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Abstract

Hydrocephalus is a common neurological condition charactenzed by an

imbalance between the production and drainage of cerebrospinal fluid (CSF)

within the brain. This results in enlargement of the ventricular system, leading to

compression, stretching and damage of axons and the surrounding brain tissue.

The current method of hydrocephalus induction in small laboratory animals is to

inject kaolin (aluminum silicate) into the cisterna magna. The goals of the

experiments described in this thesis are to evaluate and further investigate this

method.

Our first goal was to develop a non-inflammatory model of hydrocephalus

in rats, using alternative protein and synthetic biopolymers. We hypothesized that

at least one of the agents tested would be as effrcacious as kaolin for induction of

hydrocephalus in young rats, as there is evidence in the current literature that

these agents were non-inflammatory when used in surgical techniques or cell-

culture. Our second goal was to induce hydrocephalus in young and adult CDl

mice using the cisterna magna kaolin injection method. V/e hypothesized that we

would be able to successfully induce hydrocephalus in young and adult CDI mice

using kaolin, and that the results would be similar to those seen in the rat model.

Our final goal was to study blood-brain barrier (BBB) disruption in hydrocephalic

rats. Using the kaolin injection method, we hypothesized that there would be

some degree of either focal or diffuse BBB disruption in the hydrocephalic state.

We hypothesized that this disruption would be evident on Gadolinium-contrast
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enhanced T1 weighted MR imaging and that there would be corresponding

evidence of disruption upon histological analysis.

We found that none of the compounds tested were as effective as kaolin in

inducing hydrocephalus in rats, therefore kaolin should currently remain the gold

standard. We were successful in inducing hydrocephalus in adult and young CDl

mice with kaolin and have described effective induction parameters for this

method. Vascular tracer studies and magnetic resonance imaging were conducted

to test the hypothesis that hydrocephalus leads to disruption of the blood brain

barrier. Although we found foci of barrier breakdown after hydrocephalus

induction, the sites were found to be random and unpredictable in location.

We believe that these results provide answers to some of the questions

proposed in the literature regarding the effrcacy of the current kaolin model and

whether the blood brain banier becomes disrupted as a result.
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Chapter l: Introduction

1.1: Backqround

Hydrocephalus is a coÍrmon neurological condition characteúzed by an

imbalance between the drainage and production of cerebrospinal fluid (CSF) within the

brain. This imbalance results in enlargement of the ventricular system, leading to

compression, stretching and damage of axons and the surrounding brain tissue [1]. As the

fluid volume increases, pressure increases within the intracranial vault. The most

coÍtmon causes of this condition are an obstruction to the CSF flow somewhere within

the ventricular system, thus impeding drainage; or an imbalance between CSF production

and reabsorption.

1.2: Cerebrospinal Fluid

Cerebrospinal fluid is produced by the brain and acts as a buffer and a cushion. It

also acts as a reservoir for waste products such as amino acids and lactate which are

formed in the brain12-41. CSF is formed at the rate of l0-20m1-lhby two main sources,

the choroid plexus in the ventricles (-80%) and by the products of metabolism within the

brain itself [3, 5, 6]. The capacity of the lateral and third ventricles in a healthy adult

human is 20mL and the total volume of CSF including the cranial and spinal

subarachnoid compartments is roughly t20mL. The CSF flows through the ventricles into

the subarachnoid space and over the entire surface of the brain in a predictable pathway.



From the choroid plexus in the Iateral ventricles, CSF flows through the intraventricular

foramen of Monro and into the third ventricle, then via the cerebral aqueduct into the

fourth ventricle. From the fourth ventricle CSF flows through the two lateral foramina of

Luschka and then via the single midline foramen of Magendie, into the subarachnoid

space, the arachnoid granulations, the dural sinus, and finally into venous drainage [8].

The greatest volume of CSF is absorbed into the bloodstream by the arachnoid villi in the

superior sagittal sinus in the subarachnoid space [8].

There is also increasing literature documenting CSF absorption into the lymphatic

system adjacent to cranial and spinal nerves [9, 10]. Although the CNS parenchyma does

not contain lymphatic vessels, studies suggest that there is a physiological link between

cerebral interstitial fluid, CSF and extracranial lymph [10]. Studies using protein tracers

injected directly into brain interstitium or CSF, exit the cranium along prolongations of

the subarachnoid space associated with cranial nerves, and enter lymphatic vessels [10].

These tracer studies have shown that extracranial lymphatics play an important role in

CSF transport in both the fetal and adult brain. Volumetric quantitative studies suggest

that almost one-half of all CSF removed from the cranium is cleared by lymphatics [10,

11]. Elevations of intracranial pressure (ICP) also lead to increased CSF transport into

cervical lynphatics [10, 11]. Therefore it is logical to assume that an intemrption of CSF

lymph transport would lead to a change in cranial physiology, and relate to the

pathogenesis of hydrocephalus.



1.3: Itrydrocephalus

Hydrocephalus can develop from a variety of etiological factors including a

physical obstruction of the CSF circulating pathways, a reduction in the ability to absorb

CSF, or very rarely from over-production of CSF [8]. Mechanisms for these disruptions

of CSF flow include congenital malformations, tumors, viral infections, after premature

birth or birth trauma [8]. Cunent research finds hydrocephalus to be one of the most

frequent congenital malformation of the nervous system, second only to spina bifida,

occurring in an estimated 1/1500 live births [12]. Hydrocephalus also develops in 80% of

patients with spina bifrda [13], and inl5Yo of premature (<30 weeks) infants following

intraventricular hemorrh age ll 4].

For descriptive purposes, hydrocephalus has been classified as either intemal or

external, communicating or non-communicating, etc, depending on where the block to

the CSF flow is located [15]. Communicating hydrocephalus occurs when full

communication still exists between the ventricles and subarachnoid space [16]. It is most

often caused by defective absorption of CSF, due to functional impairment of the

arachnoid granulations, which reabsorb the CSF back into the venous system.

Communicating hydrocephalus can also stem from an insufficiency of venous drainage

[15]. On rare occasions it caused by an overproduction of CSF due to tumors of the

choroid plexus. Noncommunicating hydrocephalus occurs when CSF flow is obstructed

within the ventricular system or within its outlets to the arachnoid space, thus resulting in

ventricular/subarachnoid space non-communication [ 1 6]. This' obstructive'



hydrocephalus usually results from a physical obstruction of the flow of CSF, either

intraventricular or extraventricular. Most hydrocephalus is "obstructive", and this term is

used to contrast hydrocephalus caused by overproduction ofCSF [15].

Specific anatomical sites are susceptible to different types of obstructions. The

inter-ventricular foramen can develop tumors or cysts which can impede CSF outflow

from the lateral ventricles U,16l. Aqueductal stenosis may occur from a congenital

malformation or may be obstructed by a number of genetically or acquired lesions (e.g.,

atresia, ependymitis, hemorrhage, tumor, post-inflammatory scarring) [17]. The fourth

ventricle outlets are subject to malformations or obstructions such as congenital stenosis

or stenosis from tumors, as well as scar tissue impediment from hemorrhage or post-

infection [17]. The subarachnoid compartment can be affected by trauma, hemorrhage or

post-meningeal infection scarring, which all may cause damage or obstructions leading to

the development of hydrocephalus [18, 19]. Congenital vascular malformations or a

decrease in venous absorption can also result in raised venous pressure which can impede

CSF outflow and lead to the development of hydrocephalus [7,I7].In children,

meningitis and intrauterine infections affecting reabsorption are the second most common

causes of hydrocephalus, after congenital developmental disorders (aqueductal stenosis,

myelomeningiocele, Dandy-V/alker, encephalocoele) [ I 5- I 7].

Regardless of the specific cause of hydrocephalus, the effects remain consistent:

enlarged ventricles, followed by atrophy of the periventricular white matter and damage

to axons-



1.4: Clinical consequences

The clinically relevant signs and symptoms of hydrocephalus depend on the age

of the individual and the rate of ventricular enlargement. Initially there is an increase the

intracranial pressure (ICP) [7, 8]. The ICP rises if CSF is overproduced, its flow is

obstructed or the resorption is disrupted. A small amount of compensation for this

imbalance may occur through transventricular absorption of CSF and also by absorption

along nerve root sleeves. As the CSF volume continues to increase, the temporal and

frontal horns dilate first, which may result in elevation of the corpus callosum, leading to

stretching or perforation of the septum pellucidum, thinning of the cerebral cortex, and

enlargement of the third and fourth ventricles. In infancy, indications of raised ICP are

enlarging head circumference, since skull sutures will move and expand, compensating

for the increase in pressure. Although the infant may initially be asymptomatic, as the

ICP progressively rises the infant may become irritable, show failure to thrive, vomit, and

develop irregular respirations with apneic periods 17 ,8,201. These symptoms may

accompany a fulI and bulging fontanel in addition to other neurologic signs such as 6th

nerve palsy, ataxia, spasticity, tremor, chronic "fisting", "setting-sun" appearance of the

eyes, as well as increased or exaggerated deep tendon reflexes and muscle tone in the

lower extremities [8, 17, 20]. Children may also experience endocrine abnormalities such

as growth retardation, particularly of the head and trunk regions, and precocious puberty.

