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BIOFLUID MECHANICS OF THE HUMAN BRAIN !

Guillermo Colén, Carlos A. Cruz and Roberto Latdrre

Abstract The brain has been called one of the final
frontiers of science, and rightly so: basic concept
familiar to us all have yet to be modeled and
understood, such as the vivid feeling of emotiong the
vague notion of consciousness that seems vital thet
core of our being. The primary approach in cognitve
science, the study of mind, is that of taking a
functionalist view; which attempts to replicate the
higher-level functioning of the brain without unduly
concerning itself with the lower-level processing rad
underlying dynamics that must be inherent in such a
complicated structure. Neuroscience studies basedcho
actual readouts and graphical representations of th
brain are beginning to make more of an impact;
because these studies are delving into areas prewsty
uncharted. They are providing a vast amount of inght
into the study of the functioning of the mind and s
interaction with the body. To achieve a better
understanding of this interaction between the mindand
the brain functions it is necessary to combine this
information with a broader understanding of the
brain's processes. Also we have to learn more abotlte
importance that the brain fluids play in these proesses
to comprehend how the human body functions, because
the brain gives commands through the nervous system
to the entire body thanks to this fluids. The most
important of the body fluids is the cerebrospinal fuid
that allows the neurons to transport information tothe
different parts of the body and thus permitting the
many actions that make the human body the complex
machine that it is [23].
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INTRODUCTION

As recently as two centuries ago, the functiorhefiuman
brain was still a complete mystery. It wasn't utitié influx

of technological advancement that a true understgnoif
the human brain began to emerge. By studying fssil
scientists learned to differentiate between ape-ldnd
human-like cranial structures [24].

Through dissection, we have been able to identlfy a
elements of the brains complex structure. By obsgrv
brain function through such techniques as Magnetic
Resonance Imaging (MRI), the active portion of kinain
can be studied while the subject is performing aiert
functions. For example, if the subject moves higtrifoot,

a section of the parietal area of the left hemisphaill
demonstrate that activity is indeed taking placead¥in
technology such as brain mapping also allows unake
correlations between regional damage and resuftengal
performance, such as in instances of brain dan24je [

Relative to body mass, brain volume tends to irsgea
gradually over time; a process from which humangeha
benefited more significantly than any other beirgismans

do have the largest brain size in proportion to lloey
when compared to all other mammals. What makes the
scientists believe that intelligence and knowledae
directly proportional to brain size. [24].

However, if brain function is reliant merely on ttatio of
neurons to body cells and the variations betwedinsize
and species are immaterial, then the brain weightlavbe
expected to be consistent with body weight. Yetruth,
for many neural functions, body size is irrelevahbr
instance, sensory receptors that monitor an indalid
blood pressure or temperature would not need t@rekp
with body size. Therefore the real connection betwthe
brain and body mass is often found to exist in peselent
physiological systems [24].

The human nervous system is a complex mechanism
maintained by numerous diverse yet mutually supgort
functions. It with its sensory organs being at tfirs
genetically determined constitutes the first seiofogical
filters that distinguishes external reality fromrdnternal
representation of that same reality. This commuitina
between the brain and the human body is due to the
cerebrospinal fluid. The CSF transports the neuribias
contain the information that the brain sends to rist of

our body [24].
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Figure 2. Hemispheres of the human brain [7].

THE HUMAN BRAIN AND THE CENTRAL
NERVOUS SYSTEM

The brain works in conjunction with the spinal caal
carry the different messages that the neurons s
body function properly. The brain is composed afinoes
(nerve cells). The neurons form tracts that robteughout
the brain. These nerve tracts that carry messagesrious
parts of the brain. The brain uses these messagesform
different functions. These functions include the
coordinating of our body's systems, such as bregthi
heart rate, body temperature, and metabolism; tiaén b
also controls body movements; personality; behadaod
the senses, such as vision, touch, smell, hearidgtaste
[25].

Each part of the brain serves as a specific functad
links with other parts of the brain to form moremguex
functions [25].

The reticular activating system is a bunch of gtrees and
pathways by which nerve cells communicate with the
cerebrum. These structures are part of masseswwEnthat

lie in the brain stem and are called the reticédamation.
The system shifts information coming to the braonf the
senses and transmits only the significant inforomatd the
conscious mind [25].

The Limbic system is known as the center of emotién
the human body. It controls the basic emotions haf t
human body and is in tune with the sense of snfethe
body. This system is located in the lower parthef brain
where the hypothalamus and part of the thalamus are
located. Is also takes part hippocampus and anmggtat

are close to the previous parts of the brain maetid25].

1. The cerebrum

The cerebrum -- which is just Latin for "brain" is the
newest (evolutionarily) and largest part of theifbras a
whole (Figure 1). It is here that things like paption,
imagination, thought, judgment, and decision ocduis
the outermost covering of the telencephalon, andeiy
large. The gray matter of the cerebrum is all tedan the
most peripheral edges of it, with the white matter
underneath. Because the gray matter is periphbee's
only as many neurons as their is surface area ef th
cerebrum. So the cerebrum is highly folded to hanoze
room for cerebral neurons [26].

The entire cerebrum is divided into two halves,lechl
cerebral hemispheres (Figure 2). The right hengsph
controls the left side of the body, while the lefimisphere
controls the right side of the body [26].

The cerebrum is divided into:

Brainstem - The brainstem consists of tmeedulla (an
enlarged portion of the upper spinal corgjons and
midbrain (lower animals have only a medulla). The
brainstem controls the reflexes and automatic fancs
(heart rate, blood pressure), limb movements asdeval
functions (digestion, urination) [27].

Cerebellum - The cerebellum integrates information from
the vestibular system that indicates position angement
and uses this information to coordinate limb movetse
[27].

Hypothalamus and pituitary gland - These control
visceral functions, body temperature and behavioral
responses such as feeding, drinking, sexual respons
aggression and pleasure [27].
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Figure 3. Limbic lobe [2].

Cerebrum (also called thecerebral cortex or just the
cortex) - The cerebrum consists of the cortex, largerfibe
tracts (corpus callosum) and some deeper structbessl
ganglia, amygdala, hippocampus). It integratesrinégion
from all of the sense organs, initiates motor fiord,
controls emotions and holds memory and thoughtgeses
(emotional expression and thinking are more preVaie
higher mammals) [27].

Occipital lobe - The occipital lobe receives and processes
visual information directly from the eyes and refathis
information to the parietal lobe (Wernicke's arem)d
motor cortex (frontal lobe). One of the things iishdo is
interpret the upside-down images of the world thes
projected onto the retina by the lens of the eyg.[2

The pituitary gland itself consists of three satticanterior
lobe, intermediate lobe and the posterior lobe.

Temporal lobe — The temporal lobe processes auditory
information from the ears and relates it to Weraiskarea

of the parietal lobe and the motor cortex of tlenfal lobe
[27].

Insula — The insula influences automatic functions of the
brainstem. For example, when we hold our breathulses
from our insula suppress the medulla’s breathingtess.
The insula also processes taste information [27].

Hippocampus — The hippocampus is located within the
temporal lobe and is important for short-term menj@r].

Amygdala — The amygdala is located within the temporal
lobe and controls social and sexual behavior arrot
emoations [27].

Basal ganglia — The basal ganglia works with the
cerebellum to coordinate fine motions, such as €litig
movements [27].

Limbic system —The limbic system (Figure 3) is important
in emotional behavior and controlling movements of
visceral muscles (muscles of the digestive tract body
cavities) [27].

Olfactory Bulb - Odors are encoded in the olfactory
epithelium by the differential activation of a larg~1%-
10% multigene family of olfactory receptors expressed
the outer dendritic segments (cilia) of 21W° receptor
cells. Axons of individual receptor cells expresgsithe
same receptor gene make convergent projectionsmoad
number of discrete spheroidal structures, the gtalipen
the superficial layers of the olfactory bulb, fongi a
stereotypic 2D topographic map of receptor spackrant
stimuli are thus represented by spatial patterns of
glomerular input. The olfactory bulb reads these irgput
patterns, refining or transforming them into sgaaad
temporal firing patterns of output neurons — thérathiand
tufted cells. The output neurons transmit the ‘itsswf
these local computations to higher olfactory caitic
centers. The circuitry of the olfactory bulb is figared as
a 2D signal-processing array, with output neuretgiving
direct synaptic excitation from olfactory receptns in
contact with the glomerular tufts of their apicptithary)
dendrites. The internal operations of the bulbcareducted
at several levels: intraglomerular processing nedidy
dendrodendritic microcircuits, interglomerular centions
mediated by juxtaglomerulasells, and lateral inhibitory
connections between output neurons mediated byoamax
granule cells [27]

Pituitary - The pituitary gland is sometimes called the
“master” gland of the endocrine system, becauseritrols
the functions of the other endocrine glands. Theitpry
gland is no larger than a pea, and is locatedeabtise of
the brain. The gland is attached to thieoroids lon (a part

of the brain that affects the pituitary gland) grve fibers
[27].

Reticular formation — Forms a core of neural tissue in the
brainstem, surrounded by the major nuclei and graltt
samples the information carried by most sensorytomo
and visceral pathways. The recitular formation usame
of this information in various reflexes (e.g., cilatory and
respiratory reflexes, swallowing, coughing). Italsends
outputs caudally to the spinal cord and rostratlytiie
choroids lons. The outputs to the spinal cord ntediame
aspects of movement, control the sensitivity ofnapi
reflexes, and regulate the transmission of sensory
information (especially pain) into ascending patpsval he
outputs to the choroids ons from a portion of tegcular
formation called the Ascending Reticular Activating
System (ARAS) modulate the level of cortical adtivend
hence the level of consciousness; the ARAS is iapoin
sliip-wakefulness cycles [27].

Meninges- Are three membranous layers of connective
tissue that envelop the brain and spinal cord.dutermost
layer, or dura mater, is extremely tough and iedusith
the membranous lining of the skull. In the braifoitms a
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vertical sheet that separates the cerebral hentisplaad a
horizontal sheet that lies between the cerebrum taed
cerebellum. The thin arachnoid membrane lies bedod/
in close contact with the dura mater. The innerntegtr,
or pia mater, is in direct contact with the bramdapinal
cord and contains the blood vessels that suppiy .tfigne
pia mater and arachnoid membrane are separatetieby t
subarachnoid space containing the cerebrospinatl, flu
which carries nutrients, absorbs the impact of kboand
acts as a barrier to disease organisms. Thus, éménges
provide a fluid-filled jacket for the protection ofeural
tissues and allow for the flexing and twisting dfet
vertebral column about the spinal c¢2d].

Ventricles- Four irregularly shaped cavities located within
the brain containing cerebrospinal fluid [27].

Pineal body (epiphysi¥Is a small reddish-gray body,
about 8 mm. In length which lies in the depres$ietween
the superior colliculi. It is attached to the rawfthe third
ventricle near its junction with the mid-braindeevelops as
an outgrowth from the third ventricle of the brainearly
life it has a glandular structure which reachesgitsatest
development at about the seventh year. Later, &dlyec
after puberty, the glandular tissue gradually diesps and

is replaced by connective tissue.The pineal bodigsitute

of nervous substance, and consists of folliclegdirby
epithelium and enveloped by connective tissue. &hes
follicles contain a variable quantity of gritty neal,
composed of phosphate and carbonate of calcium,
phosphate of magnesium and ammonia, and a litthaan
matter.It contains a substance which if injected
intravenously causes fall of blood-pressure. It neee
probable that the gland furnishes an internal siecren
children that inhibits the development of the rejurctive
glands since the invasion of the gland in childrés,
pathological growths which practically destroy the
glandular tissue, results in accelerated developrokthe
sexual organs, increased growth of the skeleton and
precocious mentality [27].

A. Lower Brain

The basic lower brain consists of the spinal cbrdinstem
and choroids loins. Within each of these structumes
centers of neuronal cell bodies, calledclei that are
specialized for particular functions (breathingatteate
regulation, sleep, etc.) [27].

Medulla — The medulla contains nuclei for regulating
blood pressure and breathing, as well as nucleaigiaying
information from the sense organs that comes imftbe
cranial nerves [27].

Pons— The pons contains nuclei that relay movement and
position information from the cerebellum to thetear It
also contains nuclei that are involved in breathtagte and
sleep [27].

