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ATfiCl_E history: Cerebrospinal fluid (CSF) serves numerous important functions in the central nervous system. Despite
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of CSF outflow remains limited. Although initial work suggested that both arachnoid granulations and
lymphatic capillaries shared in the role of CSF outflow, predominant work since then has focused on the
arachnoid granulations. A growing body of recent evidence not only suggests the importance of both
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Outflow mal passage likely share in the role of CSF outflow. Consideration of all mechanisms and pathways will
Egress help us to better understand the significance of CSF outflow, in health and disease. Here we review how
Arachnoid granulation the present concept of CSF outflow has evolved, including a historical review of significant findings and a
Lymphatic discussion of the latest innovative developments.

© 2008 Elsevier Inc. All rights reserved.
Contents

1. Introduction to cerebrospinal fluid ................cooooiiiiiiiii
2. The arachnoid granulation in cerebrospinal fluid outflow.............
21, INtroduCtion.........coooviiiiiiiiiiiiiiiiiii e
2.2.  Morphology of the arachnoid granulation......................
3. The lymphatic pathway of cerebrospinal fluid drainage................
3.1, INtroduCtion. ... ... cooeeeeieeetiiiiiiiaa e

3.1.1. The pathways of lymphatic CSF drainage ..

3.1.2. Quantitative analysis of CSFoutflow ...................

4, Transependymal contributions to cerebrospinal fluid drainage
5. Discussion............
Conflict of interest ....
Acknowledgements..

] (S (S 0 L3

1. Introduction to cerebrospinal fluid

Cerebrospinal fluid (CSF) is a clear, bright fluid circulating
through the subarachnoid space and providing a neuroprotective
function as a hydraulic cushion for the brain and spinal cord. It likely
also serves metabolic, nutritional, immunologic, and scavenging
functions for the central nervous system. CSF is produced primar-
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ily in the choroid plexuses of the cerebral ventricles, flows through
the subarachnoid space, and eventually returns to the venous sys-
tem.

Despite an extensive CSF literature, a satisfactory review of the
major outflow pathways of CSF from the subarachnoid space is not
yet at hand. Most CSF research to date has been directed to CSF
production and circulation. CSF outflow has been studied, but this
research has focused mostly on animals, leaving our knowledge
of human CSF outflow physiology incomplete. Furthermore, the
few studies that have addressed human CSF outflow have empha-
sized anatomic and morphologic characteristics of these pathways,
leaving functional attributes still poorly understood.
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Despite these gaps in our knowledge, it is evident that our under-
standing of CSF outflow has evolved since initial work in this field.
A timeline of landmark publications on CSF outflow is presented in
Table 1, clearly tracing this evolution. It is notable that in addition to
demonstrating an outflow pathway via the arachnoid granulations,
concurrent work, since 1869, has shown a significant lymphatic
pathway in animals as well [39].

Although physiologists know otherwise, physicians in the
course of their training in neuroanatomy are prone to believe that
the arachnoid granulations are solely responsible for the burden
of CSF outflow. Some, more enlightened, call this view arachnocen-
tric. Current thinking suggests that both the arachnoid granulations
and the lymphatic pathways share in cerebrospinal fluid absorption
[23,32].Indeed, in limited conditions of disease with high pressure,
a third route of transependymal outflow has also been described.

Despite the limited number of studies specifically addressing
human CSF outflow, it is still clear that the arachnoid granulations
are not the only CSF outflow pathway. Consideration of both arach-
noid and lymphatic pathways will help us to better understand the
mechanisms and significance of CSF outflow, in health and disease.

2. The arachnoid granulation in cerebrospinal fluid outflow
2.1. Introduction

Pacchioni (1721) first described the arachnoid granulations as
“peculiar wartlike excrescences [35].” Initial experimental work on
CSF outflow, however, is credited to Key and Retzius’ landmark
study in 1876 [25]. Weed in 1914 describes their work in detail,
in which they injected gelatine solutions colored with Berlin blue
into the spinal subarachnoid space of human cadavers “at fairly low
pressures (60 mmHg) [46].” The injected masses “passed through
the Pacchionian granulations (die Arachnoidenzotten of Luschka)
into the cerebral sinus,” and also into the “lymphatic vessels in the
frontal sinus, in the nasal mucous membrane, and elsewhere.” This
is the first suggestion of a dual system of CSF drainage.