There are most likely secondary to hypothalamic dysfunction and chronic displacement

and stretching of the pituitary stalk [16, 17,20].
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In older children and adults, symptoms of hydrocephalus most often include

headaches, nausea and vomiting, lethargy and initability ï21-231. Older children often

experience decreased mental cognition which often presents as deteriorating performance

in school, mild memory deficits, a loss of complex cognitive functions, and on occasion,

mild dysmetria of the extremities [20]. Individuals with chronic hydrocephalus most

often experience mild weakness of the upper extremities and gait disturbances, possibly

related to stretching of the corticospinal fibers [20,21,23].

Treatment for hydrocephalus usually involves surgical interventions to either

place a shunt to drain the CSF into other body cavities (e.g. into the peritoneum), or to

perform a third ventriculostomy, which creates a hole in the floor of the third ventricle,

creating a detour arorurd the blockage to allow the CSF to circulate and be reabsorbed

1241.

1.5: Pathology and Pathosenesis

Brain injury from hydrocephalus is multifactorial and complex. The pathological changes

caused by hydrocephalus have been reviewed in detail 125-29l.ln summary, CSF flow is

impeded, the cerebral ventricles dilate, thus causing physical, biochemical and cellular

changes within brain parenchyma.



Ependyma and the subventricular zone

The ependyma is a simple epithelial cell layer that covers the surface of the

ventricles in the brain and the central canal of the spinal cord. The cells are

cuboidal/columnar in morphology and their apical surface contains a cluster of cilia,

which help circulate the CSF around the CNS [30]. Cells in the choroid plexus are

modified ependymal cells that lie over a capillary network; this organ secretes CSF.

Several animal models of hydrocephalus havebeen attributed to ependymal or ciliary

dysfunction [31-34]. Ciliary function in the ventricular system is also important in

humans, as evidencedby the increased incidence of hydrocephalus in human patients

with primary ciliarydyskinesia [34, 35].

Light and electron microscopy studies have shown a consistent array of

pathological changes associated with the development of hydrocephalus. These changes

have been found to correlate with the sequence, severity and extensiveness of the

ventricular dilation, rather than the mode of induction [30]. The initial stages of tissue

damage include flattening, stretching and disruption of the ependymal lining of the

ventricles[3 0,36-39]. These changes are most often noted along the dorsal and lateral

aspects of the lateral ventricles, which are the regions most affected by the increasing

surface area of the distending ventricles [30, 38, 40,4I1. This focal denudation of the

ependyma can lead to a progressive decrease in the number of cilia present and may lead

to widespread cell loss. The ependymal cells proliferate only minimally after induction of

hydrocephalus [30, 36, 42].



The subventricular zone is a cell layer beneath the ventricular zone, surrounding

the lateral ventricles. This region contains myelinated axons and adult neural stem cells

which have the potential to generate new neurons, astrocytes and glial cells. In

hydrocephalus, in addition to disrupting the ependyma, there is pronounced edema

evident in this white matter region, including within the corpus callosum. However the

edema does not normally extend into the regions of the caudate nucleus and thalamus.

The predominant cells within the edematous white matter are reactive astrocytes

containing myelin debris [26]. As the extracellular volume of the white matter increases,

it disrupts the normal architecture of the neuropil and possibly affects the metabolism of

the surrounding cells l2Tl.lnhydrocephalus, the subventricular zone becomes

disorganized and disrupted [43], and astroglial cells proliferate significantly resulting in a

periventricular layer of reactive astrogliosis [1].

Astrocytes and axons

The function of resting astrocytes and microglia are to aid cellular growth and

development. When activated by injury, these glial cells release cytokines and

chemokines which aid in the recruitment of additional astrocytes and microglia to the

injured site [44]. This recruitment leads to astrocytosis and the formation of a glial "scar".

Astrocytosis is an abnormal increase in the number and size of astrocytes due to the

destruction of nearby neurons. Research has shown that reactive astrocytosis increases in

parallel with onset and progression of hydrocephalus [44]. These cells multiply at sites of



CNS damage and lay down a dense network of fibrous scar tissue. This scar has the

potential to block the growth of new neuronal processes and may also impede neo-

vasculafization, therefore inhibiting recovery after injury [44]. This impairment in

recovery, partnered with the cell death originally caused by hydrocephalus, may

contribute to the neurological deficits experienced by patients [44]. Recent research has

shown that through appropriately timed surgical shunting, this gliosis can be controlled or

reduced in order to minimize its detrimental effects [a5]. The reductions in the number of

astrocytes are most likely due to the effective diversion of excess CSF to other sites of

absorption, which keeps the ICP levels under control and thus reduces the amount of

stretch and compression of the cortex [44].

The effects of this gliosis is not only restricted to the periventricular white matter.

It also extends throughout the entire cerebral cortex and the peri-aqueductal arcal46f.

The corpus callosum becomes thin and atrophic due to the stretching of the lateral

ventricles, which can result in perforation of the septum pellucidum, hemispheric

disconnection and further axonal injury U,27l.In severe cases of hydrocephalus the

cortex becomes thin and the basal ganglia become atrophic. Chronic damage to the

cerebral cortex results in a reduction of the number of large pyramidal neurons. It has

been well documented that the functionality of these neurons is greatly altered in a

hydrocephalic state [I, 25, 47].

l0



Most researchers agree that hydrocephalus primarily affects axons and their

myelinationll,25,2Tl.Withthe progression of the disease, axons are stretched and their

continuity is disrupted. This eventually results in the death of the axon and breakdown of

its myelin sheath, which invokes the astrocytic and microglial reactions. In regions of

severe edema, axons may be completely absent and these regions filled with myelin

debris [27]. This debris is a granular disintegration of neurofilaments, microtubules and

vesicular elements [27].The ability of axons to regenerate is limited and remyelination

does not occur in the absence of functional axons. It is for all of these reasons that

hydrocephalus is primarily considered to be a white matter disease.

Cerebral blood flow

There are numerous studies documenting alterations in cerebral blood flow (CBF)

in hydrocephalus. Studies using MR imagingl49,49l, positron emission tomography

(PET), quantitative autoradiography [50], CT and Doppler ultrasonography methods [51,

52f have all reported changes in cerebral blood flow in hydrocephalus. Multiple animal

studies report that hydrocephalus causes reductions in cerebral blood flow due to

compression and/or alteration of vessels, which leads to white matter damage, injury to

oligodendrocytes and alterations in oxidative metabolism [1, 50, 53-56]. The reduction of

cerebral blood flow is often considered to be primarily due to changes in ICP and

compression and stretch of the vessels 153,571. Reduced CBF can also occur due to a

reduction of the number of capillaries [58-60] or narrowing of the vasculature secondary

to the meningeal inflammatory response ¿rs seen in kaolin-induced hydrocephalus [61].
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These changes in blood flow have been noted globally, however it is most often

investigated in the inferior and dorsolateral prefrontal cortex, superior temporal lobe,

anterior and posterior cingulate gyrus, caudate nucleus, occipital cortex and cerebellum,

with the greatest reductions in the frontal cortical areas, caudate nucleus and

periventricular white matter 150,621. These changes are more prominent in the early

stages of hydrocephalus progression while the ventricles are actively expanding [15, 53].

Introduction of a CSF shunt in the early stages of onset has been noted to restore

blood flow to affected regions 150,63-671. After shunting, the ventricles decrease in size,

there is resolution of the periventricular edem4 there is a reduced number of astrocytes

present and glucose metabolism is corrected [, 44,50,68]. The alterations in cerebral

blood flow have been noted to return to normal state spontaneously after 3 weeks (feline

model), quite possibly due to the slow rate of ventricular enlargement and the lower ICP

at 3 weeks [50]. Despite the normalizafion of CBF and other physiological parameters,

permanent injury even following shunting has been reported U , 47 , 69 , 7 01. Ineversible

changes include only partial restoration of synapses and neuron size [71]. The continuity

of the ependymal lining is re-established, however altered f25 , 72, 73f , and the results of

reactive astrogliosis remain, causing vascular constriction and periventricular o'stiffness"

due to the formation of the glial 'scar' [74,751. The larger blood vessels can regain their

normal configuration, however this recovery is much slower in affected capillaries [76,

77]. Axons may be restored if the damage is mild and neurons can be restored to their

normal appearance [71], however if the axons are severed it is unlikely that they can be
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restored [26,78]. These irreversible and permanent alterations of the neurovasculature

may also have consequences on the effrciency of the blood-brain barrier (BBB).

