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The New Concepts of Cerebrospinal

Fluid Physiology
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9.1 The History of Cerebrospinal Fluid

The description of cerebrospinal fluid first appeared in the
17th century BC [1]. An antique dealer named Edwin Smith
bought a surgical papyrus which described the watery fluid
around the brain. In 1747, Albrecht von Haller, a Swiss anat-
omist and physiologist, first described the existence of CSF
systematically [2]. Subsequently, Cotugno, an Italian anato-
mist from Naples, observed the presence of water (“liquor
cotunnii”’) around the ventricles and the spinal cord by con-
ducting 20 autopsies [3]. Also, he found that the brain gets
smaller in size and the volume of watery fluid around the
ventricles and the spinal cord increases with age increase.
His notable observations were published in Latin in 1764 in
Naples and in English in 1775 in London. The term cerebro-
spinal fluid in published literature is “le liquid cérébrospi-
nal” in a French document by Magendie in 1842 [4].

9.2 The Classical Concept of CSF

Physiology

In 1875, Key published a very famous paper in which he dem-
onstrated the CSF is absorbed by the arachnoid granulation or
villi [5]. A long period of time after that, it is widely accepted
that the CSF is absorbed by the arachnoid granulation or villi.
Key’s article has been cited by many classic textbooks. In
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1913, Dandy published his extremely famous experiment in
JAMA. He blocked the foramen of Monro of dogs, then
excised the choroid plexus from the lateral ventricle, and pre-
served the choroid plexus from the contralateral lateral ven-
tricle. The result of the experiment shows that ventricular
dilatation does not occur in the choroid plexus excised side
but occurs in the choroid plexus preserved side [6]. This
experimental result demonstrated that the CSF is produced by
choroid plexus. In 1926, Cushing, the American pioneering
brain surgeon, introduced the concept of the “third circula-
tion” which asserts CSF is produced by the choroid plexus
and circulates unidirectional from the ventricles to the sub-
arachnoid space to be absorbed by the arachnoid villi [7].

9.3 The New Concept of CSF Physiology
During 100 years, after Dany demonstrated that the choroid
plexus is the site of CSF production, many scientists found
that the CSF is also produced by structures other than the
choroid plexus. Some articles sought out the brain itself as
the site of CSF production [8], whereas others claimed CSF
production from the cerebral superficial subarachnoid space
[9], the perivascular system [10], or the pial artery [11].
Moreover, a study suggested its production by the spinal
cord [12], and another has shown the presence of ependymal
fluid secretion from the ependyma of the spinal cord central
canal [13]. The hypothesis of Oreskovic and Klarica is the
mostly accepted now. It asserts that the CSF is formed every-
where and resorbed everywhere in the brain [14]. Also it
introduced the term of Virchow-Robin space (VRS), also
known as the pericapillary space, in which the CSF was pro-
duced and resorbed.

In 1992, Agre discovered that red blood cells contain a
membrane protein of high water permeability [15]. This
protein, later called aquaporin-1 (AQP-1), turned out to be a
member of a large family of water channel proteins that
allow bidirectional transport of water across the phospholipid
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bilayer of the plasma membrane. In 2014, Nakada demon-
strated that it was AQP-4 that regulated water influx into
CSF [16]. In this experiment, he chose wild-type AQP-1
knockout and AQP-4 knockout mice. This experiment inves-
tigates water flux into CSF in wild-type AQP-1 knockout
and AQP-4 knockout mice utilizing '"O-labeled water and JJ
vicuna coupling proton exchange (JJVCPE) MRI. This
experiment supports the hypothesis that water movement
within the Virchow-Robin space is critical for CSF volume.
The result clearly demonstrated that water influx into CSF is
regulated by AQP-4, known to be responsible for water
homeostasis of the pericapillary space [17], and not by
AQP-1 found in the choroid plexus. At the same time, this
experiment strongly supports the Oreskovic and Klarica
hypothesis.

The “third circulation,” also known as the bulk flow the-
ory of CSF introduced by Cushing in 1926, was recently
replaced by the “cardiac cycle-dependent systolic-diastolic
to-and-fro cranio-spinal CSF movements” [18]. This new
concepts of CSF movement are based on three main factors.
The first one is physiological oscillations of arterial and
venous blood during cranio-spinal blood circulation. The
second one is respiratory activity, and body activity and pos-
ture is the last one. The CSF movement hypothesis is now
widely accepted benefits from the advancements in neuroim-
aging [19].

9.4 The Function of CSF
The CSF is very important for the brain to survive and func-
tion. The function of CSF includes five parts [20]:

1. Buoyancy: the CSF can provide partial buoyancy for the
brain helping to prevent the brain from being impaired by
its own weight. The actual mass of the human brain is
about 1400 g. However, the net weight of the brain sus-
pended in the CSF is about 25 g. The brain therefore
exists in neutral buoyancy, which allows the brain to
maintain its density without being impaired by its own
weight, which would cut off blood supply and kill neu-
rons in the lower sections without CSF.

2. Protection: when head hit occurs, the CSF may cushion
the brain within the skull.

3. Chemical stability: the CSF exchanges components with
interstitial fluid to maintain the chemical stability.

4. Prevention of brain ischemia: the CSF can act as a means
to compensate for the changes in blood volume within the
skull during the cardiac cycle.

5. Clearing waste: the CSF could take away the waste prod-
ucts from the brain.

9.5 Intracranial Hypertension

The normal intracranial pressure ranges from 5 to 15 mmHg
(in the supine position) in adults. The signs of intracranial
hypertension involve headache (diffuse and persistent, most
severe in the morning), nausea and vomiting (typically in the
morning—paroxysmal dry heaves), as well as papilledema.
The common cause of intracranial hypertension includes (a)
idiopathic intracranial hypertension, (b) intracranial mass
lesion, (c) traumatic brain injury, (d) ischemic stroke, (e)
nontraumatic intracranial hemorrhage, (f) intracranial infec-
tion, (g) hydrocephalus, (h) impaired venous outflow from
the brain, (i) hypoxemia/hypercarbia (causes cerebral vaso-
dilation), and (j) drugs and metabolic [21]. The classic radio-
logic findings of intracranial hypertension include empty
sella, downward brain herniation, dilation of the optic nerve
sheaths, flattening of the posterior globe, optic nerve head
protrusion, and venous stenosis at the distal portion of the
transverse sinuses.

9.6 Intracranial Hypotension

Intracranial hypotension refers to the intracranial pressure
lower than 60 mmH,0O, and the clinical manifestations
involve orthostatic headache, posterior neck pain, nausea,
vomiting, photophobia, tinnitus, decreased level of con-
sciousness, and coma. The CSF leakage through a dural
defect is the main cause of this. The causes of CSF leakage
vary from the secondary causes such as lumbar puncture,
cranial or spinal surgery, head or spine trauma to the primary
causes like actual or underlying dural defect, and connective
disorders (meningeal diverticula, Frank holes, Marfan syn-
drome, etc.). The classic radiologic findings of intracranial
hypotension include pachymeningeal enhancement, venous
engorgement, dural thickening, pituitary fossa enlargement,
and herniation of the hindbrain.
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