2.2. Morphology of the arachnoid granulation

Weed further directed his investigations to the structure of
arachnoid granulations [46]. He described the granulation as a “del-
icate web-like structure of many interlacing cords”, covered by
a layer of mesothelial cells, and serving as a continuation of the
outer arachnoid membrane into the dura. Weed also suggested
that the arachnoid granulations were exaggerations of the much
smaller arachnoid villi he found to be prevalent in animals. Le Gros
Clark (1920) proposed that arachnoid granulations develop from
arachnoid villi, and he also further characterized the structure,
development, and distribution of arachnoid granulations [29]. His
work showed that although human arachnoid villi are impercepti-
ble at birth, they are obvious by 18 months, first visible where the
parieto-occipital and central veins open into the superior sagittal
sinus. Arachnoid villi eventually spread over a considerable area by
3 years of age, and may be seen along the lateral sinus. By 4 years of
age, they are noticeable at the superior sagittal sinus, where they
ultimately develop with greatest frequency [29].

Light microscopy later allowed a closer examination of the
arachnoid villus, this time in the monkey, elucidating important
morphological and functional attributes [47]. In this study, Welch
and Friedman described the villus as a labyrinth of coated tubes,
4-12 pmindiameter, attributed to prolongations of arachnoid cells.
They further suggested interconnections existed between these
tubes, with dual openings into the subarachnoid space and venous
channels, depicting this important connection for the first time.

The open communication between the arachnoid villi and
venous channels in monkeys were further studied by Welch and
Pollay. They perfused arachnoid villi and demonstrated passage of
colloidal gold, yeast, and goat and monkey erythrocytes. Particles of
larger dimension became enmeshed in the arachnoid villi and led
to impedance of flow, further suggesting the anatomic importance
of the villi [48].

In the 1970s work was directed toward the prominent cap of
the arachnoid granulation and its possible functional attributes. An
intact endothelial layer was found covering the arachnoid villus
in primates and canines, with an interendothelial cleft sealed by
tight junctions, preventing protein passage [1,41,44]. Protein trans-
port was attributed to phagocytosis within the villus. These findings
suggested that CSF outflow may require metabolic activity by the
endothelial cells of the arachnoid villi. However, direct evidence of
active transport at the level of the endothelial cells remains to be
conclusively demonstrated.

Tripathi described transdural openings 100 wm in diameter
leading to transdural channels of smaller caliber connecting the
subdural space with the lumen of the dural sinus or its lacunae [44].
He also demonstrated large pores on the surface of the endothelial
cells, and proposed a vacuolar mechanism of CSF passage via these
cells.

A perfusion study in monkeys by Levine in 1982 looked at struc-
tures in arachnoid villi and found that their appearance was affected
by CSF flow [31]. Increased CSF flow was associated with increased
vacuoles, channels, or pores in the villi, whereas no CSF flow showed
a complete absence of such structures. This study demonstrated a
dynamic adaptability of the AG structure, with important functional
implications in CSF outflow physiology.

A morphological characterization of the CSF drainage pathway
in the arachnoid granulation of rabbits was done by Upton et al.
in 1985 [45]. Using light microscopy and SEM he showed that the
apical cap is approximately 150 pwm thick and surmounts a col-
lagenous core, with endothelial-lined channels extending through
the cap (to reach subendothelial regions of the granulation). “The
cap region of the granulation is only attached to the endothelium
over an area 300 wm in diameter.” Scanning electron microscopy
also revealed “an intact endothelial surface to the granulations
with small perforating venous channels present on the apex.” This
confirmed previous findings on the intact endothelial layer and
contributed structural measurements of the arachnoid granulation
[41,13].

CSF egress through arachnoid granulations had been stud-
ied primarily in animal models, a major limitation since it
was unknown how well animal models correlated with human
anatomy. D’Avella’s study in 1983 was important in changing this
trend, as he used EM to study human arachnoid granulations [13].
This study confirmed the presence of many ultrastructural findings
in humans that had been “previously identified in animals,” such as
“gaps between endothelial cells, and tubule-like endothelium-lined
structures.”