1.6: The Blood-Brain Barrier (BBB)

The blood-brain barrier (BBB) is formed by capillary endothelial cells surrounded

by basal lamina and astrocytic perivascular endfeetï791. Astrocytes provide the cellular

link to the neurons, contribute to long-term barrier induction, as well as release of

chemical factors that modulate endothelial permeability. The blood-brain barrier is

located on the endothelial cells of arterioles, capillaries and veins. The BBB phenotype

develops under the influence of associated brain cells, specifically astrocytic gli4 and

contains more complex tight junctions than other capillary endothelia [3]. The BBB is

critical for homeostatic regulation of the brain microenvironment, protecting the brain

from fluctuations in plasma composition and from circulating agents such as

neurotransmitters and xenobiotics, which are capable of disturbing neural function [3,

79l.lt maintains homeostasis within the brain environment through strict transport,

metabolic and transport-mediated functions. Minor disruptions of barrier function are

probably without clinical consequences, while major disruptions accompany most

significant acute brain injuries [3].

The properties that determine the passage of substances across the BBB are the

size, lipid solubility, the charge of the substance and whether or not there are specific

transporters available [3, 80]. Very small molecules, such as water, are able to cross the
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BBB without limitation. Molecules such as nicotine, ethanol and heroin are lipid soluble

and thus are able to readily pass though the BBB. Other substances such as glucose and

amino acids make use of specific transporters in order to cross the BBB. This pathway is

either through facilitated transport or through active transport if energy is required.

There are a few regions where it is advantageous for brain cells to be in direct

contact with the body's blood plasma constituents. These regions are termed

circumventricular organs (CVOs) and they include the choroid plexus, the area postrema,

median eminence, pineal gland, neurohypophysis, supraoptic and paraventricular nuclei

[3]. These CVOs are specialized structures of the CNS that lack a BBB, and represent a

window through which the autonomic nervous system gains direct information about the

status of variables in the systemic circulation. They are unique structures, in that they are

extensively vascularized and they possess highly fenestrated capillaries [81]. The

fimctional significance of these regions is to allow free exchange of molecules between

the blood and adjacent neurons. The lack of BBB allows direct contact and detection of

humoral and neural signals that regulate energy homeostasis [81]. This is an important

mechanism for substances such as neuroendocrine hormones that are released from nerve

terminals in order to allow entry into the circulation and influence the activity of its target

[82].

Pathologies such as stroke, trauma, infectious or inflammatory processes, and

brain tumors that result in neuronal damage and degeneration, also involve BBB

disruption [83, 84]. Breakdown of the BBB is associated with edema, which is the
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abnormal accumulation of fluid in tissues and around cells of the body. It is reasonable to

hypothesize that the BBB may be disrupted in hydrocephalus and in turn, be an important

event in its pathophysiology.

1.7: BBB and the Use of Tracers to Assess Permeabilifv

It was suggested by Hakim in 1976 that hydrocephalic compression of the brain

would result in leakage of intravascular blood out of vessels and into the brain. To date,

this hypothesis of impairment of BBB efficacy as a consequence of hydrocephalus, has

been investigated by a variety oftracer studies [85-89]- These studies have provided

evidence of this phenomenon and have demonstrated diffi.lsional movement of water,

tracers and neurotransmitters through the compressed extracellular spaces [90]. V/eller

and Mitchell (1980) and Ogata et al (1972) used horseradish peroxidase (HRP) (a0kDa)

as a tracer for electron microscopy and reported no detectable disturbances of the BBB in

acute kaolin-induced hydrocephalus [38, 86, 91]. However, Nakagawa (1984) reported

widening of interendothelial clefts between the tight junctions of capillaries in kaolin

induced hydrocephalic rats in their electron microscopy tracer study using HRP, and also

reported the presence of interendothelial vacuoles of more than 200nm in diameter [92].

Follow-up studies showed that small tracers such as microperoxidase (1900Da) and

lanthanum (LaCþ,139 Da) crossed the BBB in hydrocephalic rats [93] although tracers

as large as HRP did not [94].
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Many studies of blood brain barrier permeability in animal models of disorders

other than hydrocephalus have utilized radiological and fluorescent tracer molecules [95].

The introduction of FlTC-dextrans by Belder and Granath (1973) enables the

identification of permeability changes in microcirculation in normal and diseased states,

as has been shown in numerous studies 196-991. FITC-Ds remain free and solubilized in

plasma, since they do not bind to proteins or enter blood cells, and do not move across

the normal blood-brain barrier [98-100]. Fluorescein-isothiocyanate (FlTC)-dextrans are

very useful tracers for studying vascular permeability in nervous tissue, as they are

available in a wide range of molecular weights and can be subjected to microscopic and

quantitative analysis. Coupling fluorescein-isothiocyanate to dextrans (FITC-D) creates a

tracer particle that can be utilized with electron microscopy, fluorescence stereo

microscopy and high-powered light microscopy [97]. Therefore, the tracer can be studied

in vivo during the experiment, as well as during fixation and tissue processing. The

permeability of the normal intact blood brain barrier in rats has been previously studied

and noted that the capillaries of the cerebral cortex are impermeable to FITC-D tracers as

small as 3kDa (2.4nnr), Horseradish peroxidase (40kDa, 5nm), Evan's blue (69kDa), and

sodium fluorescein (0.4kDa, 0.5nm) [98, 101, 102].
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1.8: Animal Models of Ilvdroceohalus

Animal models of hydrocephalus have many histopathological similarities to

humans and they can be used to fuither understand the genetics and pathogenesis of brain

damage [12]. To study the pathogenesis of brain damage, hydrocephalus can be

experimentally induced through a variety of techniques. The most commonly used

methods involve the placement or injection of a foreign material that occludes CSF

outflow and may have a component of inflammation. Materials used include bacteria,

blood, cotton, lampblack, kaolin (aluminum silicate), and silicone oil. In order to

accurately study the pathophysiology of obstructive hydrocephalic brain damage, the

method of induction should cause the ventricles to dilate but should not directly affect the

brain, which can be seen in chemical, radiation and viral induction methods [103].

Hydrocephalus can be induced in a wide variety of species including mouse, rat, guinea

pig, rabbit, cat, dog, pig, fetal lamb, and primates such as Macaca mulatta and Rhesus

monkey 137, 38, I 04- 1 071.

1.9: Hereditarv Models of Hvdrocephalus

Genetic studies in animal models have opened the door to understanding the underlying

pathology of hydrocephalus. To date at least 43 gene mutations leading to hydrocephalus

have been described in animal models. Ten congenital hydrocephalus genes have been

identif,red, most of which code for important cytokines, growth factors or cell signaling

related molecules [12]. However, to date only one human hydrocephalus gene has been
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identified. Molecular genetics studies have revealed that the gene responsible for X-

linked human congenital hydrocephalus (CRASH) is on the Xq28 chromosome, encoding

for the LlCAM protein, a member of the immunoglobulin gene superfamily of neural-

cell adhesion molecules [108, 109]. LlCAM plays an important role in neuronal

migration, adhesion, neurite outgrowth, fasciculation, and myelination. To date, over 150

mutations in the LICAM gene have been reported.

1.10: Hereditary Models of Hydrocephalus in Mice

A variety of transgenic mouse models have been shown to spontaneously develop

hydrocephalus. The autosomal recessive hydrocephalus-1 (hyl) mouse is characterized

by its dome-shaped head and dilatation of the entire ventricular system, which is evident

within the first 2 weeks of birth [12]. The hy2 mouse exhibits a more severe phenotypic

form of hydrocephalus and is associated with inhibition of growth and sterility [110]. The

hy3 mutant, identified in 1943, displays a spontaneous transgenic insertional mutation

that results in a lethal communicating hydrocephalic mouse with perinatal onset. Studies

of this model suggest that this mutation causes defective CSF reabsorption UIl,Il2l.