Midbrain — The midbrain contains nuclei that link the
various sections of the brain involved in motor dtions
(cerebellum, basal ganglia, cerebral cortex), eye
movements and auditory control. One portion, catleel
substantia nigra, is involved in voluntary movements;
when it does not function, you have the tremored
movements of Parkinson’s disease [27].

Thalamus — The thalamus relays incoming sensory
pathways to appropriate areas of the cortex, datesnm
which sensory information actually reaches consziess
and participates in motor-information exchange leetw
the cerebellum, basal ganglia and cortex [27].

Hypothalamus — The hypothalamus contains nuclei that
control hormonal secretions from the pituitary glamhese
centers govern sexual reproduction, eating, dropkin
growth, and maternal behavior such as lactationk{mi
production in mammals). The hypothalamus is also
involved in almost all aspects of behavior, inchgliyour
biological “clock,” which is linked to the dailydht-dark
cycle (circadian rhythms) [27].

B. Balancing Act

The cerebellum is folded into many lobes and libeve
and behind the pons. It receives sensory input fthen
spinal cord, motor input from the cortex and bagaiglia
and position information from the vestibular systefhe
cerebellum then integrates this information anduarices
outgoing motor pathways from the brain to coordinat
movements. To demonstrate this, reach out and teuch
point in front of you, such as the computer monitorour
hand makes one smooth motion. If your cerebellumewe
damaged, that same motion would be very jerky ag yo
cortex initiated a series of small muscle contmadi to
home in on the target point. The cerebellum mag ais
involved in language (fine muscle contractions red tips
and larynx), as well as other cognitive functioRs][

C. Higher Brains

The cerebrum is the largest part of the human brHie
cortex contains all of the centers that receive iaterpret
sensory information, initiate movement, analyze
information, reason and experience emotions. Tiece
for these tasks are located in different partshef ¢ortex.
Before we discuss what each part does, let's Idotha
parts of the cerebrum [27].

2. Brain neurons

Neurons are cells that carry information throught

body. These cells are surrounded by a cell membaade
have a nucleus that contains genes. Neurons afg@aico
cytoplasm, mitochondria and other “organelles”.e Three
different types of neurons are shown in figuresg.
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Bipolar Neuron

Pseudounipolar Neuron

Multipolar Neuron
Figure 4. Types of neurons [2].

However, neurons differ from other cells in the yod
because they have specialized extensions calledritkes
and axons. These dendrites bring information o déll
body while the axons take information away from ted
body[28].

They also communicate with each other through an
electrochemical process and contain some spedalize
structures (for example, synapses) and chemicals (f
example, neurotransmittefgp].

If the neurons and nerve tracts are affected, ttay be
unable or have difficulty carrying the messages thlhthe
brain what to do. This can change the way a petisioks,
acts, feels, and moves the bg2isj.

The information is transmitted by electrical immgdssued
by the neurons, they also communicate with eackrdth
the same way. This electrical impulse is calledtitac
potential”. But more importantly the neurons ardeatn
move from the brain to the rest of the body orgainsugh
the cerebrospinal fluif8].

CEREBROSPINAL FLUID (CSF)

The presence of cerebrospinal fluid (CSF) withire th
cavities of the brain was already known to the emisi.
Probably, the first report of the existence of C®&Bs
known in the 17th century B.C., Hippocrates desttithe

occurrence of fluid in brain cavities in the 4tmtay B.C.,
however, it was thought to be pathological. Galesctdibed
the ventricular cavities in the 2nd century A.Dr Eolong
time these cavities were thought to be filled witfital
spirit". Only in the 16th century A.D. ,Vesaliussdovered

a watery humor. Systematic studies of this fluidrtsid
later and in 1825 Magendie performed the first aphe
cisterna magna in animals. The examination of C8E w
introduced by Quincke 1891, and in 1901 cytological
techniques were established by Widal and otf29ts

CSF and the ventricular system
1. Anatomy

Cerebrospinal fluid is mostly located in the vemitar
system and the subarachnoid space (figure 5 an@hg).
ventricular system develops from the neural tube and
includes the lateral ventricles, third ventriclehet
mesencephalic aqueduct and the fourth ventriclectwh
continues into the central canal of the spinal cardde
cranial cavity is a closed space and requires dirtaus
adjustment of the intracranial pressure. In theitgathe
volumes responsible for this pressure are the brain
parenchyma, the CSF and the bl¢2gj.

In part the CSF is produced by thieoroid plexus which
includes the choroidal epithelium, blood vesseld an
interstitial connective tissue. The choroid plexuss an
extensive blood supply that reflects its active abetic
activity. In addition, there exists a nerve suppbn
extensive perivascular autonomic innervation defrive
part from the sympathic and the vagal nuclei. Thisre
much evidence for adrenergic, cholinergic and plepgjic
innervation. The choroidal epithelium is composddao
single row of epithelial cells, arranged in viltioaind a core

of blood vessels and connective tissue. Numerous
infoldings and microvilli provide a structure which
resembles other epithelia noted for fluid transpakt
membranous barrier to the movement of macromolscule
are the tight junctions, which join adjacent chdedi
epithelial cells. Tight junctions also characteribeain
endothelial cells and the cells of the arachnoidnbr@ne.
The electrical resistance found on the apical serfaf the
choroidal epithelium has also been attributed &séhtight
junctions[29].

Brain capillaries have a special morphology in
comparison to capillaries of other organs. Endd@hetells
in brain capillaries are joined by tight junctionshich
results in a continuous layer of cells separatilogd from
extracellular fluid of the brain. Also, the surfacé the
vessels have high electrical resistance, whichasight to
be an additional function of the tight junctionén these
junctions serve as endothelial cells perform aibato the
movement of ions and molecules, the transportdiitian
brain capillaries are surrounded by a basement mareb
approximately 25% the width of endothelial cells.
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Figure 6. Anatomy of the cerebrospinal fluid [10].

The function of this membrane is to maintain thegnity

of the capillary tube under adverse conditions sash
osmotic changes or increased hydrostatic pressoma f
sudden elevations in the blood flow. The capillsraae

surrounded by different cell types: pericytes, yescular
macrophages and astrocytic end-feet [29].

The cerebral ventricles are lined with a layeepéndymal
cells followed usually by a subependymal layer of glial
fibers and glial cells. At this location an excharzetween
ventricular fluid and the adjacent subependymal
extracellular fluid of the brain occurs [29].

The brain and the spinal cord are surrounded by the
leptomeninges They are divided into the arachnoid mater
and the inner layer, the pia mater. The two mendwan
contain the subarachnoid space filled with the
extraventricular CSF. The leptomeninges contain few
capillaries. The pia mater forms the outer surfatdahe
perivascular space through "invagination" into tleevous
system and tissue derived from the arachnoideaibatés

to the inner wall of this space. Filaments of spiaad
cranial nerves are surrounded in a similar way bstiaular
(endoneurial) sheath derived from the pia. Thenpger is
also involved in the formation of the ventriclesg(e roof

of the 3rd ventricle and in part of the 4th veré&jc The
perivascular space of Virchow-Robin extends frone th
subarachnoid space to a variable depth within tteénb
[29].

The extracellular interstitial fluid of the brain is thought
to have a volume in the range of 15 to 20%. Thespa
greater in gray matter than in white matter, themfer

having a higher water content than the latter [29].

The dura mater is a thick and inelastic membrane which
encompasses the brain, spinal cord and lumbar Bae.
meningeal layer is the protective envelope of ttarb The
falx, the tentorium and the diaphragma of the salla
formed by reduplication of the inner meningeal lagkthe
dura. The dura has an extensive lymphatic suppty @n
parasympathetic and sympathetic innervation sysiém.
dura is outside the blood-brain barrier [29].

A connection exists between tlsgala tympani and the
subarachnoid space by the cochlear aqueduct. Hesyre
in the three compartments of the cochlea shows gasan
parallel to those recorded in the CSF in severanain
species. However, the actual rate of flow betwéenGSF
and the perilymph via the cochlear aqueduct isexactly
known. It is possible that the endolymph duct may b
important in the spread of infection between theemear
and the meninges [29].

Circulation of the Cerebrospinal Fluid

The CSF is formed in the lateral ventricles, ciates
through the interventricular foramens into the dhir
ventricle, and then via the cerebral aqueduct inéofourth
ventricle. Here the fluid scapes via the laterarapes of
the fourth ventricle and the medial foramen of fberth
ventricle into the subaracnoid spaces, where itséi$ over
the brain and spinal cord. It has been calculdtati 430 to
450 ml of CSF are produced every day, so the fiuidt be
changes every 6 to 7 hours. Respiratory and ciayla
changes are belivied to change the pressure witign
closed system and promote the mixing and diffusidn
fluid [30].

The fluid flows through the interventricular foraméof
Monro) into the third ventricle, is augmented byidl
formed by the choroids plexus of this ventricled grasses
through the cerebral aqueduct (of Sylvius) to tbarth
ventricle, which also possesses a choroids plekus.CSF
from all theses sources , as well as any formedhe
central canal of the spinal cord, escapes fromfolieth
ventricle into the subarachnoid space through tleeliam
aperture (of Magendie) and lateral aperture (ofchka)
[30].

The CSF then circulates through the freely comnatirig
subaracchnoid cisterns at the base of the braomRhe
cisterns, most of the CSF is directed upward over t
cerebral hemispheres and smaller amounts pass doanw
around the spinal cord [30].

Intracranial Pressure (ICP)

The intracranial cavity is closed by bony structuamd its
contents are fixed in total volume. The cavity igen
through the foramen magnum into the spinal subaidh
space with some degree of elasticity. Three compisrege
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important regarding the intracranial pressure: ir&SF,
and blood. Brain tissue may undergo displacement by
herniation or by pressure atrophy as observed in
hydrocephalus. The volumes of intracranial blood &$F
vary reciprocally as described before, which helantain
intracranial pressure within normal limits. The wkgion is
performed by autoregulation of cerebrospinal bldlodv

and CSF absorption, but also by changes in bodiiqos
[29].

To measure CSF opening pressure, the patient neust b
the lateral decubitus position with the legs andknia a
neutral position. The meniscus will fluctuate betwe and

5 mm with the patient’'s pulse and between 4 anani®
with respirations. The patient should be advised t@o
strain, because straining can increase the opgmaxsure,
and cautioned not to hyperventilate, because
hyperventilating will lower the opening pressur8@][2

Normal opening pressure ranges from 10 to 100 m@nitd
young children, 60 to 200 mm,6i after eight years of age,
and up to 250 mm 0 in obese patients. Intracranial
hypotension is defined as an opening pressuressftlean
60 mm HO. This finding is rare except in patients with a
history of trauma causing a CSF leak, or wheneter t
patient has had a previous lumbar puncture [29].

Opening pressures above 250 mn0 Hare diagnostic of
intracranial hypertension. Elevated intracraniagsure is
present in many pathologic states, including maitigg
intracranial hemorrhage, and tumors. Idiopathicaicranial
hypertension is a condition most commonly seenhiese
women during their childbearing years. When an ated
opening pressure is discovered, CSF should be retnhov
slowly and the pressure monitored during the proced
No additional CSF should be removed once the pressu
reaches 50 percent of the opening pressure [29].

Most dogs have a pressure between 5 and 12 mm éHgr un
general anesthesia, while slightly lower CSF pnesshave
been found in cats. Causes for an elevated CSBEpreare
space-occupying lesions (e.g., tumors), which cause
compression of venous sinuses and therefore pieveot
CSF absorption in the arachnoid villi. Elevated CSF
pressure also occurs in cerebral edema, usualciassd
with brain injury, hydrocephalus and inflammatoegibns
[29].

4. Physiology
a. Secretion

CSF is produced by a number of sites. Beside tbeten
of CSF by the choroid plexus the fluid derives algectly
from the brain by the ependymal lining of the ventar
system and the pia-glial membrane and from bloabels
in the pia-arachnoid. The rate of CSF formatiomanous
species varies from 0.2 to 0.5 ml/minute/gm choroid

plexus. In the dog the formation rate is approxetyat
0.047 ml/minute (dependent on the size of the aljrima
the cat 0.017 ml/minute, in the rat 0.002 ml/minaiel in
man 0.35 ml/minute [29].