Further work continued to focus on characterizing the arach-
noid cap in humans. An important study by Yamashima et al.
using electron microscopy showed that despite other similari-
ties, the human arachnoid cap cell covering is markedly different
than animal models [52]. The arachnoid cell covering contains an
electron-lucent outer zone and an electron-dense inner zone, and
“the outer zone has less cytoplasmic filaments and desmosomes
than the inner zone.” The absence of “free communications such
as endothelial open junctions or endothelium-lined tubules” was
also reported [53]. This suggested that “extracellular cisterns of
the arachnoid cell layer contribute to the passive transport of CSF,
whereas micropinocytosis and vacuolization are available for active
transport.”



Table 1

Timeline of landmark publications in CSF outflow

Year Author Species Method Major finding

1721 Pacchioni Human Observation First describes the arachnoid granulations as “peculiar wart-like excrescences”.

1876 Key, Retzius Human cadavers Tracer study First finds gelatine tracer in arachnoid granulations and lymphatics.

1914, 1917 Weed Humans Light microscopy First extensive characterization of arachnoid villus.

1920 Clark Humans Observation First characterization of the AG development and distribution.

1948, 1950 Brierley and Field Rabbits Carbon particle injection First demonstration of systemic nature of CSF drainage by injection of a suspension of carbon particles of varying sizes
(.4-1.5um) into the lateral ventricles over varying time periods (1-108 h), finding some clustered in nerve roots of
lumbosacral and cervical regions (the ink cuff).

1951 Courtice, Simmonds Cats and rabbits Plasma injection with Injected Evans Blue into the cisterna magna of cats and rabbits and showed that the labeled proteins appeared in blood

Evans blue dye plasma and in the lymph. Lymph amount much less than plasma - first quantitative assessment of this interplay.

1970 Czerniawska Rabbit Au'® injection First indication of retrograde flow of CSF into the anterior cranial fossa.

1973 Tripathi Monkey Electron microscopy Described vacuoles in mesothelial lining of arachnoid mater that dynamically formed to allow passage of CSF across the
tight-junction barriers of the endothelial covering of the AG.

1972 Alksne, Lovings Adult mongrel dogs Tracer study First suggested an intact endothelium separating the arachnoid villi from the superior sagittal sinus. Found injected
horseradish peroxidae accumulates beneath the endothelial basement membrane, and zona occludens limit tracer in
intercellular junctions.

1980 Bradbury, Cole Rabbits/cats Tracer study (['2°1] Injection of radio-iodinated albumin and fluorescent dextran (20 wl/min) over 6-8 h into lateral ventricles yields first
albumin and fluorescent quantitative assessment of lymphatic CSF drainage. 30% or more of CSF drains into deep cervical lymphatic system of the
dextran) rabbit (at rate of 2.3 wl/min), and 10-15% drains in the cat (at rate of 5.0 wl/min). Radioactivity of albumin and fluorescence

of dextran reached plateaus in cat deep cervical lymph at 47.4 and 50% of their concentrations, respectively.

1986, 1988 Yamashima Human Electron microscopy Showed human AG very different from animal AG; arachnoid cell covering contains an electron-lucent outer zone and an
electron-dense inner zone, and the outer zone has less cytoplasmic filaments than the inner zone; further characterize AG
as lacking free communications such as endothelial open junctions or endothelium-lined tubules.

1988 Kida Human EM and Extensively characterized human AG; outlined four major parts: a central core, composed of arachnoid cells and

immunohistochemistry fibroblasts interspersed in a connective tissue matrix; a fibrous capsule covers the arachnoid cell layer except at the apical
portion of the granulation.

1993 Kida, Pantazis, Weller Male Wistar Rats In vivo (injection of India Ink was found in SAS of optic nerve as well as cochlea, but directly communicated only with nasal mucosa and associated
Ink into cisterna magna) lymphatics. Ink reach the deep cervical nodes within 30 min of injection.