Another model is the hyh mouse, which is a lethal recessive mutation in the

C57Bli 10J mouse strain. It is referred to as the hydrocephalic with hop gait model. These

mice display dramatic morphological changes evident at birth and die postnatally from

the progressive enlargement of the ventricular system, attributed to narrowing of the

cerebral aqueduct with enlargement of the lateral and third ventricles, encompassed with
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a smaller cerebral cortex [113, 114]. The mutated protein in this model is referred to as

alpha-SNAP, which is a soluble N-ethylmalemide-sensitive factor (NSF) attachment

protein U 151.

The neural adhesion molecule Ll is a member of the immunoglobulin

superfamily of cell recognition molecules, which plays a pivotal role in nervous system

development [116]. Humans with Ll mutations develop a severe neurological disease

called CRASH, which leads to X-linked hydrocephalus development. Mice with this

same deficiency in Ll display severe hydrocephalus characterized by significant

enlargements of the skull and severe atrophy of the cerebral cortex, however without

displaying stenosis of the cerebral aqueduct. Both the human and the mouse with this

mutation have primary brain malformations in addition to hydrocephalus.

Mice which over-express transforming growth factor-l (TGF-l) have been found

to develop hydrocephalus and the injection of human TGF1 into the subarachnoid space

of 1O-day old mice also results in hydrocephalus induction. The mechanism of this

development seems to be obliteration of the CSF pathways within the subarachnoid space

[1 17-1 19].

Several mouse models of hydrocephalus havebeen attributed to ependymal or

ciliary dysfunction [31-34]. Disruption of the outerdynein arm protein Mdnahs in mice,

results in impaired cilia motility on ependymal cells. The subsequent reduction of CSF

flow is suggested to contribute to aqueduct closure during early postnatal development,
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thus leading to development of hydrocephalus [34, 120]. An analogous mechanism may

be involved in the WIC-Hyd rats which also have impaired cilia motility 132,1211. Mice

with mutations in the ciliaproteins Spag6, polaris, hydin, or in the transcription factor

Hfh4, which lack ependymal cell cilia, all develop hydrocephalus as well [34, IIl,I22].

Additionally, ciliary dyskinesia is associated with hydrocephalus in rats [121], dogs [123]

and humans 1124-1261.

1.11: Hereditarv Models of Hvdrocephalus in Rats

The morphological and developmental changes in the ventricular system have

been well studied in 2 hydrocephalic rat models; the Hydrocephalus Texas (H-Tx) rat,

and the LEV//Jms rat. The H-Tx rat is a homozygous carrier of an autosomal recessive

gene with incomplete penetrance U27J. These rats have fetal-onset hydrocephalus

associated with narrowing of the cerebral aqueduct, although the precise mechanism that

leads to this narrowing is still undefined. The LEV//Jms rat display a similar onset and

phenotype to the H-Tx ratsll2,I28l.

1.12: Mechanical Models of Hvdrocephalus

Mechanical models involve the placement or injection of a foreign material that

occludes CSF outflow. Dandy and Blackfan first described the induction of

hydrocephalus through the injection of lampblack (charcoal soot) into the cisterna magna

of adult dogs in 1913 U291. Other materials that have been successfully utilized for
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hydrocephalus induction include bacten4 blood, cotton, lampblack, and silicone oil.

Viscous silicone oil causes mild hydrocephalus associated with negligible inflammation,

however it is not a reliable method for small animal induction because it is diffrcult to

force through a small-gauge needle [15, 103]. Blood injection directly into the ventricles

of young rats can cause hydrocephalus [130]. Unfortunately this directly disrupts brain

tissue at the site of injection. We have attempted to induce hydrocephalus by injection of

blood into the cistema magna without success (Del Bigio; unpublished observations).

Intracranial injection of growth factors such as fibroblast growth factor !vy,e2 (FGF2)

[13]-133] and transforming growth factor beta (TGFbeta) [119] cause meningeal fibrosis

and hydrocephalus in rodents, but both substances are extremely expensive and each can

have direct effects on brain.

1.13: Use of Kaolin

The most widely used method of inducing hydrocephalus is by the injection of

kaolin clay particles (aluminum silicate) into the cisterna magna, first described by Dixon

and Heller in 1932 [134]. This method is inexpensive, simple, reliable, minimally

invasive leaving no visible wound, and to some extent titratable.

Kaolin injected into the cistema magna, causes an inflammatory response of the

leptomeninges and the subarachnoid space around the brainstem and cerebellum,

resulting in obstruction at the fourth ventricle outlets [15, 104]. In some respects the
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kaolin-induction method mimics hydrocephalus caused by meningitis. However, this

model has been criticized for its inflammatory effects.

Macrophages, CD4- and CD8- lymphocytes are evident in the subarachnoid space

and, according to one report, in surrounding brain parenchyma [135] although this latter

aspect has not been replicated in published literature or in our laboratory. Reactive

microglia appear in the white matter surrounding the ventricles [136, I37l,but this is

independent of the mode of induction. It is conceivable that the kaolin-induced

inflammation modifies the brain damage, for example through release of cytokines, and

for this reason additional options are desired.

Despite the ease and availability of the kaolin injection model in animals from

rodents to primates, the use of mice in the study of experimental hydrocephalus has

mainly accomplished by the through use of transgenic/knockout animals. Very recently

there have been two studies published describing the use of kaolin with mice to induce

hydrocephalus [138, 139], however both of these models used the open incision method

which we have found technically difficult. More problematic, the lifespan of these

animals has not exceeded five days. An injectable and chronic model would be useful

because mice with genetic mutations could then be used to test the role of various

proteins in the pathogenesis of hydrocephalic brain damage.
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Ata2005 National lnstitute of Health sponsored workshop titled "Hydrocephalus:

Myths, New Facts, and Clear Directions", it was determined that research conducted

using animal models should be expanded, and that there is a need for new, refined and

more physiologically appropriate animals models [140]. The consensus was that there is

the nçed to develop a non-inflammatory obstructive model of hydrocephalus for research

purposes, so that it more adequately describes the effects on the brain. It would also be

advantageous to establish this model in mice, so as to make use of the wide variety of

transgenics available. These issues will be addressed in the following chapters, as we

have attempted to establish new and more appropriate hydrocephalus models in both rats

and mice.
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1.1.4: Specific eoals and hvpotheses:

1. Goal: To establish a non-inflammatory model of hydrocephalus in rats, using

alternative protein and synthetic biopolymers.

a. We hypothesized that at least one of the agents tested would be as

efficacious as kaolin for induction of hydrocephalus in young rats, but

would not be associated with inflammation.

2. Goal: To induce hydrocephalus in young and adult CDI mice using the

percutaneous cisterna magna kaolin injection method.

a. We hypothesized that we would be able to successfully induce

hydrocephalus in young and adult CDl mice using kaolin.

3. Goal: To study blood-brain barier (BBB) disruption in hydrocephalic rats.

a. We hypothesized that there would be some degree of BBB disruptions

a consequence of hydrocephalus.

b. We hypothesized that this disruption would be evident on Gadolinium-

contrast enhanced T1 weighted MR imaging.

c. We hypothesized that the regions of enhancement seen on MR

imaging would correlate with areas of regions of BBB disruption as

seen on histological samples.
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Chøpter 2: Protein ønd synthetic polymer íniectionfor induction of

obstructive hydrocephølus in røts

A version of this has been pubtished in The Journal of Cerebrospinal Fluid

Research

Cerebrospinøl Fluid Res. 2007; 4: 9.
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Abst{act

Introduction: The objective of this study was to develop a simple and inexpensive

animal model of induced obstructive hydrocephalus with minimal tissue inflammation, as

an alternative to kaolin injection. Materials: Two-hundred and two male Sprague-Dawley

rats aged 3 weeks received intracisternal injections of kaolin (25% suspension in sterile

saline), Matrigel@, type 1 collagen from rat tail, fibrin glue (Tisseel@), n-butyl-

cyanoacrylate (NBCA), or etþlene vinyl alcohol copolymer (Onyx-l8@ and Onyx-

34@). Magnetic resonance imaging was used to assess ventricle size. Animals were

euthanized at2,5,10 and 14 days post-injection for histological analysis. Results: Kaolin

was associated with 10% mortality and successful induction of hydrocephalus in97%o of

survivors (ventricle area proportion of total brain a¡ea 0.168 + 0.018). Rapidly hardening

agents (fibrin glue, NBCA, vinyl polymer) had high mortality rates and low success rates

in survivors. Only Matrigel@ had relatively low mortality (17%) and moderate success

rate (20%). An inflammatory response with macrophages and some lymphocytes was

associated with kaolin. There was negligible inflammation associated with Matrigel. A

severe inflammatory response with giant cell formation was associated with ethylene

vinyl alcohol copolymer. Conclusions: Kaolin predictably produces moderate to severe

hydrocephalus with a mild chronic inflammatory reaction and fibrosis of the

leptomeninges. Other synthetic polymers and biopolymers tested are unreliable and cause

different types of inflammation.
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Introduction