CSF is produced by ultrafiltration from blood plasmand

by active transport mechanisms. Hydrostatic pressuthe
capillaries initiates the transfer of water andsiado the
interstitum and then to the choroidal epitheliuffhe
further transport occurs across tight apical jurdi and
through cells. Both transmembranal transfers aobaily
dependent upon ion pumps and are directly related t
sodium transport, which depends upon the membrane-
bound enzyme sodium-potassium activated ATPasemmires
at the apical surface as well as at the intercellalefts
[29].

A further important enzyme is carbonic anhydraske T
sodium content of plasma and CSF is about the same;
however, CSF has an excess of chloride and magnesiu
and a deficit of potassium and bicarbonate. A furth
difference is seen in the water content. Plasma3%
water, whereas CSF is 99% water. The fact that the
concentration ratios of the major ions in CSF dffer@nt
from those in a protein-free filtrate indicates tttthe
composition of the CSF depends upon secretory psese
Further specific mechanisms such as facilitatedusiin
into the CSF exist for the membrane transport tmins,
nucleosides, purines, glucose and amino acids st
brain development and metabolism, whereas toxic
metabolites are cleared from CSF to plasma. It stasvn
that the rate of CSF production is independent od@enate
variation in the level of intraventricular presswshort
duration. However, in studies with chronically
hydrocephalic animals a reduction in CSF formatien
observed with increasing pressure. In contrast,teacu
changes in blood osmolality alter the CSF productimut it

is suspected that the choroid plexus will adapthoonic
osmotic derangement, so that any changes in functio
would be transient. In addition the choroid plesesves as
an "ectopic renal tubular epithelium” in clearirige tCSF
from toxic metabolites. Table 1 indicates physiead
chemical properties of CSF [29].

b. Absorption

The CSF circulates from the ventricular system he t
subarachnoid space. Along the spinal cord and éméra
canal in animals a circulating flow exists. In hursa
besides this caudal flow the CSF has the tendemdipw
also cranially. The cranial cavity is a closed gpaad in
the equilibrium state the rate of absorption of GRfals
its rate of formation due to law conservation ofsmarhe
arachnoid villi are the major place for CSF absorptThe
mechanism for the bulk flow reabsorption into tleneus
system depends upon the hydrostatic pressure withgn
subarachnoidal space. Other sites for absorptientlze
choroid plexus, diffusion into brain and capillaieseins
and lymphatics placed around spinal nerve rootk [29
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c. Function

The CSF has several functions, such as physicalostp
excretory function, intracerebral transport and tamnof
the chemical environment of the central nervoudesys
(CNS). The CSF transports the neurons that comntdia
information for transmition to other parts of owdy, also
it helps in the protection of the brain from aciieod
pressure changes and, therefore, in the regulatibn
intracranial pressure. Actuelly our brain floatstlire CSF,
thus acting as a shock absorber. Since the CSF is
considered to be an intracerebral transport meditm,
fluid is also useful for clinical research [29].

d. Composition[Table 1]

The CSF is a watery solution containing ions arfteidint
substances to serve as an intracerebral transpoitim for
nutrients, neuroendocrine substances and neurotitais.
Despite the different composition in relation tagha, the
osmolality of the two fluids remains the same (289
mOsm/L). In comparison to plasma, glucose is dight
diminished in the CSF (about 80%) and there is nash
protein, which is mostly albumin. In the normal dthge
protein content is less than 25 mg/dl. In additiorthese
substances a few leukocytes are seen in the C&fe gie
CNS is constantly screened by the immune systerthdn
CSF of normal dogs, 0 -3 cell§/ mostly lymphocytes,
can be counted [29].

e. Acquisition (Techniques of CSF Tap)

In clinics, the CSF is analyzed for its celluladazhemical
constituents. CSF is obtained by cisternal punctiare
lateral recumbency during general anesthesia. After
surgical preparation the puncture of the cerebediiutiary
cistern is performed between the occipital bone tral
atlas using 22 gauge, 1.5-inch spinal needles avistylet.
For the procedure, the head is held at a righteatwlthe
vertebral column. Excessive flexion of the headvsided
since it might occlude the airway. The animal hasé
observed for adequate ventilation during the whole
procedure. The landmark is a triangle composed fitoen
occipital protuberance and the wings of the atlBise
puncture follows in the middle of this triangle. amimals
that are not heavily muscled the space betweeadtipital
bone and the arch of the atlas can be palpatedn&édle

is carefully inserted, the puncture of the duraenand
atlantooccipital membrane is felt, and sometimesdight
muscle twitching occurs, when the needle is in right
place. When the stylet is removed, CSF flow is olest
which is the only reliable sign of a successfulgure. The
CSF is collected in a sterile tube. The pressure loa
measured using a spinal manometer, but the addition
information is minimal. Therefore, most examineos ribt
recommend the additional manipulation. The amount o
CSF, which can be obtained per animal, is 1 mlkg5
Mostly, 1 -2 ml are taken and sufficient for theosh
important examinations. If only a few drops cargbg the

measurement of the protein content and the celhtcu
feasible with only 100-2001 CSF. By puncture of
radicular vessels blood contamination might occ@it[2

Table.1. Physical Properties and chemical composition of
the cerebrospinal fluid: humdRhysiology of the CSF and
the BBB: Altman. 1961]

Properties Units Range
Freezing point oc 0.540-
depression 0.603

H ) 7.35-
P 7.70
Pressure mm HO 70-180
Refractive index 1.3351
Specific gravity - 1.0062-
1.0082
Volume mP 90-150
Lymphocytes Cells/mm cu 0-10
) 0.85-
0,
Solid % 170
Water % 99
Aluminum - Trace
Barium - Trace
Bicarbonate mg/ml 0.00483
Boron Trace
. 0.0014-
Bromide mg/ml 0.0038

. 0.039-
Calcium mg/ml 0.051
Carbon dioxide %Volume 57-62

) 4.18-
Chloride mg/ml 452
Copper mg/ml 0.00006-

PP 9 0.0002
lodine mg/ml 0.00001
Iron mg/ml 0.00035
0.0125-
Phosforus mg/ml 0.0210
. 0.085-
Potassium mg/mi 0.115

. 5.01-
Sodium mg/ml 543
Strontium mg/ml Trace
Sulfur mg/ml 0.006
Protein Total mg/ml 0.12-

0.43
Protein Lumbar mg/ml 0.2-0.4
Protein cisternal mg/ml 0.15
Protein Ventricular | mg/ml 0.1

0.0024-
Cholesterol mg/mi 0.005
Citric acid mg/ml 0.0004
Vitamin C mg/ml 0.018
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Another technique to obtain a CSF sample is thebArm
puncture (L5-L6). CSF can be taken in most caté wits
procedure, although in dogs the technique is miffiedt.
Sometimes only a few drops are obtained and blood
contamination occurs more frequently than with the
suboccipital puncture. In addition, in normal CSfet
number of cells counted after lumbar puncture meghat
higher[29].

Cerebrospinal fluid pressure in the subarachnoitecan
be measured after the puncture. Values of botleehécal
and lumbar spines are affected by changes in bosigign.
Inclining the body position to 30, 60 and 90 degree
reduces pressure [29].

5. Normal and Pathological Findings:Color

The CSF is a watery, clear and colorless fluid. rigve
change from this water like appearance is abnoritizt.
CSF is cloudy when a high amount of cells are prieée
500/ 1). A high protein content can enhance this tutlgidi
and produce more viscous fluid. Red color is intlieaof
hemorrhage, in most cases caused by puncture iclitad
vessels. If the CSF clears after centrifugatiotraamatic

tap caused the coloration. However, a red or yellow
staining after centrifugation is indicative for atpologic
hemorrhage, since the erythrocytes degeneratey éadhe
CSF. Xanthochromia, a yellow color of the CSF yjsi¢al

for subarachnoid hemorrhage in the absence of
hyperbilirubinemia. It is caused by an accumulatimi
blood pigments and occurs several hours after the
hemorrhagic insult (bleeding after trauma, in atithcases

or other severe CNS inflammation, as well as ircuks or
bleeding disorders) [29].

6. Cell Counts

The cerebrospinal fluid and its cells are a valea@urce
of information for diagnostics and research sinheyt
reflect, at least in part, the immune response micgu in
the CNS. The examination of CSF cells is especiabful

in cases in which an ongoing inflammatory reactisn
suspected (inflammatory/infectious diseases of @GNS,
tumors). The total number of cells is determinedibg of a
cell counting chamber: mostly the Fuchs-Rosenthal
chamber. The counting should be performed withiauab
30 minutes after CSF collection, since the cellgradeée
rapidly in a fluid with low protein content. In geular,
granulocytes are very sensitive and are lysed upO8h
after 2 hours at room temperature. Refrigeratingpshéo
minimize the degeneration. In the CSF of normalsdagd
cats 0 - 3 cellsf are counted, mostly mononuclear cells
(lymphocytes and monocytes). It should be remiritiet a
normal cell count of 3 leukocytes! CSF is equivalent to
3000 white blood cells/ml. Slight contamination Hwit
erythrocytes (because of a traumatic puncture) dus
severely effect the counting results. Approximatelye
white blood cell is subtracted from the CSF leukecy
count for every 500-700 erythrocytes present.
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In case of a pleocytosis, an increased cell couhich is
graded as mild (5 - 50 cells), moderate (50 - 286 or
marked (> 200 cells), a differential cell counperformed
as soon as possible. Enumeration and identificadfothe
cells helps to narrow the clinical differential giesis. For
closer evaluation of the CSF cells cytospin prejama are
commonly used. The cytocentrifuge accumulates tedl t
cells in a volume of 0.5 to 1.0 ml of CSF. In cadea
marked pleocytosis, 200l is sufficient for a differential
cell count. Thus, cytocentrifugation can prepareual800
times more cells for evaluation than observed ie th
counting chamber. A sedimentation chamber can gilso
nice results. To prevent rapid cell degeneratioringuthe
time of the laboratory procedure and to obtain good
cytospin preparations protein has to be added ¢oQ8F
sample (about 1/3 of a 10% bovine serum albumiatiswl
and 2/3 of CSF). CSF samples with a high proteimtett
are centrifuged without addition of albumin. A dgrk
stained background complicates the evaluation efctils.
After staining (DiffQuick, Papanicolaou) the pertage of
lymphocytes, plasma cells, monocytes, macrophages,
neutrophils and eosinophils is counted, the cells a
evaluated by their size and appearance and mitosisnor
cells are searched for [29].

Pleocytosis with predominantly lymphocytes and mias
cells is found in viral infections and during tharenic
phase of steroid responsive meningitis-arteriSRIA),

in granulomatous meningoencephalomyelitis (GME) iand
breed-specific necrotizing encephalitis. A predaamity
neutrophilic pleocytosis is characteristic for [leaict
infections and the acute stage of SRMA. A mixed cel
population is frequently seen in protozoal diseaB#B, in
chronic bacterial infections, in necrotic lesionsdain
GME. Eosinophils are found in the rare eosinophilic
encephalitis of unknown origin, in protozoal, péiesand
mycotic infections, but also occasionally in GMEPFand
certain tumor types (e.qg., histiocytosis) [29].

Tumors mostly have an unspecific differential cellint. In
lymphosarcoma large uniform lymphoid cells are
characteristic and mixed with a "normal" lymphocyte
population. In meningioma a neutrophilic pleocysasiight
occur. The differential cell count is only helpfuh
combination with the clinical examination, signahhe
history and further testing (blood, imaging eto.establish

a clinical diagnosis. Because of this limitatiorhet
evaluation of changes in lymphocyte subpopulatiofis
CSF cells in neurologic diseases might be helpfdutther
characterize a diseage vivo. Systematic flow cytometry
analysis of CSF is feasible in larger animals sasldogs.
Occasionally bone marrow contamination of CSF might
occur after lumbar puncture [29].

7. Glucose
The CSF glucose is dependent upon blood glucosd lev

and the rate of metabolism in the CNS. There are tw
mechanisms responsible for the entry of glado® the
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CSF: carrier mediated diffusion (glucose transporte
protein) and simple diffusion. A variable time isquired
before CSF glucose level reaches equilibrium withot
glucose (2 - 4 hours). In general the CSF glucesel lis a
complex function of the blood glucose level duritige
previous 4 hours. CSF glucose levels are usually 86

of blood levels. CSF and blood glucose levels sihdad
obtained simultaneously [29].