1996 Boulton et al. Sheep In vivo Elucidates olfactory, optic, trigeminal, and auditory nerve pathways, showing multiple lymphatic pathways of CSF

drainage directed primarily toward retropharyngeal/cervical lymph nodes.

2002 Ohta Humans, canines, Immunohistochemistry AG of primates and canines are completely invested with an endothelial covering from the venous lumen, whereas human

primates and SEM AG show a cap cell layer in direct contact with the venous lumen.

2003 Zakharov et al. Lambs In vivo Microfil infusion was used to trace the lymphatic CSF drainage pathways. CSF absorption takes place at innumerable

extracranial locations, with extensive communication between CSF and lymph nodes.
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Fig. 1. Structural and morphological characteristics of the human arachnoid granulation.

A study by Kida et al. on human arachnoid granulations demon-
strated that they consist of four major parts [27]. A large part of
the granulation is made up of the central core, which gives the
granulation its shape. The central core is contiguous with the sub-
arachnoid space and is composed of arachnoid cells and fibroblasts
interspersed in a connective tissue matrix. An arachnoid cell layer
of the granulation is continuous with the underlying arachnoid
membrane. A fibrous capsule, reflected from the surrounding dura
mater, covers the arachnoid cell layer except at the apical portion
of the granulation. The fibrous capsule is composed of several cell
types, including vascular endothelial cells from the venous lumen
and connective tissue fibers interspersed with fibroblasts from the
dura mater. Finally, an arachnoid cap cell layer covers the apical
portion of the granulation and directly contacts the venous lumen.
The structural characteristics of the arachnoid granulation can be
seen in Fig. 1.

The arachnoid granulation cap cell layer seems unique to human
arachnoid anatomy. A 2002 study by Ohta et al. compared arachnoid
granulations of humans with other primates and canine species
[34]. This work confirmed previous reports [1,40,41,44] that found
arachnoid granulations of primates and canines are completely
invested with an endothelial covering from the venous lumen. In
contrast, human arachnoid granulations showed a cap cell layer
in direct contact with the venous lumen. These results were in
agreement with previous ultrastructural studies of human arach-
noid granulations [13,27,45,51-53]. The presence of a cell layer that
contacts both the CSF and venous blood, along with the location of
the arachnoid cap cells at the apical portion of the granulation, sug-
gests the possibility of a specialized functional role for these cells
in the outflow of CSF in humans.

Contemporary research has continued to focus on arachnoid
cap cells. The arachnoid cap cells are inherently challenging to
study in vivo in humans due to their intracranial/intravascular loca-
tion. Thus, an in vitro model has been developed using cultured
arachnoid cap cells to study their structural and physiological char-
acteristics [18]. The hydraulic conductivity across a monolayer of
these cells was studied under conditions of physiologic and non-

physiologic direction of flow. It demonstrated that AG cells in vitro
show a statistically significant increase in flow rate and cellular
hydraulic conductivity when perfused in the physiologic versus
the nonphysiologic direction under normal pressure. The results
of these perfusion studies suggest that this in vitro model of the
AGs can accurately replicate the unidirectional flow of CSF in vivo.
Further, this model will be used to evaluate the effects of increased
pressure and etiologic agents purported to cause raised intracra-
nial pressure (i.e., tetracycline, vitamin A) as well as pharmaceutical
agents, which may improve hydraulic conductivity across this cell
layer. Initial results from retinol exposure to arachnoidal cells show
a statistically reduced cell proliferation rate with increasing con-
centrations of retinol when compared to cells in serum-free media
while fibronectin expression remained the same under the same
conditions. Preliminary tests showed that exposing arachnoidal
cells to the same concentrations of retinol produced no change in
cell viability over 6 days in culture [20].

An innovative method has also been developed to study the
topographic distribution of AG on the cerebral cortex as well as
the surface area of the arachnoid cap cells [17]. The topographic
distribution of AG on the cerebral cortex is depicted in Fig. 2. This
ongoing study will assess variables such as gender, age, race, and
disease on AG distribution and arachnoid cap cell layer surface area.
This will build on previous work by Le Gros Clark and Upton et al.,
and greatly expand the potential applications of the in vitro model,
allowing extrapolation of AG cap cell monolayer data to the entire
cerebral cortex [29,45,18,17].