Hydrocephalus is a coÍrmon neurological condition charactenzed by enlargement

of the cerebrospinal fluid (CSF)-filled ventricles, which leads to damage of surrounding

brain tissue 125,1411. To study the pathogenesis of brain damage, hydrocephalus can be

experimentally induced through a variety of techniques [103]. The most widely used

method is through the injection of kaolin (aluminum silicate) into the cisterna magna

U341. This method is inexpensive, simple, reliable, minimally invasive leaving no visible

wound, and to some extent titratable. Kaolin causes an inflammatory response of the

leptomeninges and the subarachnoid space around the brainstem and cerebellum, thus

causing obstruction at the fourth ventricle outlets [15, 104]. In some respects the kaolin-

induction method mimics hydrocephalus caused by meningitis. This model has been

criticized for its inflammatory effects. Macrophages, CD4- and CD8- lymphocytes are

evident in the subarachnoid space and, according to one report, in surrounding brain

parenchyma [35], although this latter aspect has not been replicated in published

literature or in our laboratory. Reactive microglia appear in the white matter surrounding

the ventricles [136, 137], but this is independent of the mode of induction. It is

conceivable that the kaolin-induced inflammation modifies the brain damage, for

example through release of cytokines, and for this reason additional options are desired.

Other materials that have been successfully utilized for hydrocephalus induction

include bacteria, blood, cotton, lampblack, and silicone oil. Viscous silicone oil causes

mild hydrocephalus associated with negligible inflammation, however it is not a reliable

method for small animal induction because it is difficult to force through a small-gauge
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needle [15, 103]. Blood injection directly into the ventricles of young rats can cause

hydrocephalus [142]. Unforfunately this directly disrupts brain tissue at the site of

injection. We have attempted to induce hydrocephalus by injection of blood into the

cisterna magna without success (Del Bigio; unpublished observations). Intracranial

injection of growth factors such as fibroblast growth factor type2 (FGF2) [131-133] and

transforming growth factor beta (TGFbeta) [119] cause meningeal fibrosis and

hydrocephalus in rodents, but both are extremely expensive and themselves can have

direct effects on brain.

Our goal was to develop an inexpensive injection model of hydrocephalus in rats

with minimal tissue inflammation. We evaluated a variety of protein and synthetic

polymers 2-I4d after injection. Among them were Matrigel@, collagen I from rat tail,

fibrin glue (Tisseel@), n-butyl-cyanoacrylate QTIBCA), and ethylene vinyl polymer

(Onyx-l8 and Onyx-34@). Kaolin was used as the control. Matrigel is a solubilized

basement membrane preparation extracted from Engelbreth-Holm-Swarm (EHS) sarcoma

cells [143], which at37"C self-assembles into agelll44l. W'e used the growth factor-

reduced product, which is composed of laminin(610/o), collagen IV (30%), and entactin

(7%), with residual TGFbeta, FGF, and tissue plasminogen activator, as well as other

growth factors. Collagen 1 is a major extracellular structural protein. As a gel, it can

facilitate cell growth in the central nervous system [145]. Fibrin glue is a two-component

surgical tissue adhesive used to control bleeding and block CSF leaks [146]. It is

composed of fibrinogen and thrombin U47,1481. NBCA glue is a rapidly polymerizing

agent that adheres to vessel walls and surrounding tissue; it is commonly used in

endovascular surgical techniques U49l.It has been used to induce hydrocephalus in adult
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dogs [150]. Otty"t is an ethylene vinyl alcohol copolymer dissolved in dimethyl

sulfoxide (DMSO) and is combined with tantalum granules as a contrast agent. It is a

non-adhesive embolic agent that develops into a non-permeable, flexible coagulate in the

presence of an ionic environment, such as blood or CSF [151]. We hypothesizedthat at

least one of these agents would be as efflrcacious as kaolin for induction of hydrocephalus

in young rats.

Materials and Methods

Animal preparation

All animals were treated in accordance within the guidelines set by the Canadian

Council on Animal Care. The local animal use committee approved the experimental

procedures and all efforts were made to minimize the suffering and the number of

animals used. Humane endpoints for euthanasia such as reduced mobility, respiratory

distress and severe neurological impairment, were established prior to experimentation to

avoid unnecessary suffering. Agents or doses with obviously adverse effects were tested

only once and then abandoned. Two hundred and two locally bred male Sprague-Dawley

rats weighing 45-559 at 3 weeks of age were used. Rats were anesthetized with isoflurane

gas (I.5o/o in oxygen). The head and neck were shaved and the neck was flexed to

maximize exposure to the foramen magnum. Under aseptic conditions, a 0.30 ml syringe

with 30-gauge needle was used to inject each polymer into the cisterna magna

percutaneously; 35¡rl was the starting volume based on our previous experience with
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kaolin. Animals were monitored during recovery from anesthetic, weighed regularly, and

observed for signs of neurological impairment. Rats were housed 4-5 to a cage and

allowed food and water freely. An overdose of carbon dioxide gas was used to euthanize

the animals.

Polymer Preparation

Each polymer was tested in the same manner and all were sterile at the time of

administration. The procedures were conducted in 4 batches of -50 animals per batch.

For the control group (10 in each batch), rats received injections of 30-35prl sterile kaolin

suspension (250 mg/n,I- in0.9o/o saline; Sigma, St. Louis MO, USA). Fibrin glue was

prepared according to the supplier (Tisseel@) (Baxter, Mississauga, Ontario, Canada) by

mixing individual freeze-dried components in two separate syringes. The first component

consisted of concentrated fibrinogen and aprotinin, and the second component consisted

of thrombin and CaClz. Using the Duplojet applicator supplied, 35-55pI of mixed fibrin

glue was injected into the cisterna magna. This procedure was abandoned after 2 batches.

Liquid high concentration rattail collagen I (BD Biosciences, Bedford, MA, USA) with a

concentration range of 8-1 lmg/ml was stored at 5"C until needed. Rats received 30-40p1

injections of undiluted collagen at room temperature. This procedure was abandoned after

2 batches. Undiluted NBCA (Vetbond, Sigma; St. Louis MO, USA) was injected at room

temperature at volumes of 25-35¡rl per animal. This procedure was also abandoned after

2 batches. Growth factor reduced Matrigel (BD Biosciences, Bedford, MA, USA) was

stored at -20oC prior to use. This product gels at 1OoC, therefore it was thawed to liquid
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consistency and was injected quickly before polymerization. This procedure was

completed in 4 batches of animals with increasing volumes. Volume adjustments for

Matrigel were made after the first batch showed partial success with an initial injection

volume of 35¡rl. The second batch received 75pI, while the third and fourth groups

received 125¡A. Onyx-18 (6% ethylene vinyl alcohol, 94% DMSO, viscosity 18 cps at

40'C) and Ony< 34 (8% EVOH, 92% DMSO, viscosity 34 cps) (EV3 International,

Plymouth, MN, USA) injections were conducted in 4 batches. The suspensions were

shaken vigorously for 15 minutes prior to use and the syringe was primed with DMSO

prior to filling. Animals received 35,25, or 15pl injections. Note that this was the only

non-aqueous agent injected; we did not include a DMSO only control group.

Animals from the first two batches were euthanized l4d after injection. Some

animals from the 3'd and 4ü batches were randomly selected for earlier euthanasiaat2,5,

and 10d to allow histological analysis of the early changes. The number of rats in each

goup and at each time point is shown in Table 1.

Magnetic resonance imaging

Magnetic resonance (MR) studies were performed prior to euthanasia using a

Bruker Biospec/3 MR scanner equipped with a Zl-cm bore magnet operating at a field of

7 Tesla (Karlsruhe, Germany) to obtain T2-weighted images of the brain in the coronal

plane. The rats were anesthetized briefly with 1.5-20á isoflurane. These methods have

been previously described in detail ll52l. Ventricle sizes were blindly assessed on the

image slice immediately anterior to the third ventricle by measuring the area of the
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ventricles and the area of the brain and calculating the ventricle to brain ratio. Successful

induction of hydrocephalus in rats surviving >ld was defined qualitatively as ventricle

size obviously greater than the largest control (ventricle area index >0.02).