An increase in the CSF glucose level is not diaticalyy
important and reflects hyperglycemia within 4 hoprr

to the puncture. Decreased CSF glucose levels were
associated with bacterial and fungal meningitiswinich
microorganisms and polymorphonuclear leukocytelizeati
glucose. Neutrophils are supposed to have an isedea
glycolysis, particularly when these cells are astiv
(phagocytosis, production of oxygen radicals etbQw
CSF glucose levels in the absence of hypoglycermag m
indicate the presence of a diffuse meningeal dexdi2b].

7. Protein

In contrast to glucose levels, the measurementratem
levels in the CSF is important in the quest to imbia
differential diagnosis. Most proteins normally presin the
CSF are derived from blood. In the dog and catpabr
CSF protein levels after suboccipital puncture asaally
less than 25 mg/dl and might be somewhat highkmibar
puncture samples [29].

The kinetics of protein exchanges was studied isitieled
albumin. Following intravenous injection, it need@0
hours for albumin to reach equilibrium levels i BSF of
dogs. Protein entry depends chiefly upon pinocgtasross
capillary endothelial cells, but also upon the eotic
point. It is considered that more processes am\ed than
restricted filtration. The exit rate of protein ifincthe CSF to
blood is about 200 times the entry rate and nogmiall
performed by passage across the arachnoid villi the
venous blood, presumably by macrovesicular trarispor
[29].

Qualitative measurement of the protein level isfqrened
with the Pandy solution, a 10% carbolic acid soluti
which precipitates globulin. Normal CSF samples it
show any turbidity after being added to the Parayt®on.
Depending on the protein level a recognized tutyids
specified as 1+ to 4+ positivity. The biuret method
normally used for quantification, is not sensiterough to
measure CSF protein levels. Several methods for
quantitative measurement of CSF protein level hasen
adapted for use in animals, such as turbidometdthaus
using trichloracetic acid, benzethonium chloride an
alkaline environment or nephelometry. Increasedtegimo
content serves as a nonspecific indicator of CN&eatie
and may be caused by a damaged blood-brain barrizn
increased local IgG production within the CNS [29].

Elevated CSF protein is seen in infectiomstracranial
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hemorrhages, multiple sclerosis, Guillain Barrédsgpme,
malignancies, some endocrine abnormalities, certain
medication use, and a variety of inflammatory ctinds,
also in toxic/metabolic, vascular and neoplastisedses.
Protein concentration is falsely elevated by thespnce of
RBCs in a traumatic tap situation. This can beeaxiad by
subtracting 1 mg per dL (0.01 g per L) of protein évery
1,000 RBCs per mm. This correction is only accuifatiee
same tube is used for the protein and cell co@®k [

Low CSF protein levels can occur in conditions siash
repeated lumbar puncture or a chronic leak, in WIGSF

is lost at a higher than normal rate. Low CSF proievels
also are seen in some children between the agesxof
months and two years, in acute water intoxicataom in a
minority of patients with idiopathic intracranial
hypertension. CSF protein levels do not fall in
hypoproteinemia [29].

8. I9G-Index

Measuring the IgG-index, which is a calculated et
using IgG and albumin content of cerebrospinaldfland
serum to detect intrathecal 1gG-synthesis, caringdigish
inflammatory/infectious diseases of the CNS frorheot
disorders [29].

In most dogs with infectious/inflammatory diseaseith

the exception of the acute form of nervous canine
distemper, an elevation in the IgG-index can be
determinated. Tumors of the CNS, where pleocytoais
be detected, have an IgG-index within the normabea
with an exception of lymphoid tumors and meningisma
with secondary cellular infiltration. The demonsta of
intrathecal immunoglobulin  synthesis resulting from
infiltration of 19G-producing lymphocytes insidedim and
spinal cord is a specific indication for the preserof
inflammation in the CNS [29].

Intrathecal 1gG-synthesis can be shown by compaitieg
amount of immunoglobulin in the CSF with that imwsa
using albumin as a reference protein. Albumin cassthe
blood-brain barrier, but in contrast to IgG, canru
produced in the CNS itself. Several methods hawenbe
used for quantitation of these proteins in anima@FCsuch
as rocket immunoelectrophoresis, single radial
immunodiffusion, agarose electrophoresis, ELISA ksér
nephelometry[29].

Another immunoglobulin that can be measured inGls&-
by ELISA is IgA. A combined elevation of CSF andsa
IgA levels is highly indicative for steroid respores
meningitis-arteriitis. A single elevation of IgA the CSF is
only indicative of a primary (inflammatory/infectie
disease) or secondary immune reaction (e.g., nsapla
Various electrophoretic techniques were also agplie
animals but did not enhance the diagnostic valug¢hef
CSF examination. Other proteins were measured asch
the myelin basic protein, S-100 protein and thee@xtive
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protein to narrow the clinical diagnosis to demyation or
to distinguish bacterial from viral meningoencejitisal
However, the measurement of these proteins renoditie
oretical interest and is not useful in clinical ¢tiee since
too many disorders are accompanied by an elevaifon
these proteins [29].

9. Antigen Detection

To prove the etiology of an inflammatory/infectious
disease, antigen detection is necessary. Occalyional
bacterial or fungal organisms may be seen by mioguis
evaluation, especially cryptococcus neoformans. ¢l

it must be determined if the microorganisms are a
contamination of the CSF after the puncture or the
causative agent of a bacterial encephalitis. Iftdréc
contaminate collecting tubes or slides for cytospin
neutrophils are still able to phagocytose. Therefor
intracellular bacteria are not proof of a causatgent for
encephalitis. If bacterial encephalitis is suspictbe CSF
should be cultured and growing bacteria have to be
classified. In most cases of bacterial
meningoencephalomyelitis, microorganisms are eitiar
present in the CSF or only present in low numb@tsture
results can be negative [29].

PCR techniques are evaluated to improve the d&gno
work-up. In cases of suspected viral encephaligh as
canine distemper encephalitis, virus detectioneisgumed
either by staining techniques (e.g., indirect
immunofluorescent antibody examination) or by PCR.
Specific antibodies can be found in the CSF; howethey

are not diagnostic. Serial serum determinations are
necessary for the determination of a causative tagethe
evaluation of specific indices. For the latter, ex@erience
exists yet in small animal medicine [29].

Artery blood serum --> choroid plexus --> CSF steulehy
choroid plexus --> Lateral ventricles --> foranwrMonro
third ventricle--> Aqueduct of Sylvius --> fourtlentricle -

-> Foramina of Magendie and Luschka --> Subaraichno
space over brain and spinal cord --> dural sinuses
Reabsorption into venous sinus blood via arachnoid
granulations[Goyal 2002].

Figure 7.Path of the CSF [Goyal 2002]
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10. Enzymes

A wide variety of assays to measure enzymes innseru
were also applied to study the CSF, but have pealiitle
data with sufficient diagnostic specificity. In eenary
neurology, creatine kinase (CK) and lactate delyeinase
(LDH) are sometimes measured. However, increasezsle
are found in a variety of different diseases ané ar
considered to be nonspecific [29].

11. Other Metabolites

Numerous metabolites were measured in the CSF,lynost
in pathogenesis studies, to improve diagnostic wigrlor

to improve the prognostic value of the CSF exanomat
Changes in lactate and pyruvate levels may be atigi
for a mitochondrial disease. The lactate:pyruvaaéor
reflects the redox state in the brain. The measemn¢rof
these metabolites has only been performed in ege#ts,

and values in large numbers of small animals affdrdnt
diseases are lacking. The concentration of laatid @
brain is dependent upon its rate of production and
independent of blood lactate concentrations. Irs@éa
malondialdehyde (MDA) levels are an indicator fguid
peroxidation and was detected in the prefrontatecoof
dogs, but not in the CSF. Gamma-aminobutyric Acid
(GABA) is a major inhibitory neurotransmitter inetfiorain
and spinal cord. Low levels of GABA were found iogs
with epilepsy. A correlation was found between GABA
concentrations in cerebrospinal fluid and seizure
excitability. Treatment of dogs with seizures wdsoa
monitored by CSF examinations and the measurenfent o
phenobarbital in the CSF [29].

Values for prostaglandins, lipids, neuropeptidesjrtones
and vitamins are known. The accumulation of exeessi
concentrations of glutamate in the extracellulaacgp
causes excitotoxic damage. Glutamate is considerbd a
mediator of secondary tissue damage and elevateds|le
are found in several diseases. Chronic and acute
compressive spinal cord lesions in dogs due to
intervertebral disc herniation are associated wldvation

in lumbar CSF glutamate concentration. Also biogeni
amines were studied in the CSF and are of intdrest
studies in dogs with behavior abnormalities. Anvation

of cytokine levels in the CSF is not specific fartain
diseases. The CSF of inflammatory/infectious diseasn
have chemotactic abilities for neutrophils and/or
mononuclear cells [29].

Changes in normal levels in serotonin, dopamine and
norepinephrine are suspected to be important ineagiye
dogs or in dogs with compulsive disorders.

Low levels of neuropeptides such as orexin and trgim

can be measured in dogs with sleeping disorders asc
narcolepsy. Numerous other metabolites were studied
mostly in pathogenesis studies on inflammatoryftifeis
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diseases: several cytokines (e.g., interferon gamma
interleukin 8, interleukin 10, transforming growfhctor
beta) were measured in canine distemper or steroid
responsive meningitis-arteriitis in comparison toes CNS
diseases. Flow path of CSF is shown in figure 7.

CEREBRAL BLOOD FLOW (CBF)
1. Functions and characteristics of blood

The general functions of blood include transpootati
regulation, and protection. These categories apeahd
interact as the blood carries out its role in pdow
suitable conditions for cellular function. Matesal
transported by the blood include nutrients, waste
products, gases, and hormones. The blood helps to
regulate the fluid and electrolyte balance, aciceba
balance, and the body temperature. Protectionnagai
pathogens is provided by white blood cells, and the
clotting mechanism prevents excessive loss of badftet
injuries [31].

Blood is a liquid connective tissue that measutemiga5
liters in the adult human and accounts for 8 peroéthe
body weight. Its normal pH range is 7.35-7.45.

The transportation activity of blood is divided[81]:

a. Carries @and nutrients to the cells.

b. Transports C@and wastes from the tissues to
the lungs and the kidneys where wastes can be
removed from the body.

c. Carries hormones to the endocrine glands to the
target tissues

The regulation activities of blood are [31]:

a. Helps to regulate body temperature by
removing heat from active areas, such as
skeletal muscles and transporting it to other
areas of the skin so the heat can be dissipated.

b. Plays a significant role in fluid and electrolyte
balance because salt and plasma proteins
contribute to the osmotic pressure by providing
weight and bulk to our blood.

Blood functions as a transport medium. It also todss

in temperature regulation, fluid and electrolytdabae,
pH regulation, prevention of fluid loss, and diseas
prevention [31].

2. Characteristics of blood

Blood is a liquid connective tissue and it hasidgive
physical characteristics:

a. Amount: A person has 4-6 liters of blood,
depending on the body size. Of the total blood
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volume in the human body, 38% to 48% is
composed of formed elements. The remaining
52% to 62% of the blood volume is the plasma or
the liquid portion of the bloof81].

b. Color: Arterial blood is bright red because it
contains high levels of oxygen. Venous blood has
given up much of its oxygen in tissues and has a
darker, dull red color. This may be important in
the assessment of the source of blee{Bdg

c. pH: The normal pH range of blood is 7.35-7.45,
which is slightly alkaling31].

d. Viscosityis a resistance to flow. Blood is thicker
than water. The density of blood is 1057
kg/nr. Viscosity is increased by the presence of
blood cells and the plasma proteins, and this
thickness contributes to normal blood pressure
[31].

3. Composition of blood(Table 1)

When a sample of blood is spun in a centrifuge ciks
and cell fragments are separated from the liquid.
Because the formed elements are heavier thanciie |
matrix, they are packed in the bottom of the tupdhe
centrifugal force. The straw colored liquid on tog is
the plasma. A given volume of blood is 55 percent
plasma and 45 percent formed cells [31].

Plasma is the liquid portion of blood, and it i9ab90%
water. The remaining portion consists of more thaa
different organic and inorganic solutes that assalived

in water. Because plasma is a transport medium, it
solutes are continuously changing as substances are
added or removed by the cells [31].

Proteins are the most abundant solutes in the plasm
These proteins remain in the blood and interstitiat
and are not used for energy. The three major etasé
plasma proteins are: albumins, globulins, and ribgien.
Many of the plasma proteins are synthesized iflitiee,
and each one has a different function. Nutrientggen,
and carbon dioxide are transported as solutes én th
plasma [31].