3. The lymphatic pathway of cerebrospinal fluid drainage
3.1. Introduction

Thoughrecognized since the early descriptions by Gasparo Aselli
as lactae venae (milky veins) in 1627, the true significance of the
lymphatic system and its important role in the body’s immunolog-
ical functions is relatively recent. Schwalbe (1869) first postulated
that lymphatic channels were significantly involved in the out-
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Fig. 2. Topographic distribution map using data from 35 brains showing the prob-
ability of an AG occurring at each specific pixel on the standard transformed brain
template. AGs have a characteristic distribution along the longitudinal fissure. Dark-
est color in the scale denotes AGs were identified at that pixel in greater than 10% of
the analyzed brains. Each progressively lighter color represents a smaller percentage
of cases have an AG at that pixel as indicated by the scale.

flow of CSF [39]. Lymphatic channels transport lymph, a clear fluid
with constituents similar to plasma (e.g. proteins, fats, and lym-
phocytes), and filter it through collections of lymph nodes before
draining it to the venous system. These lymph nodes are organized
collections of lymphatic tissue that provide immune surveillance
and produce lymphocytes and plasma cells. Macrophages are also
present in lymph nodes, and play a central role in phagocytosis of
bacteria drained from any area of infection.

The lymphatic capillaries begin blindly in most vascularized tis-
sues, and are responsible for the collection of extracellular tissue
fluid. They eventually join to form collecting vessels that pass to
regional lymph nodes.

Despite their important role played in the systemic lymphatic
system, no lymphatic capillaries are recognized in the brain. Yet,
there is good evidence that the lymphatic system has a role in the
drainage of cerebrospinal fluid from intracranial spaces. From the
1876 work of Key and Retzius, it has been apparent that lymphatic
drainage has at least a potential significant role in the outflow of
CSF [24]. Key and Retzius (1876) injected colored gelatine into the
subarachnoid space of human cadavers and found that it appeared
in the cervical lymphatics as well as in the arachnoid granulations
[25]. This initial study verified a role for the lymph system, but
the actual drainage pathways remained to be shown. Subsequent
work (as detailed in Table 1) has confirmed and expanded these
findings.

3.1.1. The pathways of lymphatic CSF drainage

Decades later, Weed only briefly mentioned the lymphatic path-
ways in his discussion of CSF outflow, suggesting their contribution
as “only a very small portion” in the task of CSF drainage [46].
However, work continued by Faber in 1937, who observed an exten-
sion of pial and arachnoid tissues around the olfactory bulb and
the olfactory nerve trunk [14]. The persistence of the subarachnoid

space beyond the cranial vault and along the olfactory nerve (CN I)
was suggested for the first time.

Brierley and Field injected a suspension of carbon particles of
varying sizes into the lateral cerebral ventricles of rabbits and found
tracer particles clustered in nerve roots of the lumbosacral and
cervical regions, indicating that lymphatic CSF drainage was not
restricted to cervical lymph nodes [8]. They also proposed that
CSF escapes into lumbar lymph nodes of the rabbit through spinal
arachnoid fissures and/or permeability by the dura-arachnoid layer
to the epidural layer, and from this layer into the lymphatics. This
method of CSF egress was also implicated in the rabbit olfactory
nerve.

Czerniawska in 1970 injected Au®8 into rabbit nasal mucosa then
found tracer in CSF, an important finding to verify the potential for
retrograde passage from nasopharyngeal tissue back into central
nervous system tissues [12].

An important study by Arnold in 1972 showed the role of the
subarachnoid space around the acoustic nerve in the drainage of CSF
in mice, rats, guinea-pigs, and rabbits [2]. Injected ink particles and
Thorotrast reached the cisterna magna and the perilymphatic aque-
duct, passing along the subarachnoid space of the acoustic nerve to
appear in the perilymphatic fluid spaces of the inner ear. The tracer
could be followed out of the perilymph of the scala tympani in the
region of the round window in extracellular spaces and lymph ves-
sels of the middle ear mucous membrane, eventually draining into
the retroauricular lymph nodes.

