0012

and 0.0004, respectively).

Hypertensive rats recorded MAP twice that of ventilated control groups MV and MV normal
(mean 143.3 vs 69.78 and 65.74 mmHg, p <0.0001, respectively). A similarly impressive
difference was obtained for pulse pressure (mean 74.41 vs 30.96 and 20.34 mmHg,

p <0.0001) (Fig. 24 i, k). Again, due to limited inotropic selectivity of phenylephrine,
minor relative tachycardia was documented in hypertensive group compared with
MVnormal and MV controls (mean 395.3 vs 357.2 and 333.9 bpm, p = 0.0245 and 0.0006
respectively). The test group respiratory rate was matched to that of MV, which was
reflected in the circuit pressure and pCO2. There was an inadvertent difference in mass

between test and control groups MVnormal and MV (287.1 vs 354.3 and 375.8 g).

Tachycardia without changes in MAP was induced in rats by sinoatrial node pacing. The
paced rats therefore had significantly higher heart rate than the controls MVnormal and
MV (498.6 vs 357.2 and 333.9 bpm, p < 0.0001), but no differences in MAP (Fig. 24 q, s).
The respiratory rate of paced rats was matched to MV. The mass was inadvertently
slightly less in paced rats compared with controls (306.4 vs 354.3 and 375.8g,p =

0.0468 and 0.0057 respectively).

7.3.2.1.2 In vivo studies

The animals in the intravital studies were larger than those in ex vivo experiments (Fig.
25 a). The mean mass of the MV group was 543.5 g and was significantly larger than free

breathing (mean 360 g, p = 0.0001) and paced rats (mean 469.3 g, p = 0.031). There was
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no difference, however, compared with hypertensive animals. A significantly higher MAP
was achieved in hypertensive rats compared with control (mean 133.2 vs 84.6 mmHg, p
= 0.0087) (Fig. 25 d, e), but the pulse pressures between the two groups were similar
(mean 38.4 vs 40.6 mmHg, p = 0.9). All rats were ventilated to 55 breaths/min, with the
exception of free breathing animals, which had a significantly lower mean respiratory
rate than control (43.1 breaths/min, p = 0.0087) (Fig. 25 c). In free breathing rats, the
peak and trough circuit pressures demonstrated the same inverse relationship to the

mechanically ventilated controls (Fig. 25 f) as demonstrated in Fig. 24.
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Fig. 25 Comparison of physiological parameters in intravital experiments. a The mean mass of the control
mechanically ventilated (MV) group was 543.5 g and was significantly larger than free breathing (mean 360 g, p
=0.0001) and tachycardic cohorts (mean 469.3 g, p = 0.031). b Tachycardic rats had a significantly higher heart
rate than all other groups (which had uniform values). ¢ As all animals (other than free breathing group) were
mechanically ventilated, a significant difference existed between free breathing and controls (55 vs 43.1
breaths/min, p = 0.0087). d, e A significantly higher MAP was achieved in hypertensive rats compared with control
(mean 133.2 vs 84.6 mmHg, p = 0.0087), but the pulse pressures between the two groups were similar (mean 38.4
vs 40.6 mmHg, p = 0.9). f In free breathing rats, the peak and trough circuit pressures demonstrated an inverse
relationship to the mechanically ventilated controls (p < 0.0001 for peak and trough pressures). This was similar
to the findings from non-intravital studies (Fig. 24 a,b)

7.3.3 Tachycardia and hypertension stimulate outflow from the spinal cord

For outflow studies where ovalbumin was used as the tracer, the mean number of rats

per group was ten. A total of 40 rats were used.

212



7.3.3.1 Successful matching of physiological parameters

In studies of AFO-647 tracer outflow from the spinal grey matter (Fig. 24 €, g), compared
with free breathing animals all mechanically ventilated control rats had significantly
higher peak circuit pressures (mean 8.52 vs 2.04 mmHg, p < 0.0001), and less negative
trough pressures (mean -0.54 vs -2.99 mmHg, p < 0.0001). This was also observed in
rats undergoing white matter injections (Fig. 24 f, h). Free breathing animals had lower
peak pressures compared with MV controls (mean 1.94 vs 9.18 mmHg, p < 0.0001), but
more negative trough pressures (mean -2.51 vs -0.81 mmHg, p = 0006). No significant
differences were observed between free breathing and control groups in the other

parameters for both grey and white matter injections.

In hypertensive rats, a substantial increase in MAP compared with control was
maintained over 180 min after grey matter injections (mean 121.1 vs 82.8 mmHg,

p = 0.0002) (Fig. 24 m, o). After white matter injections, this difference was smaller but
still significant (106.1 vs 82.28 mmHg, p = 0.0094) (Fig. 24 n, p). A significant difference
in pulse pressure was documented between test and control after grey matter injections
(mean 66.56 vs 34.68 mmHg, p = 0.0026), but the significant difference was absent after
white matter injections. Small tachycardic increases were observed with phenylephrine
infusions after grey matter injections (mean 361.3 vs 418.8 bpm, p = 0.0008) and white
matter injections (mean 361.6 vs 440.9 bpm, p = 0.0005). On average the mass of
hypertensive rats undergoing white matter injections were somewhat less than their
counterpart controls (305 vs 343 g, p = 0.0048). All other parameters between control

and test groups in both grey and white matter injections were well matched.

Tachycardic animals had significantly higher heart rate than controls after both grey and
white matter injections (mean 493.6 and 499.9 vs 361.1 bpm, both p <0.0001,

respectively). There were no significant differences in MAP in the grey matter injection
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experiments (Fig. 24 u, w). However, after white matter injections the tachycardic rats
had relatively lower MAP over three hours compared with controls (mean 60.94 vs
82.28 mmHg, p = 0.0035) (Fig. 24 v, x). This was likely secondary to inadvertent
difference in size of tachycardic versus control subjects (298 vs 343 g, p = 0.0058). All

other parameters were well matched in both white and grey matter injections.

7.4 Supplementary Media

Vid. 7 Inflow and outflow are mediated by the vascular basement membrane. Three-dimensional rendering of a z-
stack depicting tracer deposition around an anterior spinal artery in a fluid inflow experiment acquired by confocal
microscopy (x100 magnification). One of the two-dimensional source images in the z-stack was provided in panel
t of Fig. 20. Note the discrete layers of green AFO-647 tracer external to and within the red tunica media, labelled
red. The endothelium is in yellow. Video access via Supplementary files.
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