4. Blood Pressure
a. High blood pressure (hypertension)

During activity the blood pressure rises to supplgod
faster to the hard-working muscles. This is causgdhe
body producing adrenaline the so-called “fear, hiligor
fright” hormone. When relaxed, the pressure drapsha
body's demands are normally much lower. A persasn ha
high blood pressure, called hypertension, if thresting
blood pressure is higher than about 140/90mmHg [31]

Hypertension is a problem because it puts greatnstin
the heart and can also cause tiny blood vesséletk. If
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this happens in the brain it leads to a stroke.ldod cot
forms and deprives a part of the brain of bloodisTh
damages nerve cells and can lead to paralysisesr @@ath
[31].

People with hypertension should alter their lifésty take
more exercise and eat a balanced diet with a high&nd
vegetable intake, low levels of saturated fat aald and
limited amounts of alcohol [31].

Medicines called beta-blockers can be given to sloa
heart rate and reduce the force of contractionss falps
to reduce the blood pressure. Medicines known ag-AC
inhibitors can also help by opening up the arteaigs veins
to allow the blood to flow more easily [31].

b. Low blood pressure (hypertension)

Low blood pressure can be a sign of heart failurd a
may be due to a dramatic loss of blood due to sever
bleeding after something like a road accidentt i§ inot
treated quickly, oxygen is not delivered to theitbrmand
this is fatal [31].

5. Collateral Blood Supply of the Brain

The actual pattern of collateral blood flow deperus
where the major vessels are stenosed or occludgdm@n
which collateral channels are available and freemfr
disease [32].

On the whole, the development of collateral chamrisl
more effective if the major vessel occlusion occaver
weeks or months rather than suddenly. Collaterabdl
flow may develop via:

a. Extracranial connections:

In the orbit, branches of ECA anastomose with biasmf
ophthalmic artery. Branches of ECA anastomose with
branches of vertebral artery. Branches of vertebrtgry
anastomose with branches of subclavian artery.desof
ECA anastomose with branches of subclavian ar@2y [

b. Intracranial connections:

Circle of Willis- It is a network of blood vessels present at
the base of the brain. It is formed by the proximpatts of
the two anterior cerebral arteries connected byAGeA
and the proximal parts of the two posterior cereariries
connected to the distal internal carotid arterigs the
posterior communicating arteries. However 50% ofles
have absent segments and the potential for calldtew is

not always as good as it might first appear [32].
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Leptomeningeal anastomosedt lies on the surface of the
brain. They develop between the cortical brancHeth®
anterior, middle and posterior cerebral arterie§.[3

Dural anastomosesit occurs between meninge albranches
of the ICA, ECA and the vertebral arteries, anterio
choroidal artery is a branch of ICA can anastomoih
the posterior choroidal artery and the postericoroiaal
artery that is a branch of ECA [32].

6. Venous Drainage

Venous blood flows peripherally via superficial eeral
veins and centrally via the deep cerebral veins it
venous sinuses (which lie between the outer endloatel

the inner meningeal layer of the dura) which diato the
internal jugular vein. The cerebral veins are thalled and
have no valves. There are numerous venous connsctio
between cerebral veins and dural sinuses and venous
systems of the meninges, skull, scalp and nasaksiso
facilitating propagation of thrombus or spread rfection
between these vessels [32].

7. Regulation of Cerebral Blood Flow

Cerebral blood flow (CBF) in our brain is aboutrad/ 100

g of brain / minute. It has been shown that CBFelzel
blood volume (CBV) and cerebral energy metabolism
measured as cerebral metabolic rate of oxygen (CRJRO
or of glucose (CMRglu) are all coupled and highregray
than white matter. This means that the oxygen etitna
fraction (OEF) remains about the same (approximatel
forty per cent) throughout the brain. Thereforenormal
resting human brain, CBF (i.e. flow) is a reliabddlection

of CMRO2 [32].

CBF depends on cerebral perfusion pressure (CP&) an
cerebrovascular resistance. The perfusion predsutke
difference between systemic arterial pressure (SaR)
venous pressure at exit of the subarachnoid splaedatter
being approximated by the intracranial pressur®)I32].

8. Autoregulation

It is a characteristic of the brain to adjust itsnoblood
supply. By this way the brain can regulate the exyg
needed to perform or execute daily activities. brnmal
individuals, CBF remains constant when the meagriaft
pressure is between 60 and 160 mmHg. In normal
circumstances, MAP is the same as the CPP, whelCihe
is negligible. Whether myogenic, metabolic or ngemic
processes are responsible for this process is wrkno
Autoregulation is impaired or abolished in damageeias
of the brain (e.g. by ischemia, trauma, etc.) sat (BBF
becomes pressure passive and follows CPP [32].
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BLOOD BRAIN BARRIER

1. History of the Blood Brain Barrier (BBB)

The brain functions within a well-controlled enviraent
separate from the milieu of the periphery. The raadms
that control the unique environment of the braire ar
collectively referred to as the "blood-brain bartiePaul
Ehrlich (1885, 1906) and Edwin Goldman (1909, 1913)
observed that water soluble dyes injected into the
peripheral circulation did not stain the brain alor the
cerebrospinal fluid (CSF), however the choroid pkex
showed heavy staining. Additional experiments shibwe
that the same dyes injected into the subarachnuétes
colored the brain and CSF, but not the periphésales.
Lewandowsky, while studying potassium ferrocyannide
penetration into the brain (1900), was the firsttin the
term blood-brain barrier and called it "bluthirnsmhke".
The observations drawn from the dye studies broagbtt
the concept of a barrier between blood and brainyell as
between blood and CSF [33].

Later investigators employed basic dyes that wégaly
lipid soluble and able to transverse the BBB (Feimdnn,
1942), showing that the brain was stained by direct
transport of the dyes across the cerebral micravakoe.
Broman (1941) observed that there were two barrier
systems in the brain, the blood-CSF barrier atctih@roid
plexus and the blood-brain barrier at the cerebral
microvasculature. Furthermore, Broman (1941) arghad
the barrier function of the BBB was via the capilla
endothelial cells and not the astrocytic end féhe debate

as to whether the astrocytic end feet or the aapill
endothelium comprise the BBB was layed to rest by
electron microscopic cytochemical studies perforinetthe
late 1960s by Reese and Karnovsky (1967), and tater
Brightman and colleagues (1970). Horseradish pdeasd
(MW 39,800) was used to visualize the BBB (Reesg an
Karnovsky, 1967). Systemic injections of horseradis
peroxidase failed to reach brain extracellulardfjuvhereas
intracerebroventricular injection into the CSF istal the
brain extracellular fluid. Horseradish peroxidaséuded
past the astrocytic end feet and basement membaaae,
stopped at the tight junctions of the cerebral émelcl
cells. These experiments substantiated the arguthermt
tight junctions between cerebral endothelial cetimprise
the BBB, restricting the free movement of substarfoem
blood and interstitial fluid [33].

Later, dialogue concerning the uniqueness of tiBB B
tight junctions and physiology, relating to capila
networks of peripheral organs were addressed by and
elegant study performed by Stewart and Wiley (1981)
these experiments, embryonic quail brain was tianspd

to embryonic chick gut. Although the quailraimn  was
vascularized by chick gut vessels, ttransplanted
microvessels maintained physiological charasties of

the BBB and excluded dyes, such agatr blue.
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Figure 8. A representative cross-section of a cerebral
capillary of the BBB. Shown are the astrocytic drdt
(AE), basal lamina (BL), endothelial cell (EC), taus
(NU), pericyte (P), and tight junction (TJ), [10].

Conversely, embryonic quail gut transplanted to mymiic
chick brain was vascularized by vessels of chichirbr
origin, yet these microvessels were leaky to tryjplale and
did not maintain BBB characteristics. These experita
support the belief that the physiological charastes of
the BBB arise from the expression of a distinctbet of
genes within the capillary endothelium or possibly
cofactors from the surrounding tissue [33].

2. Anatomy and Physiology of the Cerebral Capillary
Endothelia.

The surface area of the brain microvasculaturd@if100

cm 2g? tissue, with the capillary volume of 1 % and
endothelial cell volume of 0.1% of the tissue vo&ym
respectively (Pardridge et al., 1990). The mean
intercapillary distance in the human brain is abédtnm
(Duvernoy et al., 1983). This short distance alldarsnear
instantaneous solute equilibration throughout thainb
interstitial space for small molecules, once theBBBas
been overcome. The microvasculature of the central
nervous system (CNS) can be differentiated from the
peripheral tissue endothelia in that it possesseguely
distinguishing characteristics [33]:

Figure 8 shows the cerebral capillary endothelialsc
which contain tight junctions, which seal cell-telic
contacts between adjacent endothelial cells forming
continuous blood vessel. The tight junctions betwB8B
endothelial cells leads to high endothelial eleetfri
resistance, in the range of 1500-200@n? (pial vessels),
as compared to 3-33 cn? in other tissues (Crone and
Christensen 1981; Butt et al., 1990). The eledtrica
resistance across in vivo cerebral microvesselothelial
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Figure 9. Proposed interactions of the major tight
junctional cytoskeletal and adhesion junction prte
present at the BBB (adapted from Huber et al., (&)1

cells, of non-pial origin, has been estimated taddigh as
8000 cmi (Smith and Rapoport, 1986). The net result of this
elevated resistance is low paracellular permeghj8is].

The intercellular clefts are around 200 A wide, ethi
would allow ready diffusion of tissue solutes; &fere it is
clear that these clefts are constricted. The coxnjde
classified as macula and zonula adhaerens and a&onul
occludens. The adherens junction is around 200 Hilew
the area composing the zonula occludens (i.e. tight
junction) is essentially completely occluded. Thedgtional
complex forms interconnected, intramembrane strands
arranged as a series of multiple barriers [Schrrgédreand
Karnovsky, 1976]. An integral tight junctional merabe
component is occluding: a 65 KDa protein bringsasipg

cell leaflets into contact. Claudins comprise a tigahe
family and to date there are 20 claudin isomerschvform
dimers that bind homotypically to claudins on adjsc
endothelial cells to form the primary seal of thght
junction (Furuse et al., 1999). Zonula occluder3-2/3)

Figure 10. A schematic of the Blood Brain Barrier with
associated astrocytes [6].

July 10, 2004 Congress on Biofluid Dynamics ofitdun Body Systems at University of Puerto Rico, Mgz

are cytoplasmic proteins that interact with ocahgdiand
serve to as recognition proteins for tight juncébn
placement, and support structure for signal tractsoi
proteins (Haskins, et al., 1998) [33].

Z0s belong to the MAGUK family of proteins (membean
associated guanylate kinase-like proteins) and have
number of binding sites for cytoskeletal proteisgynal
transduction molecules, and kinases. AF6 is a Raster
molecule associated with ZO-1 (Joh et al., 199H6 7
antigen is a phosphoprotein found at tight junction
impermeable to ions and macromolecules (Satoh .et al
1996). Junctional adhesion molecules (JA& localized

at the tight junction and are a member of the
immunoglobulin superfamily (IgSF). Additionally, gtit
junctions are shown to microdomains on the cell tame
rich in cholesterol, which contain caveolin-1 (Natset al.,
2000) [33].

The cytoplasm of the endothelial cell is of uniform
thickness, with very few pinocytotic vesicles (lowled out
portion of cell membrane filled with fluid, forming
vacuole which allows for nutrient transport), aratck
fenestrations (i.e. openings). Therefore, transibss the
BBB involves translocation through (i) the capijlar
endothelium, (ii) the internal cytoplasmic domd(iii) and
then through the ablumenal membrane and pericytd an
basal lamina. Three principle types of transendathe
transport have been postulated. These include wasic
channels (Simionescu et al., 1975), fusion-fisgiGlough
and Michel, 1981), and transcytosis (Palade, 1§8R])

There is a greater number and volume of mitochaniri
BBB endothelial cells compared to peripheral enelihn
rat (Oledndorf et al., 1977). This increase in wlitondria,
and increased energy potential, is thought to baired for
active transport of nutrients to the brain from thleod.
Oldendorf and Brown (1975) estimated that 5-6 timese
mitochondria per capillary cross-section exist iat r
cerebral capillaries than in rat skeletal musclpilzaies.
These finding suggest that the enhanced cerebpillacg
work capacity may be related to energy-dependent
transcapillary transport [33]. Figure 10 indicatB8B
asocated with astrocytes.