In 1993, Kida et al. injected India ink into the cisterna magna
of rats and found it later in the optic nerve subarachnoid space as
well as the cochlea [26]. However, the ink particles communicated
directly only with the lymph of the nasal mucosa and those asso-
ciated lymphatics. This suggested the relative importance of the
olfactory lymphatic pathway.

A complete description of the CSF lymphatic drainage path-
ways in sheep was provided in 1996 by Boulton et al., elaborating
the role of the olfactory nerve, the optic nerve, and the acoustic
nerve in CSF drainage toward the retropharyngeal lymph nodes
[6]. The cranial and spinal nerves were surrounded by a sleeve of
pia-arachnoid, accompanied by the persistence of a subarachnoid
space. Prominent subarachnoid spaces were particularly described
in the olfactory, optic, and acoustic nerves.

Further studies confirmed that the perineural sheath along the
olfactory nerve especially represents a major pathway of lym-
phatic CSF drainage [33]. Using sheep, Silver et al. in a 2002 study,
obstructed the cribriform plate, and showed a reduction in CSF
volumetric transport, along with an increase in intracranial pres-
sure and outflow resistance [42]. They proposed that CSF first gains
access to drainage sites along the base of the cranium, and as
intracranial pressure increases, CSF flow may move to the subarach-
noid spaces along the convexity of the brain to absorption sites
associated with cranial venous sinuses.

Zakharov et al. (2003) injected a silicone compound (Microfil)
into the subarachnoid space to delineate the lymphatic (in contrast
to the arteriolar) pathways in lambs [54]. Prominent filling of many
cranial nerves was observed, including the trigeminal, facial, glos-
sopharyngeal, vagal, and hypoglossal, suggesting that these nerves
contribute to CSF lymphatic drainage. The highest density of con-
trast agent was observed in extensive lymphatic networks in nasal
submucosa covering the hard and soft palate, conchae, nasal sep-
tum, and ethmoid labyrinth and lateral walls of nasal cavity. This
confirmed CSF uptake at multiple nasopharyngeal locations, with
extensive communication between CSF and lymph nodes.

Recent studies have injected Microfil into the subarachnoid
space of several species, including humans, later observing the
Microfil in an extensive lymphatic network, especially around the
olfactory nerves at the level of the cribriform plate [55]. Additional
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Fig.3. Schematicillustration of two models that could be used to explain movement
of tracers in and out of the perineural space to lymphatic vessels. For simplicity
only one olfactory axon is shown within the perineural space; actual number is not
known. A, open-cuff model; B, closed-cuff model.

studies have blocked CSF drainage at the cribriform plate in sheep
and observed subsequent increases in intracranial pressure, further
suggesting the importance of this pathway in CSF drainage [42].

An important study on the dynamics of perineural CSF drainage
in rats was done in 1997 by Brinker et al. [9]. They showed that
the olfactory nerve drained first, followed by the optic nerve a
few minutes later, then followed by the inner ear, cortical sinuses,
and transverse sinuses. It was also demonstrated that lymphatic
drainage cycled from 10 to 20 mm/s with inspiration, to zero with
expiration, the first demonstration of cyclical flow of CSF in lym-
phatic drainage.

CSF egress from perineurial sheaths into the extracellular space
and mechanism of lymphatic absorption remain incompletely
understood. We understand that CSF flows in the subarachnoid
space enclosed by the perineurial sheath. Both open-cuffed and
close-cuffed subarachnoid sheaths have been proposed by Jackson
et al. (1979) [22]. The open-cuffed model proposes an open end
on the sheath allowing the free drainage of CSF to the extracellu-
lar space, and absorption by lymphatic capillaries. The close-cuffed
model depicts a cul-de-sac surrounding the nerve, and a lymphatic
capillary absorbing CSF by pinocytosis. Some studies in rats have
also suggested a third possibility involving direct flow of CSF from
the subarachnoid space to submucosal lymphatics, especially at the
level of the cribriform plate [56]. Depictions of Jackson’s proposed
mechanisms can be seen in Fig. 3.

A more recent study in 2001 by Kelkenberg et al. has demon-
strated the presence of villus-like structures on the distal optic
nerve of chickens, connecting the subarachnoid space with accom-
panying veins [24]. This suggests another avenue of perineurial CSF
escape.