Histological analysis

After MR imaging, the rats were euthanized with a carbon dioxide overdose,

followed by perfusion with 10% formalin through cardiac puncture. The skin was

removed and heads were further fixed with the brains in situ in l0%o formalin. The heads

were decalcified in l0% formic acid for 72h followed by paraffrn embedding. Vy'e chose

to embed the entire head so that we could define the injected agents and resulting changes

with respect to the brain and the surrounding meninges and skull. Samples including the

cerebellum, cisterna magna and fourth ventricle were then cut into 6pm sections, de-

waxed and stained with hematoxylin and eosin, Masson's trichrome (to demonstrate

collagen), and Leder stain (to demonstrate chloroacetate esterase activity in neutrophils).

Blinded assessments were not possible because the administered agents were

macroscopically and microscopically obvious.

Statistics

Mortality rates and hydrocephalus induction success rates were compared to

kaolin baseline using Fisher exact test. Ventricle size ratios among successes were

compared using ANOVA with Games-Howell post hoc comparisons (which allows for

groups of unequal size).
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Results

Our initial goal was to use silicone oil (dimethylpolysiloxane), because it has been

well documented that there is no inflammatory reaction to the oil in the meninges or

ependyma [153]. The use of silicone oil to induce hydrocephalus through cisternal

injections has been noted to be effective when used with dogs and rabbits [153]. Go et al

(1976) also reports success in using 1000 centistoke viscosity silicone oil to induce

hydrocephalus in adult rats of -2009 using this method [154]. V/e attempted to use 1000

centistoke silicone oil in our study, however initial attempts to aspirate the oil through a

30-gauge needle \ /ere unsuccessful. 
'We 

were able to aspirate the oil through a27-gauge

needle, however this needle was too large for use with young rats of only 45g.

Mortality

Rats tolerated the kaolin, Matrigel, and collagen injections fairly well with

acceptable levels of acute mortality (l0o/o,17o/o, and 0olo respectively died or were

humanely euthanized within 24h of injection) (see Table 1 for summary of results).

Among the Matrigel subjects, rats with large volumes (125-150¡rl) died immediately. The

rapidly hardening agents were associated with significantly greater mortality. Fibrin glue

produced 580á acute mortality (usually within minutes); this was due to rapid formation

of a rubbery mass adjacent to the brainstem. NBCA injections seemed to be tolerated

well initially with most rats awaking from the anesthetic. However, by 2ah74%had died

or were euthanized. We hypothesize that the cause of death of these particular animals
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was brain stem compression, as upon brain dissection we found hard glue deposits with

sharp edges in the posterior fossa, which likely traumatized the brainstem, once the

animals started moving. We saw no evidence of hemorrhage after removal of the brain in

this region. There was a combined 360/o mortality rate with the Onyx@ groups either

immediately or within 24hafter injection. The majorif of deaths were among animals

injected with 35prl; mortality was lower with smaller volumes. Regardless of the volume,

there was an unusual behavioral response to the etþlene vinyl polymer injections. Upon

waking from anesthetic, rats scratched at their face and nose profusely and appeared

hyperactive for a few minutes. This could be related to the DMSO solvent. With regard to

the high mortality experienced by rats in some grorlps, we were able to abort planned

injections of agents that caused immediate death, but the unanticipated early deterioration

of NBCA injections was not detected until a second batch had received injections.

Ventricular Dilatation

Among those rats surviving >24h, the ventricle size was determined using MR

imaging (Figure 1). There were significant differences between the groups. Kaolin

predictably produced a moderate to severe degree of hydrocephalus with a proportionate

ventricle size of 0.168+0.018 at l0-14d (see Table 1 for details). Matrigel was associated

with a mild degree of hydrocephalus (ventricle size 0.057+0.021). Among the few

survivors, etþlene vinyl polymer was associated with ventriculomegaly similar to that

from kaolin (0. 1 35t0.0 I 6).
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Table 1: Summary of polymer iniection mortalitv and ventricular size index

Substance
Total Number

Iniected

Acute
Mortality

(a) Time Points
Number with enlarged

ventricles fb) Ventricle Size Index lc)

Kaolin (30-
35ul) 40 4 (10%) 2d 414

5d 5t5 0.t25+0.o24

l0d 4/4

t4d 21123 0.168+0.018

Matrigel (d) 42 7 (17%) 2d 2/3

p=0.520 5d t/4 0.103+0.020

l0d t/1

t4d 3/27 0.057+0.021

o<0.001 n<0.05

Onvx-l8 le) 29 t3 ø5%\ 2d r/3

p<0.001 5d 0/3

l0d 0t2

l4d 0/8

p<0.001

Onvx-34 (f) 37 t0 Q7%) 2d 2/6

o:0.076 5d 3/5 0.1l3+0.013

10d 0/9

14d 2/7 0.135*0.016

p<0.001

NBCA (2s-
35ul) z.t r1 (74%\ 5d 1n

p<0.001 t4d 3ls 0.026*0.016

o:0.091 o<0.05

Tisseel ls) 19 r 1 (s8%) 14d 0/8

p<0.001 p<0.001

Collagen typel
130-40uI) T2 o (0%) t4d 0/12

þ:0.562 p<0.001
a) Statistical comparison to kaolin using Fisher exact test (two-lailed)
b) Enlarged ventricles defined æ ventricle a¡ea index >0.02. Statistical comparison to kaolin using Fisher exact test (two-tailed) based
upon total survivors studied at all time points
c) Venhicle size index calculated on the MR slice immediately anterior the third ventricle, total ventricle area I total brain a¡ea. The
value shown is for successes only, mean + SEM. Statistical comparison to kaolin bæed upon combined 10 day and 14 day dat4
ANOVA with Games-Howell post hoc intergoup analysis (which allows for different group sizes).
d) 35pl 0/11 successes; 75¡tl2/10 successñrl; 125¡il4lll successfrrl; l50pl l0/10 fatal
e)35¡rl7/7 fatal;25p1 l/7 successful; l5¡rl 0/15 successfi.¡l

! 35pl 8/8 fatal; 25pl 5/9 successful; lS¡tl2120 successful
g) 55þl 9/9 fatal; 35pl 2ll0 fatal
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Figure 1: T2-weighted magnetic resonance images showing coronal slices through 5-

week-old rat brain at the level of the anterior third ventricle. Cerebrospinal fluid (CSF) is

bright. [n normal rats (and induction failures) the ventricles are barely visible (upper

panel; arrow). Kaolin injected at age 3 weeks is associated with marked enlargement of

the lateral and third ventricles (middle panel; in this example the ventricle size index is

0.15). Other agents were less reliable. Matrigel caused moderate enlargement (lower

panel; in this example the ventricle size index is 0.06). White matter edema is also

apparent (arow); it is usually associated with active enlargement.
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Histological results

There were major differences between groups with respect to the histological

changes in the vicinity of the cisterna magna injection sites. Kaolin along the ventral

surface of the brainstem was associated with mild accumulations of neutrophils,

lymphocytes, monocytes and rare eosinophils within 2d of injection (Figure 2). By 5d,

collagen deposition was apparent and kaolin had clearly been ingested by macrophages.

There were minimal neutrophils and eosinophils by 10d. The brainstem and cerebellum

adjacent to kaolin collections were histologically unaltered. Collagen injections resulted

in no evidence of inflammation and no degree of ventriculomegaly was detected at I4d

(not shown).
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Matrigel injections were associated with increased neutrophils and lymphocytes,

albeit to a lesser extent than kaolin, most likely due to the needle insertion. The Matrigel

pollnner appeared as an acellular homogenous faintly eosinophilic material in the

subarachnoid space (Figure 3A). Matrigel spread well beyond the brainstem into some of

the cerebellar sulci. It appeared to be surrounded by fibroblasts and hyperplastic small

blood vessels with mild collagen accumulation at 5d. From 5-l4d there was no evidence

of vascular growth into the gel mass and there was no inflammation (Figure 3B). In one

animal, the injection site was missed and the Matrigel was injected into the cerebellum.

This resulted in a normal MR image with no enlargement of ventricles and normal weight

gain and behavior.
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Ethylene vinyl polymer appeared as a transparent material with black granules

(tantalum) located in the fourth ventricle and lateral subarachnoid space (Figure 4A).

Unlike kaolin and the proteins, it is viscous and does not spread into the ventral

subarachnoid space. Arachnoid fibrosis and severe inflammatory responses (neutrophils

and multinucleated foreign-body giant cells) were apparent at 2d post-injection (Figure

4B). At 5d there was an increase in the number of giant cells present, minimal

neutrophils, and early collagen formation (Figwe 4D). These changes persisted at l4d

(Figure 4C).
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Histological analysis of fibrin glue and NBCA was only done at 14d

because it had become quickly apparent that there was no successful induction of

hydrocephalus. NBCA caused moderate arachnoid cell proliferation without evidence of

inflammation (not shown). ln the present experiment, fibrin glue caused moderate

arachnoid cell proliferation but only mild inflammation at 14 days post-injection.