There is also an enzymatic barrier at the cerebral
endothelia, capable of metabolizing drug and notsie
(Minn et al., 1991; Brownlees et al., 1993; Browmsd al.,
1994). These enzymes are principally directed at
metabolizing neuroactive blood-borne solutes. Eresgm
such as glutamyl transpeptidase (GTP), alkaline
phosphatase, and aromatic acid decarboxylase are in
elevated concentration in cerebral microvessetspfgen in

low concentration or absent in non-neuronal cajéta
[33].
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Coomber and Stewart (1985) performed a comparative
morphometric analysis of cerebral vs. muscle capill
endothelial cells and found a decrease in the tiialkness
of brain capillaries of approximately 39%. Additaly, the
number of pinocytotic vesicles of the muscle capidls
was seven times greater than those associated théth
cerebral capillaries. They postulated that the el in
wall thickness of the cerebral capillaries could &e
modulation to the restrictive permeability of theBE
allowing nutrients a shortened transport time tossr
through the membrane and cytoplasm, and enterréia b
parenchyma [33].

A polarity exists between the lumenal and ablumenal
membrane surfaces of the endothelial cells. Theemnof
the functional polarity of the BBB emerged from
guantitative biochemical studies (Betz and Goldstei
1978). The enzymes GTP and alkaline phosphatase are
shown to be present at the lumenal endothelium reese
Na'-K*-ATPase and the sodium dependent (A-system)
neutral amino acid transporter are associated
ablumenal portion of the endothelium (Betz et 4880).
The glucose receptor GLUT-1 was shown, throughafse
immunogold labeling and electron microscopy, toeha@l
ratio of distribution, ablumenal to lumenal at tB&8B
(Farrell and Pardridge, 1991). N&*-ATPase is enriched
at the ablumenal surface (Betz et al., 1980). Aalokly,

the P-glycoprotein (P-gp) drug efflux transporter
ispresently thought to exist at the lumenal membran
surface, although arguments that P-gp is actualp@ated
with the astrocytes which enfold the endotheliallsce
(Pardridge, 1997) is presently being debated. ftral;
pharmacological and biochemical evidence for lurhand
ablumenal polarization of receptors, enzymes, dnahicels

at the cerebral endothelia (Vorbrodt, 1993) esthkl the
BBB to be a working non-stagnant membrane
unequivocally evolved to maintain brain homeost§z3j.

3. Functions of the BBB

BBB explains why certain substances circulatingthie
blood are able to get into the brain and othersiato The
BBB is the specialized system of capillary endathelells
that protects the brain from harmful substancebkémblood
stream, while supplying the brain with the required
nutrients for proper function. Unlike peripherabpitaries
that allow relatively free exchange of substanceoss /
between cells, the BBB strictly limits transportanthe
brain through both physical (tight junctions) andtatolic
(enzymes) barriers. Thus the BBB is often the liatding
factor in determining permeation of therapeuticgdrinto
the brain. Additionally, BBB breakdown is theorizexdbe

a key component in central nervous system (CNS)
associated pathologies [33].

Substances in the blood that gain rapid entry théobrain
include glucose, the important source of energytage
ions that maintain a proper medium for electricivaty,
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and oxygen for cellular respiration. Small fat-duéu
molecules, like ethanol, pass through the BBB. Hare
some water-soluble molecules pass into the braniedaby
special proteins in the plasma membrane of the tapedal
cells: Glucose, amino acids, L - dopa, cholinejmubases
and nucleosides. Excluded molecules include prstein
toxins, most antibiotics, and monoamines - suchthes
neurotransmitters -, which could cause havoc inbitzen.
Some of these unwanted molecules are activelypoates
out of the endothelial cells [33].

BBB investigation is an ever growing and dynamigldi
studied by pharmacologists, neuroscientists, pagfists,
physiologists, and clinical practitioners [33].

4. Transport at the BBB (Figures 11 and 12)

The BBB is actually composed of two membranes iiese
the lumenal and the ablumenal membranes of then brai
capillary endothelial cell, which are separated by
approximately 300 nm of endothelial cytoplasm. Efere,
transport systems must exist on both Ilumenal and
ablumenal membranes of the endothelial cell if ®olu
transcytosis from blood to brain is to occur. Thare a
number of specialized carrier transport systembimithe
BBB that mediate brain uptake of circulating nuitg
such as glucose, amino acids, choline, purine bases
nucleosides [33].

Nutrient carrier systems mediate BBB transport loé t
solute within milliseconds. In contrast, BBB reampt
mediated transport occurs within several minutes.
Receptor-mediated peptide transport through the BBB
occurs owing to the presence of a number of differe
peptide-receptor systems. Insulin for example gattess

to brain via the BBB insulin receptor [33].

There are four basic mechanisms by which solute
molecules move across membranes. First sigple
diffusion, which proceeds from low to high concentrations.
Second idacilitated diffusion, a form of carrier-mediated
endocytosis, in which solute molecules bind to Hjpec
membrane protein carriers, also from low to high
concentration. Third issimple diffusion through an
aqueous channelformed within the membrane. Fourth is
active transport through a protein carrier with pedfic
binding site that undergoes a change in affinitgtive
transport requires ATP hydrolysis and conducts meg
against the concentration gradient. Movement beaiwee
cells is referred to as paracellular diffusion (Kat999).
The BBB has a number of highly selective mechanitms
transport of nutrients into the brain as shownigure 10
[33].

Diffusion of substances into the brain can be digidnto
paracellula (i.e. between cells) and transcellulee. across
cells) diffusion, both of which are non-saturalhel aon-
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Figure 11. Transport mechanisms at the BBB. 1=
paracellular diffusion (sucrose), 2 = transcelludéfusion
(ethanol), 3 = ion channel (K+ gated), 4 = ion-spmp
channel (Na+/K+/Cl- cotransporter), 5 = ion-antipor
channel (Na+/H+ exchange), 6 = facilitated diffusio
(Glucose via GLUT-1), 7 = active efflux pump (P-
glycoprotein), 8 = active-antiport transport (Na+/K
ATPase), 9 = receptor mediated endocytosis (tramsfé&
insulin) [5].

competitive. Paracellular diffusion does not octmrany
great extent at the BBB, due to the "tight juncsibrin the
case of transcellular diffusion, the general rsl¢hie higher
the lipophilicity of a substance, the greater tligusion

into the brain (Pardridge, 1998).

Figure 12. Potential factors which alter drug uptake into
the brain. [5].

If two substances, identical on all other frontgry in
molecular weight, the smaller substance will peatetr
more rapidly; consequently small inorganic molesu(iee.
0,, CO, NO, and HO) are highly permeable.
Additionally, hydrogen bond reduction of a compoumitl
enhances its membrane permeability. Removal or imgisk
of hydrogen bonding donor group from a compound wil
effectively decrease the transfer energy from wiatier the
cell membrane (Burton et al., 1996) [33].

a. Simple diffusion is a spontaneous process depending on
random movement of solutes. The free-energy chahge
solute diffusing across a membrane is directly ddpat on

the magnitude of the concentration gradient. Ifgbkite is

a non-charged species (i.e. nonelectrolyte), theement
across the membrane is described by the following
equation:

G = (R) x (T) x (In x [Cil/[Co]) ni

Where: G is the Gibbs free-energy change (for exantipe

change during a process in the energy available&ao
work), R is the gas constant (1.987 cal/mol - K)isThe

absolute temperature (in degrees Kalvin), and [Cd is

the ratio of the concentration of solute on thadesand
outside of the membrane [33].

If the solute is a charged species (i.e electrplyte charge
difference between compartments must be considéies.
net movement of a solute with the same charge as th
membrane is thermodynamically unfavorable, due to
mutual repulsion of ions. The greater potentidiedénce or
voltage (i.e. charge) between compartments, thatgréhe
difference in free energy. Therefore, for an eldgte
todiffuse between compartments two gradients mest b
considered: a chemical gradient, determined byfices

in concentration, and an electric potential gratlien
determined by difference in charge. Free-energngbdor
diffusion of an electrolyte across a membrane is:

G = [(R) x (T) x (In x [Ci})/[Co])] + [(z) x (F) x
(Em) 12/

Where: z is the charge of the solute, F is Faradeghstant
(23.06 kcal/V-equivalent), and Em is potential eliéfnce
between compartments [Stein, 1967; Karp, 1999].[33]

The time required for a molecule to diffuse betwden
points is the square of the distance separatingtiie
points. Albert Einstein’s examination of theoretiaapects
of diffusion (Einstein, 1905) resulted in the demhent
known as the "Einstein relationship”, which relates time
of diffusion to the distance traveled (i.e. the rage
molecular displacement; X) [33]:

(X) 2 = 2 x Distance 13/
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b. Facilitated diffusion (a form of carrier-mediated
endocytosis) involves is a binding of a solute to a
transporter on one side of the membrane that trsgge
conformational change in the protein; this resiuitsa
carrying through of the substance to the other sidthe
membrane, from high to low concentration. Factitht
diffusion is passive (i.e. energy independent) and
contributes to transport at the BBB of substaneceh sas
monocarboxyates, hexoses amines, amino acids,
nucleoside, glutathione, small peptide, etc. (Tsanid
Tamai, 1999) [33].

Carrier-mediated transport can also be divided into a
number of different mechanisms dependent on erengy
or co-transport of another substance. Co-transpast be
in the same direction (symport) or in the oppoditection
(antiport). This process proceeds from a regionhigh
concentration to a region of low concentration [33]

Endocytosis can be segregated into bulk-phase kalsan

as fluid phase, endocytosis and mediated endosytosi
(receptor and absorptive mediateBylk-phase endocytosis
(pinocytosis) is the nonspecific uptake of extrhdat
fluids and occurs at a constitutive level withire tbell via
mechanisms, which are independent of ligand binding
(Simionescu et al.,, 1987). Bulk-phase endocytosis i
temperature and energy dependent, non-competiind,
non-saturable. Bulk-phase endocytosis occurs toery v
limited degree in the endothelial cells of the beat
microvasculature (Pardridge, 1995) [33].

Receptor-mediated endocytosis (RME) provides a mean
for selective uptake of macromolecules. Cells have
receptors for the uptake of many different type$igefnds,
including hormones, growth factors, enzymes, aradmh
proteins. RME occurs at the brain for substancesh &s
transferrin (Fishman et al., 1987), insulin (Duéfiyd

Figure 13.Four cells comprising the CNS microvacutature

[8].

July 10, 2004 Congress on Biofluid Dynamics ofitdun Body Systems at University of Puerto Rico, Mgz

Pardridge, 1987), leptin (Banks et al., 1996), HBH-1 &
IGF-II (Duffy et al., 1988), and is a highly spécitype of
energy dependent transport. Substances that ectdl lay
means of RME become bound to receptors that caltect
specialized areas of the plasma membrane knowoasd
pits. The coated pits contain the electron denathich
protein, and other proteins (Moore et al., 1987hew
bound to ligand these pits invaginate into the olgsm
and then pinch free of the plasma membrane to twated
vesicles. The clathrin vesicle coat is rapidly ree to
form smooth-coated endosomes that form a compattmen
of uncoupling receptor and ligand (CURL) (Stahl and
Schwartz, 1986). The endosomal membrane contains
proton ATPases that result in acidification of émelosome
interior, and dissociation of the ligand from theceptor
within the CURL [33].

Absorptive-mediated transport (AME) is triggered ay
electrostatic interaction between a positively gedr
substance, usually a charge moiety of a peptide, th
negatively charge plasma membrane surface (i.e.
glycocalyx) (Gonatas et al., 1984). AME has a lower
affinity and higher capacity than receptor-mediated
endocytosis. The development of many new drug esfiv
technologies focuses on AME (Pardridge, 1999) [33].

Another significant transport mechanism at the BBB
carrier-mediated efflux. This mechanism is involved in
extruding drugs from the brain and is a major atistéor
many pharmacological agents, with the ABC (ATP bigd
cassette) transporter P-glycoprotein being the cipie
efflux mechanism of these agents (Cordon-Cardol.et a
1989). There also exists efflux transporters fogaoic
anions, via multidrug resistance associated praféRP)
(Kusuhara et al., 1998), and anionic and cationyiclic
peptide (Tsuji, 2000). Additionally, the peptidarisport
system (PTS)-1 shows efflux transport of synthepid
peptide Tyr-MIF-1 (Banks et al., 1993) [33].