In addition to uncertainties surrounding perineural CSF escape,
visualization of perineurial CSF drainage is challenging without a
proper understanding of basic neuroanatomy. Although an exten-
sive discussion of all cranial nerve pathways is outside the scope of
this paper, the microanatomy of the major cribriform pathway of
perineurial CSF drainage is outlined below.

Visualization of the olfactory nerve pathway is made especially
difficult by its route, which traverses both intracranial and extracra-
nial segments. The olfactory tract leaves the brainstem, follows the
floor of the anterior fossa, and expands into the olfactory bulbs.
The olfactory nerve fibers exit the cranial vault through cribri-
form foramina in the cribriform plate of the ethmoid bone. These
cribriform foramina are small paramedial punctate openings in
the mid-anterior fossa floor carrying olfactory nerve fibers from
the cranial vault to the roof of the nasal cavity. After penetrating

the cribriform foramina, the olfactory nerve fibers enter the nasal
mucosa in the roof of the nasal cavity, where they terminate in
approximately 20 bundles per side. At this point the CSF drains from
the perineural subarachnoid space into the extracellular matrix,
where it is absorbed by blind-ended lymphatic capillaries, and
drained to the regional lymph nodes that serve the nasopharynx.

3.1.2. Quantitative analysis of CSF outflow

Courtice and Simmonds in 1951 “injected plasma labeled with
Evans Blue dye into the cisterna magna of cats and rabbits and
showed that the labeled proteins appeared in blood plasma” and
in the lymph [11]. The amount in lymph was much less than the
amount found in plasma, providing the first quantitative CSF out-
flow assessment.

In 1980, Bradbury and Cole provided additional quantitative
information by injecting radio-iodinated albumin and fluorescent
dextran into the lateral ventricles of rabbits and cats [7]. They
showed that 30% of CSF in rabbits and 10-15% in cats was drained
via the lymphatic system.

In 1998, an important contribution was offered by Boulton et
al. [5]. By infusion of iodine-labeled serum human albumin into
sheep, it was determined that 40-48% of total volume of CSF is
absorbed from the cranial compartment by extracranial lymphat-
ics. In 1999 Boulton et al. went on to compare rats and sheep in this
regard. Despite the much higher turnover rate of rats when com-
pared to sheep, the proportion of CSF drained through extracranial
lymphatics remained the same. This suggested that CSF clearance
was independent of turnover rate.

More recent work has focused on neonatal and fetal CSF
drainage. In 2001, despite the paucity of visible arachnoid gran-
ulations in sheep fetuses and newborns, Mollanji et al. showed that
“global CSF transport parameters in the late gestation fetus and
adult sheep are similar.” [33]

Sealing the cribriform pathway in neonatal and adult sheep
showed a significant decrease in CSF outflow in both [33,37]. How-
ever intracranial CSF still cleared, suggesting again, alternative
drainage routes other than the olfactory, and possibly via function-
ing arachnoid granulations.

Le Gros Clark (1920) noted that the arachnoid granulations
increase in number in children until they become visible by approx-
imately eighteen months [29]. There is also evidence that the
surface area of the cribriform foramina decreases with age. Such
findings fit with a dual system of CSF outflow, with arachnoid gran-
ulations assuming increasing responsibility of CSF drainage as they
grow in size and number with age.

4. Transependymal contributions to cerebrospinal fluid
drainage

Among the surprising benefits of the clinical application of
magnetic resonance imaging (MRI) was the revelation of “water”
passage into the periventricular tissues of the intact brain, under
high intraventricular pressure. Neuroimaging of patients with
ventricular obstruction, and even with idiopathic intracranial
hypertension, showed the MRI signal indicative of transependymal
passage of CSF. Increased intracranial pressure forces cerebrospinal
fluid across the ependymal barrier and into the extracellular space
of adjacent periventricular white matter [43,16]. This provides an
additional, though unexpected, pathway for CSF flow under such
abnormal circumstances. Although this is not a true mechanism of
CSF outflow, it is a mechanism of CSF escape from the subarach-
noid space that correlates with the normal to small sized ventricles
noted on neuroradiologic imaging studies in patients with idio-
pathicintracranial hypertension. This finding is in contradistinction
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to the dilated ventricles seen in patients with obstructive hydro-
cephalus.