Discussion

Kaolin injection is an effective method for producing hydrocephalus in almost all

animal species tested [103]. Although this method offers dose-dependent responses to

some extent, the response is variable. The inflammatory response consisting largely of

macrophages with some lymphocytes that results in obstruction to CSF flow, is a

potentially confounding factor. Although it is an aluminum-based compound, in rats

surviving 9 months after kaolin injection there is no evidence that the material spreads

very far, nor is there an association in this model with formation of neurofibrillary tarrgles

(Del Bigio; unpublished observations 2003). lnjectable polymerizing agents, both protein

based and synthetic, appeared to offer an effective alternative to kaolin because they

solidifu into a gel matrix that may conform to the subarachnoid compartment. The

proteins Matrigel, collagen I, and fibrin have all been reported to support cell survival,

growth and angiogenesis in cardiac muscle U57].

Collagen I is the most abundant extracellular matrix protein [158]. It is found in

most tissues and organs, including dermis, tendon, cartilage,ligaments and bone. A
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significant proportion of the extracellular matrix of the leptomeninges is also composed

ofcollagen [159, 160]. It has great tensile strength and gives support and structure to

cells of the extracellular matrix. It can be used as a thin layer on tissue-culture surfaces to

enhance cell attachment and proliferation, or in vitro as a gel to promote expression of

cell-specific morphology and function [145, 157]. Type 1 collagen is commonly used to

culture endothelial cells, hepatocytes, muscle cells, and a variety of other cell types. The

high protein concentration results in a sturdier gel which provides maximal support to

maintain the 3D environment [161, l62J.lnthis experiment, we expected collagen I to

form a protein plug when injected into the cisterna magna of rats with minimal

inflammatory response. Preliminary experiments of applying the collagen to a glass slide

resulted in formation of a solid protein gel. When iqjected into the cistema magna of rats

we found that collagen was entirely ineffective at producing ventriculomegaly.

Subsequent experiments demonstrated that collagen dissolved immediately when injected

into artificial CSF.

Our most promising compound was Matrigel. The main components of Matrigel

are structwal proteins such as laminin (610/o) and collagen tV (30%). This mixture

resembles the complex extracellular environment found in many tissues and is typically

used by cell biologists as a substrate for cell culture. Matrigel is stored at -20oC and

thaws to liquid consistency at 1OoC, which makes itvery easy to work with at room

temperature. At37"C it selÊassembles into a gel. When injected into the cisterna magna,

Matrigel spread locally in the subarachnoid compartment forming protein casts thereby

retarding CSF flow and producing mild ventriculomegaly. Matrigel associated-

hydrocephalus caused no inflammation beyond that associated with the needle insertion.
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However, we could not attiain the magnitude of ventriculomegaly possible with kaolin.

Furthermore, in the course of the experiment we noticed differences between batches of

Matrigel purchased from the supplier; one batch was less viscous than the first and larger

volumes were required. One would need to address issues of initial protein concentration

to avoid large i4jection volumes. It remains to be determined if the effect would be

stable. It has been suggested that Matrigel, collagen I, and fibrin might be absorbed after

-5 weeks U571.

Fibrin glue is a widely used surgical tissue adhesive used to control bleeding and

block CSF leaks [155]. In experimental application to brain surface it causes an

inflammatory reaction that peaks at -1 week and persists with lymphocytes and foreign

body giant cells for weeks Ll63,l64l.It appears to be relatively non-reactive with neural

tissues, stable in CSF and resilient to natural degradation in the sub-arachnoid space [155,

156]. It is a viscous solution that adheres to wound surfaces and quickly sets to form a

rubber-like mass for the purpose of sealing or gluing tissues. It is a two-component

solution composed of a highly concentrated fibrinogen and aproptonin mixture, and a

separate solution of thrombin and calcium chloride. All4 of these additives came

separate from the supplier, and required combining:r;r2 separate needles prior to

administration. Two concentrations of thrombin (4IUlmL and 500 ru/ml) were also

given by the supplier to control the setting rate of the sealant. The setting process will be

complete within 1 minute with the 4rulmL thrombin concentration, while the 500 ru/ml.

concentration sets in seconds. Initial in vitro experiments with the two thrombin

concentrations showed no real difference in the setting rate of either solution, as both

\¡/ere completely set within 10 seconds when injected into artificial CSF. The fibrin glue
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proved to be extremely difficult to administer and provided significant limitations to its

application in this experiment. The dual applicator jet provided by the manufacturer was

large and bulþ and hindered our ability to accurately place the needle in the cisterna

magna. Due its high viscosity, it was also extremely difficult to administer through a fine

needle. Other difficulties included the fact that the thrombin solution had to be kept at

37'C until immediately before use. In addition, the compounds would solidiff

immediately on contact and thus clog the applicator or form a bulþ mass in the cisterna

magna, compressing the brainstem and resulting in acute death. It is also noted by the

supplier that the rubberJike mass which forms, continues to gain strength for 2 hours

following its application, which may have contributed to our high rate of acute death in

these rats.

The two synthetic agents tested, N-butyl-cyanoacrylate (NBCA) and ethylene

vinyl alcohol copolymer (Onyx), were unacceptable for different reasons. NBCA is a

rapidly polymerizing agent that adheres to vessel walls and surrounding tissue [1a9]. The

chronic local tissue irritation and inflammation associated with cyanoacrylates is related

to the degradation products of the polymer, which include formaldehyde and alþl

cyanoacetate [165, 166]. Although NBCA has been useful for production of

hydrocephalus in dogs, thejagged edges ofthe hardened adhesive found adjacent to the

brainstem proved fatal for largely mechanical reasons. Polyvinyl alcohols are also used

for endovascular embolism treatments. Unlike NBCA, they are non-adhesive and

flexible, and produce less inflammation [166]. The use of the ethylene vinyl alcohol

copolymer (Onyr*) was successful in producing moderate hydrocephalus, but induced a

severe inflammatory reaction. This included severe arachnoid fibrosis and the invasion of
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neutrophils, macrophages, and lymphocytes. We also observed intense foreign body giant

cell type reaction in response to Onyx, by 2 days post-injection, consistent with the

reported vascular responses lI67-l69l.It has been suggested that DMSO carr cause

severe inflammation followinginta-arterial injection [151], however, DMSO has also

been used as an anti-inflammatory agent [170].

The age of the rats used should be considered. In our experience with rats ranging

from newborn to adult there is little variation with respect to the response to kaolin,

although other species such as sheep exhibit more lymphocytic response to kaolin

(unpublished data). We expect that adult rats would respond in a similar manner and that

younger rats might suffer more serious complications with the rapidly hardening agents

because their fourth ventricle and cisterna magna are smaller.

Conclusions

The objective of this study was to establish a non-inflammatory model of

hydrocephalus in rats, using alternative protein and synthetic biopolymers. We

hypothesized that at least one of the agents tested would be as efficacious as kaolin for

induction of hydrocephalus in young rats. The injection of kaolin into the cisterna magna

predictably results in an inflammatory fibrosis of the meninges and an obstruction of the

fourth ventricle outlets, thus leading to the development of hydrocephalus. lnjectable

polymerizing agents, both protein-based and synthetic, appeared to offer an effective

alternative to kaolin because they solidifu into a gel matrix that could conform to the

subarachnoid compartment. The natural polymers offered minimal inflammation but
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resulted in too much dispersion in the subarachnoid space. The synthetic polymers were

more stable in the subarachnoid space, however they resulted in severe inflammation and

significant local tissue damage as well as brain stem compression. Although we were

successful in inducing hydrocephalus through cisternal injections with Matrigel and

ethylene vinyl alcohol copolymers, neither of these biopolymers was as reliable as kaolin.

Based on our observations, we conclude that none of the agents tested are better than

kaolin for use in rats. Further study of the Matrigel protein polymer is warranted, as it

proved easy to work with and was associated with only mild ventriculomegaly and

minimal inflammation. However, until efficacy can be shown, we plan to continue use of

kaolin, which reliably and inexpensively produces severe ventriculomegaly in

experimental animals. The caveat is that one must be willing to accept the remote

possibility that the inflammation is a confounding factor in hydrocephalus-induced brain

damage.
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Chapter 3: Use of kaolin injecfion method to induce hydrocephølus in

mìce
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Abstract

Background: Kaolin has been used successfully to induce hydrocephalus in many

species, but seldom in mice. The purpose of this study is to produce hydrocephalus in

mice by the injection of kaolin into the subarachnoid space at the cisterna magna.