5. Transport of Substances into the Brain

The ability of a particular substance to crossBBB and
enter the brain is dependent upon several factbithea
BBB include concentration between compartment® eifz

molecule (i.e molecular weight), flexibility and
conformation of molecule, amino acid composition,
lipophilicity, cellular enzymatic stability, cellat

sequestration, affinity for efflux mechanisms (i.B-
glycoprotein), hydrogen bonding potential (i.e. rgje,
affinity for carrier mechanisms, and effects of stixig
pathological conditions. Peripheral factors inclsgistemic
enzymatic stability, the plasma protein bindingirafy,

cerebral blood flow, uptake into other tissuesardace
rate, and effects of existing pathological condisioFigures
11 and 12 show potential factors that alter druigke into
the brain [33].
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6. Pericyte, Astrocyte and Basal Lamina Association
with the BBB

The periendothelial accessory structures of the BBB
include pericytes astrocytes, and a basal membrane. The
endothelial cells of the BBB are distributed alotige
length of the vessel and completely encircle theen. A
thin basement membrane (i.e. basal lamina) supploets
ablumenal surface of the endothelium. The basainam
surrounds the endothelial cells and pericytes; rdéggon
between which is known as the Virchow-Robin space.
Astrocytes are adjacent to the endothelial cellthwi
astrocytic end feet sharing the basal lamina [33].

The association opericytes to blood vessels has been
suggested to regulate endothelial cell proliferatio
survival, migration, differentiation, and vasculaanching
(Hellstrom et al., 2001). Pericytes in the perighare flat,
undifferentiated, contractile connective tissudsgewhich
develop around capillary walls. Pericytes have asel
physical association with the endothelium. Gap fionc
communication between pericyte and endothelialscels
well as at endothelial-endothelial junctions, hasrbshown
in vitro (Larson et al., 1987). Pericytes send oefiular
projections, which penetrate the basal lamina ameerc
approximately 20-30% of the microvascular circurefare
(Frank et al., 1987). Pericytes are thought to rioutie to
endothelial cell proliferation, via selective inhibn of
endothelial cell growth (Antonelli-Orlidge et al1989)
[33].

Lack of pericytes has lead to endothelial hyperaland
abnormal vascular morphogenesis in the brain (Heils

et al., 2001). Research indicates that pericytehe®BBB
might be derived from microglia, since these pegsy
demonstrate the capacity to phagocytize exogenmisip
form the central nervous system (Coomber and Stewar
1985). Additionally, there is some evidence thatqytes
are able to mimic astrocyte ability to induct BBB
"tightness" (Minakawa et al., 1991). Astrocytes atel
cells which envelop > 99% of the BBB endothelium.
Intercellular adhesion betweesmstrocytes in the blood-
brain barrier has been observed in the form ofjgagtions
and adheren junctions (Brightman and Reese, 196@Ye

is significant body of evidence, in vitro and invej to
indicate that astrocyte interaction with the ceaébr
endothelium help determine BBB function, morphology
(i.e. tightness), and protein expression (Becklet1884;
Arthur et al., 1987; Cancilla et al., 1983). AsyteEs serve
as scaffolds, guiding neurons to their proper pldgeng
development and direct vessels of the BBB. The
association of neurons to astrocytes underlines the
association of astrocytes to the cerebral micravasere.

The ~20 nm gap between adjacent astrocytes, wisich i
readily diffusible by horseradish peroxidase (Btigan
and Reese, 1969), indicates that they most likelyndt
contribute to the physical barrier of the BBB [33].
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Between brain capillaries, astrocytes, and pericysethe
basal laming which consists of laminin, fibronectin,
tenascin, collagens, and proteoglycan (Heimark319Bhe
basal lamina provides mechanical support for cell
attachment, serves as a substratum for cell migrati
separates adjacent tissue, and can act as a barribe
passage of macromolecules. Cell adhesion to thal bas
lamina involves the integrins (Hynes, 1992) [33].

7. Cell Membranes(Figure13)

The function of the membranes is complex and
multifaceted, and can be divided into eight general
categoriesFirst, membranes compartmentalize, providing
continuous, relatively unbroken sheets. Second
membranes prevent unrestricted exchange of mokgcule
providing a selectively permeable barrierThird,
membranes contain the machinery for the physical
transport of substances from one side of the mamsbta
the otherFourth, the membrane is involved in response of
the cell to external stimuli, via signal transdaontiFifth,
membranes allow cells to recognize one anotheadlere,
and to exchange materials in an intracellular adgon.
Sixth, membranes provide a means to organize cellular
biochemical activities, through an extensive frarodwor
scaffolding within which components can be arranfmed
effective interaction.Seventh membranes maintain cell
polarity. Eighth, membranes are involved in the process of
energy transduction (i.e. conversion of one typerdrgy

to another ), such as the transfer of chemicalggn&om
carbohydrates and fats to ATP [33].

ACTIVITIES THAT MAY DAMAGE THE BRAIN
1. Drug Abuse

Here are summaries of the effect of select straggsdon
the brain. (On the article of Drug Abuse in the &b of
the Brain, Gabriel G. Nahas and T. F. Burks rejora
summary that most of the neurons in the brain amy v
sensitive to these types of substances) [34].

a. Heroin: Is a highly addictive opiate (like morphine).
Brain cells can become dependent (highly addictivebhis
drug to the extent that users need it in ordewutetion in
their daily routine. While heroin use starts outhna rush
of pleasure, it leaves the use in a fog for manuréo
afterwards. Users soon find that their sole purpodie is

the drug that their body has become dependart on@

b. Marijuana: The parts of the brain that control emotions,
memory, and judgment are affected by marijuana.
Smoking it cannot only weaken short-term memoryt bu
can block information from making it into long-term
memory. It has also been shown to weaken probléwimgo

ability > .@
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c. Cocaine: Both in powder form and as crack, is an
extremely addictive stimulant. An addict usuallysdés
interest in many areas of life, including schogbos,
family, and friends. Use of cocaine can lead tdirigs of
paranoia and anxiety. Although often used to enbaex
drive, the physical effects of cocaine on the rémepin the
brain reduce the ability to feel pleasure (whichtimn

causes the dependency on the drug). @

d. Inhalants: Such as glue, gasoline, hair spray, and paint
thinner, are sniffed. The effect on the brain isn@st
immediate. And while some vapors leave the bodgldyi
others will remain for a long time. The fatty tissu
protecting the nerve cells in the brain are desiopy
inhalant vapors. This slows down or even stops aleur
transmissions. Effects of inhalants include dintieid

ability to learn, remember, and solve problems. @

e. Ecstasy: Extended use of this amphetamine causes
difficulty differentiating reality and fantasy, andauses
problems concentrating. Studies have found thatasgs
destroys certain cells in the brain. While thdsceday re-
connect after discontinued use of the drug, thaytde-
connect normally. Like most drugs, this one impairs
memory and can cause paranoia, anxiety, and comfusi

> @

f. LSD: While some people use LSD for the sense of
enhanced and vivid sensory experience, it can cause
paranoia, confusion, anxiety, and panic attackse Li
Ecstasy, the user often blurs reality and fantasg, has a

distorted view of time and distance .@

g. Steroids: Anabolic steroids are used to improve athletic
performance and gain muscle bulk. Unfortunatelgrastls
cause moodiness and can permanently impair leaamdg

memory abilities> . @

h. Ritalin: This drug is often prescribed to treat attention
deficit disorder. It is becoming an illicit stregtug as well.
Drug users looking for a high will crush Ritalintana
powder and snort it like cocaine, or inject it likeroin. It

then has a much more powerful effect on the botly. |
causes severe headaches, anxiety, paranoia, and

delusions> .@

2. Alcohol Abuse

When a person drinks a product with alcohol, tleensich
absorbs about 20 percent of the alcohol. The rangis0
percent is absorbed in the small intestines. Onc¢hé
bloodstream, the alcohol is carried to all partgafr body,
including the brain [35].Alcohol causes a chemigakh on
the transmitters and receptors, altering the speethe
brain’s electrical activity. No part of the bramimmune to
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the affects of alcohol, but some parts of it areremo
sensitive to its affects [35].

In some people, alcohol speeds up the electricallises —
resulting in excitability, anger or violence. Mgstople say
a drink relaxes them and makes them happy. Intyedtie
alcohol has slowed down brain activity in the pafrtthe
brain responsible for sensing, inhibition and thaug
processing [35].

With just one or two drinks, you may have experashc
Increased self-confidence, loss of inhibitions, rdased
judgment, Lessened awareness. If the person keeps
drinking it could experience: Memory loss, Skinsthing,
sweating, Sexual arousal, but with decreased sexual
performance, increased urination. Beyond this tpdhe
person might experience passing out, (become
unconscious) or possible death [35].

Alcohol affects people differently. The recommenoiatis
that women drink no more than one beer (or equiple
daily, and that men limit themselves to one or tveers
daily. That may even be too much for you. Varicastdrs
cause alcohol to be absorbed and processed difigren
including age, body mass, general health and hgrg].

BRAIN INJURIES

Traumatic brain injury usually occurs when the hskuins
against a windshield, the ground, or some othdiostry
object. The compression, twisting, and distortidnttee
brain inside the skull associated with this impaatises
localized as well as widespread damage throughoeit t
brain. Usually a period of unconsciousness, or eaistl
altered consciousness, follows the trauma. In arsebrain
injury, unconsciousness may last from hours to days
even weeks [14].

In addition to altered consciousness, the individuaost
never remembers the injury, the time immediatelprpio

it, or the several hours, sometimes days or webks$ t
follow it. This occurs because of direct damagéh®brain
tissue that controls learning and the establishmémew
memory. Damage to the brain may continue after the
impact if bleeding occurs, breathing stops, or knain
tissue swells [14].

There are different types of brain injuries. Thémary
types of brain injuries are skull fractures, whéae bony
skull breaks and hits the brain directly, concussjahat
are bruises close to the point of impact and hemasothat
are blood clots in the brain [14].

1. Secondary internal insults

When a brain injury occurs there may be side effexthat
accident these side effects are called insaltshe brain.
They consist of traumas, swelling, intracranial sgtee
among others [14].
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2. Cerebrovascular accidents

Cerebrovascular accidents, also known as strokesthe
most common. When a stroke occurs, a specificqfatie
brain fails to receive sufficient blood flow--hence
insufficient oxygen and nutrients. There are twpety of
strokes:

a. The obstructive stroke blocks the arteries
causing the lack of blood flow that goes into the
brain [15].

b. Hemorrhagic stroke is when an arterial break
occurs causing uncontrolled bleeding into brain
tissue [15].

Either type of stroke can cause ischemia, stariesiid,
usually leading to infarction, an area of damagedut.
Strokes can be from minuscule to massive and canroc
anywhere in the brain. Both the size and locatibrihe
stroke determines the functional consequences [15].

Stroke is a serious condition, and can be lifeateeing.
Even small, barely noticed strokes, can signalossri
problems with blood pressure or other physical
abnormalities [15].

Characteristic symptoms of stroke are usually astet
with interruption of blood supply to specific braareas,
changes in speech, and weakness on one side bbtye
visual disturbances, and even vague
Subsequently, neuropsychological examination calp he
describe the functional consequences of strokeaghdn
identifying the location of the stroke within thean.
Sometimes, differential diagnosis between variaum$ of
dementia and stroke needs to be made [15].

3. Shaken baby syndrome (SBS)

Shaken Baby Syndrome is a violent criminal act taaises
traumatic brain injury. SBS occurs when the pegietr
aggressively shakes a baby or young child. Theefatc
whiplash-like motion causes the brain to be injuréde
blood vessels between the brain and skull rupturé a
bleed. The accumulation of blood causes the bissue to
compress while the injury causes the brain to svidiis
damages the brain cells. The SBS can also caurgresi
lifelong disability, coma, and death [16].

The signs of shaken baby syndrome are irritabiihganges

in eating patterns, tiredness, difficulty breathirdiated
pupils, seizures, and vomiting. A baby experienciugh
symptoms needs immediate emergency medical attentio
[16].

BRAIN DISEASES

1. Hydrocephalus

confusion.