Diffusion tensor MRl is a technique used to study water diffusion
in tissue [15,3]. This technique may be more sensitive than stan-
dard MRI to show increased water mobility via the transependymal
pathway. Further studies are needed in order to properly evalu-
ate the utility of this modality in patients with raised intracranial
pressure.

5. Discussion

Current information about the multiple possibilities for CSF out-
flow in other species suggests that we consider the potential for
similar pathways in man. Although most of us know of the tra-
ditional AG pathway, fewer of us are as familiar with the major
alternative route through the anterior cranial base, especially that
via the olfactory channels into the nasopharyngeal lymphatics.

The arachnoid granulations have been studied extensively, but
our understanding of their role in CSF outflow remains limited. At
this point, research has predominantly focused on anatomic char-
acterization of the arachnoid granulation. Some studies have shown
definitively that the arachnoid granulations do provide an avenue
for CSF outflow; however, more research is needed in humans
to identify the precise mechanism of egress. Furthermore, quan-
titative data are needed to determine the extent to which these
pathways are utilized in conditions of normal vs. elevated intracra-
nial pressure. Isotope studies, which are frequently used clinically
in studying central nervous system shunts and normal pressure
hydrocephalus, may provide one avenue for possible quantitative
evidence of this outflow pathway.

The lymphatic pathway has been shown to provide drainage for
40-50% of CSF in rodents and sheep. A similar potential may existin
man, especially in early life, prior to the appearance of recognizable
arachnoid villi and arachnoid granulations. If this nasopharyngeal
lymphatic route does play a role, then failure of this route can help
explain the clinical aspects of pediatric hydrocephalus, with its age
of onset and cranial distortion, and can be very separate from what
may later become the more important arachnoid granulation path-
way later in life [19].

In related fashion, acquired impairment of AG function due
to injury, infection, inflammation, or genetic predisposition,
could help explain increased intracranial pressure responses to
particulate obstruction with red blood cells in subarachnoid hem-
orrhage, or to meningeal irritation with viral/bacterial meningitis
[10,28,30,49]. This perspective is particularly applicable to pres-
sure rises that may follow the metabolic failure of CSF transport
across the arachnoid-endothelial barriers due to genetic predispo-
sition (i.e., idiopathic intracranial hypertension), and to the toxic
responses of increased intracranial pressure seen with vitamin A
[50] and assorted antibiotics in the many secondary pseudotumors.
Because of the relationship of the venous drainage pathways to the
adjacent AGs, many other secondary CSF pressure increases are
responses to venous pressure increases at the cranial and cranial
outflow levels. Venous outflow obstruction may occur at many lev-
els, including jugular vein occlusions, cortical vein thromboses, and
even venous microthrombi seen in the coagulopathies that may be
part of the systemic lupus erythematosis syndrome [36,21,38], and
known to be present in renal glomeruli.

Finding red blood cells (RBCs) in the arachnoid granulation
channels after subarachnoid hemorrhage confirms a role for these
channels for CSF outflow in adults [4,10]. A search for similar
RBC markers in olfactory-cribriform-lymphatic channels after sub-
arachnoid hemorrhage in adults, and especially in children, would
help us to clarify such an alternative role in man.

This field of interest remains dynamic. Review of the avail-
able literature on CSF outflow back to 1869, leads to an awareness
not only of routes through the AGs, but the presence of alter-
native routes of flow via perineural sheaths through the cranial
base, through spinal nerves, and even across ependymal surfaces.
Because the interplay of these two outflow pathways remains
poorly understood, their further study is warranted. Ultimately, the
study of all anatomic regions known to play a role in CSF egress will
be required with a combination of study techniques (i.e., in vivo and
invitro, animal and human models), by multi-disciplinary groups of
researchers. Understanding CSF egress under both physiologic and
pathologic conditions will lead to more clear classifications and bet-
ter treatment of diseases associated with intracranial hypertension
and other disorders of CSF homeostasis.
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