It is a condition due to the excessive accumutatibfluid
in the brain. Hydrocephalus disease can be acqeitbdr
by birth or later as the person grows. Hydrocephdlas
two forms, communicating or non-communicating:

a. Communicating hydrocephalus occurs when
the flow of CSF is blocked after it exits from the
ventricles. This form is called communicating
because the CSF can still flow between the
ventricles, which remain open [17].

b. Non-communicating hydrocephalus (also
called "obstructive" hydrocephalus) occurs when
the flow of CSF is blocked along one or more of
the narrow pathways connecting the ventricles
[17].

Causes of the hydrocephalus are:

a. Hydrocephalus may result from genetic
inheritance (aqueductal stenosis) or
developmental disorders such as those associated
with neural tube defects including spina bifida
and encephalocele [17].

b. Other possible causes include complications of
premature birth such as intraventricular
hemorrhage, diseases such as meningitis, tumors,
traumatic head injury, or subarachnoid
hemorrhage blocking the exit from the ventricles
to the cisterns and eliminating the cisterns
themselves [17].

2. Amblyopia

A disorder of visual development that is causedaboy
optical, physical, or ocular alignment defect dgriearly
childhood [17].

3. Alzheimer's and other dementias

A progressive, degenerative disease characterigeldds

of function and death of nerve cells in severahsref the
brain leading to loss of cognitive functions sustmaemory

and language. Alzheimer's disease is the most cammo
cause of dementia. Other causes include multiplallsm
strokes (multi-infarct dementia), alchoholism, alebs
common degenerative conditions such as progressive
supranuclear palsy, Pick's disease, etc [17].

4. Blindness

Relative or complete loss of vision due to a varief
conditions, such as glaucoma, macular degeneragiod,
other illnesses (for example, diabetes) [17].

5. Depression

A mental state of depressed mood characterizeedinfs
of sadness, despair, and discouragement. Deprassigas
from normal feelings of "the blues" through dysthgno
major depression. It in many ways resembles gried a
mourning following bereavement; there are ofterlifigs
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of low self-esteem, guilt and self-reproach, withdal
from interpersonal contact and somatic symptom#$ sisc
eating and sleep disturbances [17].

6. Multiple Sclerosis

Neurodegenerative disease characterized by theugrad
accumulation of focal plagues of demyelization isatarly

in the brain and spinal cord, producing dispargtepgoms
(for example, visual disturbances, muscle weaknasd,
bladder problems). Onset usually in 3rd or 4th deoaith
intermittent progression over an extended peri@d. [1

7. Parkinson

A progressive, neurological disease first descriinetl817
by James Parkinson. Characteristic symptoms inclde
slow tremor of extremities and head, rigidity, agdit
disturbances [17].

8. Schizophrenia

A heterogeneous group of mental disorders comgyisin
most major psychotic disorders and characterized by
disturbances in thought (loosening of associations,
delusions, and hallucinations), mood (blunteddla¢d, or
inappropriate affect), sense of self and relationthe
external world (loss of ego boundaries, dereigtioking,

and autistic withdrawal), and behavior (bizarrepapntly
purposeless or stereotyped activity or inactivifyj].

9. Seizures (epilepsy)

A sudden attack or convulsion due to involuntascgical
activity in the brain. It can result in a wide \atyi of
symptoms, such as: muscle twitches, staring, toibiirey,
urination, loss of consciousness and total bodykiaga
Examples include: focal seizure, absence seizuagjap
seizure, psychomotor seizure, petit-mal seizure gradd-
mal seizure [17].

10. Stroke
A condition due to impaired blood flow causing lack
oxygen to part of the brain that may lead to retéssor
irreversible damage. Depending on the area of t@b
that is damaged, a stroke can cause coma, parapsisch
problems, and/or dementia [17].

SPECIFIC RESEARCH AND TECHNOLOGY
1. Computerized Tomography (CT)
Computerized Tomography or CT scan enables a phgsic
to visualize detailed and accurate cross-sectianatomy
of the brain. This method can be used to show aéver
abnormalities in the human brain [19].

2. Magnetic Resonance Imaging (MRI)

The Magnetic Resonance Imaging, or MRI, images
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demonstrate excellent contrast between various nerga
with high spatial resolution, thin slices and snpaMels. It
differs from the CT because the MR signal from easi
organs is characteristic not only of the physicahsity of
the organ, but also of its biochemical nature,graedure
may permit both identification and characterizatioh
diseases like the distinction between benign ankignent
tumors. This type of examination can be used tatifle
the following brain diseases:

a. Neurological disorders- stroke,
tumor, infection, multiple
demyelinating disease [19].

b. Spinal disorders: bulging or herniated disk, spinal
stenosis,Metastatic disease [19].

hemorrhage,
sclerosis,

Other developing strengths and recent clinical iappibns
include MRA (A-angiography), its ability to imagdobd
vessels and aid in determining blood flow directiamd
speed-without the need for contrast injection. MRA
visualization has a major role in assessment otulas
disease, particularly the major vessels of the headk,
heart, major organs and peripheral limb vasculdtLeg

3. Position Emission Tomography (PET)

Position Emission Tomography (PET) is a nuclear
medicine procedure that produces pictures of thdy'bo
biological functions. PET is capable of detectirgytain
diseases before other imaging modalities because iPE
able to capture chemical and physiological chamgksed

to metabolism, as opposed to gross anatomy andtustey
which is obtained by CT scan and MRI. PET imagey ma
therefore demonstrate pathological changes longréef
they would be evident in CT or MRI. The PET proagdu
can detect cancer, Parkinson’s disease, Epilepsy,
Huntington’s disease, Alzheimer's disease and ether
dementias that are known diseases associated hith t
brain [21].

4. Drug delivery across the BBB

The blood brain barrier (BBB) protects the bragaiast
toxic substances that circulate in the blood stre@file
this is a life supporting protection for the braithe
existence of the blood brain barrier is a sevenidition for
the delivery of most drugs to the brain becausg tieenot
cross in sufficient amounts. Therapeutic drugsetizdy for
the central nervous system must overcome the cluyalef
crossing the (BBB). The BBB typically allows onleny
small molecules or lipid soluble molecules to crivée the
brain. A large number of potentially useful drugach as
cytostatics and central nervous system (CNS) no wttive
agents, do not cross the blood brain barrier atoalin
insufficient quantities. A few common compounds are
currently known to readily cross the BBB, including
caffeine, alcohol, nicotine, and a few antidepressiaugs.
Unfortunately, the most effective drugs are neitherall
nor lipid soluble. However, because of therapeugasons
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it is essential to increase the bioavailabilitydofigs in the
brain. Therefore methods are needed to deliversdiughe
brain that are usually blocked from entering thairbrby
the blood brain barrier [22].

CONCLUSIONS

By means of electrochemical impulses the brainctlire
controls conscious or voluntary behavior, such akkiwg

and thinking. It also monitors, through feedbadicuiry,
most involuntary behavior—connections with  the
autonomic nervous system enable the brain to adjust
heartbeat, blood pressure, fluid balance, posand,other
functions—and influences automatic activities of the
internal organs. There are no pain receptors iim hissue.

Two main fluids that act trough the brain in corgtion but
with their own functions are the cerebrospinal vidfland
the CBF. These two have the function of transpgrtin
substances to our brain as well to protect it feotp harm.

The CSF is mostly water. It is made from the bl@od
special cells that make up the walls of some ctdias of
arteries in the brain called the choroid plexusefilthe
blood. Red, white, and platelet cells are too ligpass
through the filter. So are most of the proteins
(immunoglobulins, albumin) and most drugs that udate
through the blood. The filtered CSF has no cellgit@ it
color or to make it opaque so it is colorless aaddparent.
lons and glucose are small enough to pass thrdwefilter
that makes CSF but their concentrations in bloatl @BF
are not equal because of special regulatory charerad
transport mechanisms. This one has some seriogidas
such as physical support, excretory function, terabral
transport and control of the chemical environmehthe
central nervous system.

The blood-brain barrier (BBB) is the specializedteyn of
capillary endothelial cells that protects the brdiom
harmful substances in the blood stream, while siipgl
the brain with the required nutrients for propendtion.
Unlike peripheral capillaries that allow relativeliyee
exchange of substance across / between cells, B2 B
strictly limits transport into the brain throughtbghysical
(tight junctions) and metabolic (enzymes) barriers.
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GLOSSARY

Absces it is a bacterial infection that may be introddce
from the bloodstream in cases of generalized oraulis
infection or form contiguous infection following skull
fracture.

Aneurysm - bulge in the blood vessel; affect the large
arteries throughout the body.

Angiotensins- are a group of hormones that are powerful
vaconstrictors.

Artery - any of the tubular branching muscular- and
elastic-walled vessels that carry blood from thertre
through the body.

Artery, Anterior Cerebral - it passes anteromedially via
the horizontal plane to enter the interheimisphéssure,
anastomoses with the contralateral ACA via the raote
communicating artery forming the anterior portiohtloe
circle of Willis.

Artery, Anterior choroidal - it originates occasionally
from the PoCA or the middle cerebral artery (MCilg
anterior choroidal artery usually arises from tkEA ljust
beyond the origin of the PoCA.

Artery, External Carotid - is the artery that supplies
blood to the jaw, face, neck and meninges.

Artery, Internal Carotid - it starts at the carotid sinus at
bifurcation of CCA (Common Carotid Artery) at thevél

of the upper border of the thyroid cartilage al kxeel of
the fourth cervical vertebra.

Artery, Middle Cerebral - it is the largest branch of ICA
and appears almost as its direct continuation.

Artery, Ophthalmic - it passes through the optic canal to
supply the eye and other structures of the orbit.

Artery, Posterior Cerebral (PCA) -the basilar artery
ends by dividing into the two posterior cerebratgaes.

Artery, Posterior Communication -it arises just before
the termination of the ICA and passes backwardhégjain
the first part of the posterior cerebral artery PCA

Benign Tumors- abnormalities on the neuroglia cells.

Bioengineering - is the application of engineering
knowledge to the fields of medicine and biology.

Blood Brain Barrier - prevent materials from the blood
from entering the brain.

Cerebral Perfusion Pressure - is defined as the
difference between mean arterial and intracranmiadgure.

Cerebrospinal Fluid (CSF) - is the protective fluid,
mostly water made from blood that surrounds thénbaad
spinal cord.

Cerebrum - is the newest and most highly developed of
the brain.

Chiari Malformation - extra cerebellum crowdings the
outlet of the brainstem/spinal cord from the skuilits way
to the spinal canal.

Contusions- they occur under the location of a particular
impact.

Craniocerebral Trauma - can cause bleeding into the
brain.

Dendrites - a cell body with branching structures that
receive impulse from neurons and transmit thentéocell
body of the neuron in which these are embedded.

Diffuse Axonal Injury - after a closed brain injury, the
shifting and rotation of the brain inside the skuil result
in shearing injury to the brain’s long connectingrve
fibers or axons.

Glial Cells - surround the neurons and help regulate the
biochemical environment within the brain, provide
structural supports for neurons and repaired therale
nervous systems after injuries.

Hematomas- they results when small blood vessels are
broken by the injury.

Hemoglobin = brightens in color when satured with
oxygen (oxyhemoglobin) and darkens when oxygen is
removed (deoxyhemogloblin).

Hydrocephalus - abnormal accumulation of body fluids
within the skull.
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Hyperventilation - excessive rate and depth of respiration
leading to abnormal loss of carbon dioxide fromHhaod.

Intracranial Pressure - will cause internal or external
herniation.

Lacerations- it is the tearing of frontal and temporal lobes
or blood vessels caused by brain rotating acradgesi
inside skull.

Limbic system - is the region of the brain that wraps
around the brain stem and lies beneath the cerebrum

Malignant tumors - malignant tumors of the brain are
more common that benign ones; the most frequeall afe
the liomas, which arise form the neuroglial cells.

Meningitis - infection of the cerebrospinal fluid.
Neurons- are the information carrier of the brain.

Neurotransmission- transmission of information between
neutrons.

Parkinson’s Disease- degeneration of the cells of the
substantia nigra and locus ceruleus, and of their
connections with the basal ganglia; the basal dgarage
nuclear masses situated above the brain stem aerceed
with the initiation and patterning of voluntary neswents.

Skull Fracture - it is braking of the bony skull caused by
an accident.

Syringohydromyelia - also called syrinx that is a fluid
collection in the spinal cord.

Vascular Headaches it is an abnormal stretching of the
arterial walls in the cranium as a result of vesselall
disease.
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