Methods: Kaolin was injected into the subarachnoid space at the cisterna magna

of 35 adult CDl mice, while 9 controls received a sham sterile saline injection. This

method was repeated with thirty-four 7-day old mice, and 10 controls received a sham

saline injection.

Results: Twenty adult animals and 5 juvenile mice experienced acute distress and

died immediately upon injection. Assessment of hydrocephalus in surviving animals was

performed by magnetic resonance imaging on days 7,14,2T or 30 post-injection or

before each animal was to be euthanized if it fell outside of the predetermined days. All

15 surviving adult mice and 22 out of 29 surviving injected juveniles exhibited altered

signal in the vicinity of the ventricles, which is consistent with the development of

hydrocephalus. Microscopic examination showed enlarged ventricles in all mice with

altered MR signal.

Conclusions: Acute complications of the injection are high because the cisterna

magna of mice is extremely small and brainstem injury possible. However when carefully

administered, kaolin can successfully be used to induce hydrocephalus in both adult and

young CDI mice.
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Backqround

Experimental hydrocephalus can be induced by injection of kaolin (alumrnum

silicate) into the cisterna magna [134]. Ventricular enlargement occurs as a result of the

inflammatory scarring, which causes an obstruction of the cerebrospinal fluid (CSF)

pathways at the fourth ventricle outlets. This model has been used in a wide range of

species including rats, guinea pigs, rabbits, cats, dogs, sheep and primates [103]. The use

of mice in the study of experimental hydrocephalus has mainly been accomplished

through use of transgenic/knockout animals [71, l72l.UrLtil recently, there has been no

literature concerning the use of mice in a mechanical model of hydrocephalus.

In 2006 there were two papers published both claiming successful induction of

hydrocephalus in adult mice using an open incision method and injection of kaolin into

the cisterna magna [138, 139]. Hattzet al (2006) reported success with 2¡rL of 2o/o kaolin

injected into the cisterna magna through the atlanto-occipital membrane of 10-12 week

old Jcl:ICR mice. However, they failed to document number of animals used nor did they

mention the success rates of their injections. Bloch et aL (2006) used aquaporin null mice

and controls on a CDl strain and reported an 80% survival rate when a lcm midline

vertical incision was made over the back of the neck from the top of the occiput to Cl to

allow injection of 1O¡rL of 25%o kaolin. Their group sizes are substantial (30 and 33

respectively) and they report a mild but significant increase in ventricle size based on

histological examination at 5 days. However they noted that their animals experienced a

rapid decline in health after day 5. Although both of these papers reported successful

induction of hydrocephalus in mice, their method of induction is difficult to administer
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and an easier method should still be investigated. Our laboratory has had great success

with the (closed) cisterna magna injection method in a variety of species, although we

have not attempted this procedure with mice.

The purpose of the present experiment is to produce a hydrocephalus model in

adult and young mice by percutaneous (closed) kaolin injection into the cisterna magna.

Such a simple model would be useful because mice with genetic mutations could then be

used to test the role of various proteins in the pathogenesis of hydrocephalic brain

damage.

Materials and Methods

All animats were locally bred CDI male mice. All were treated in accordance

with the guidelines of the Canadian Council on Animal Care and protocols were

approved by the institutional animal ethics committee. Humane endpoints for euthanasia

were established prior to experimentation to avoid unnecessary suffering, such as reduced

mobility, respiratory distress and severe neurological impairment.

Four groups of 11 mafure 6-8 week-old CDl mice, as well as 4 groups of 11

seven-day old CDl mice were used for this study. Mice were anesthetized and

maintained with isoflurane gas (I.5% in oxygen). The head and neck were shaved and

cleaned with Hibitane. Mice were placed head down on a raised platform with the neck

flexed to maximize exposure to the foramen magnum. Under aseptic conditions, a 0.30

ml syringe with 3O-gauge needle was used for injection of sterile kaolin suspension
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(aluminum silicate; Sigma, St. Louis MO) (100-250mglmlin0.9%o saline). Animals were

monitored during recovery from anesthetic, weighed daily and observed for signs of

neurological impairment. Adult mice were housed 5 to a cage and allowed food and

water freely. Young mice were placed back in the cage with their mother until they

reached appropriate age for weaning.

From each group of adult mice, 8-9 were injected with kaolin and2 controls

received the same volume of sterile saline. From the 4 groups of 7-day old mice, -9

received kaolin while I or 2 controls received the same saline control injection. The

injected volumes were initially arbitrarily chosen based on our previous experience with

rats of similar size and weights. We injected the f,rst two batches of mice (adults and

juveniles) '.vrrth25% kaolin, (25¡tL and 1O¡rL respectively). We noted a rapid decline in

the overall health of these animals around day 5. We subsequently injected the third batch

of animals with2}Yo kaolin (10pL and 5pL respectively) and the final batch of animals

with 10% kaolin (1OpL and 5¡rL respectively). V/e progressively altered the kaolin

concentration based on a hypothesis that a less viscous solution would allow better spread

of the kaolin and therefore result in a lesser degree of brain stem compression.

Magnetic Resonance lmaging

Magnetic resonance (MR) studies were performed using a Bruker Biospec/3 MR

scanner equipped with a 21 -cm bore magnet operatin g at a field of 7 T (Karlsruhe,

Germany) to obtain T2-weighted images of the brain in the coronal, horizontal, and

sagittal planes. The mice were anesthefized briefly with 1.5-2% isoflurane. Thçse
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methods have been previously described in detail ll52l. Mice underwent MR imaging

once huma¡re endpoints had been reached or after 7 or 14 days post-injection as

previously predetermined.

Behavior Testing

On altemating days beginning on post-injection day 2, allmice were observed in

an open field situation for a period of 1 min to assess arousal, grooming, and gait by

using a previously validated set of parameters [173-175]. Quantitative monitoring of

spontaneous activity was then performed for 9 minutes in a square enclosure (43 x 43

cm) with l5 infrared beams (spaced every 3 cm) along the floor in each of two horizontal

directions and a third set of similarly spaced beams 6.0 cm above the floor (Opto-

Varimex; Columbus lnstruments, Columbus OH, U.S.A.). Vertical, total, and ambulatory

beam breaks were counted, the latter being defined as an intemrption in a series of

adjacent bçams.

Gait, agility and motor functions of adult mice were assessed using a rotating

cylinder of 7-cm diameter in 2 separate trials (Economex, Columbus lnstruments). First,

endurance at a constant speed of 5.0 rpm was assessed for a maximum of 2 minutes.

Second, we measured the ability to stay on the cylinder, which accelerated beginning at

5.0 rpm and increasing at arate of 0.1 rpm every second for up to 2 minutes. The time

was recorded from the moment the mouse was placed on the rotating cylinder until it fell

off. The rotating cylinder test is complex and involves proprioceptive, tactile, vestibular,

and motor functions. Motor coordination and balance is assessed by measuring the ability

of the mice to traverse a beam, (55cm long x 4cm wide, 80cm off the ground) to reach an
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enclosed safety platform. The outcome measures and testing protocols for rotating

cylinder are the same as those described in juvenile rats with hydrocephalus 1173,174,

1761.

Animals were monitored during recovery ûom anesthetic, weighed daily and

observed for signs of dishess and neurological impairment. Mice were euthanized

immediately once signs, such as prolapsed penis, severe ataxia, severe motor dysfunction,

signs of dehydration or dramatically decreased body weight were recognized. Adult mice

were housed 5 to acage, while young mice remained with their mother. All animals were

allowed food and water freely. Euthanasia using carbon dioxide gas was administered

after MR imaging, followed by perfusion with 0.1M phosphate buffered saline (PBS)

through cardiac puncflre. Brains were removed and fixed in 3%oparaformaldehyde

followed by paraffin embedding. Brains were then cut into 6¡rm sections, dewaxed and

stained with hematoxylin/eosin for microscopic analysis.

Results

Mortality

A total of 44 adult mice and 44 juvenile mice were studied. Of the 35 kaolin-

injected adult mice, 20 died immediately after injection (usually due to respiratory

failure, or less often failure to regain consciousness). Of the 15 adult survivors, all were
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euthanized between day 5 and 14 either due to signs of severe neurological deficit or the

predetermined endpoint of the study was reached. Of the 34 juvenile mice injected with

kaolin, 5 died immediately after injection, and survivors were euthanized between days2

and 14 for the same reasons. Figure 5 demonstrates a Kaplan-Meier survival plot for mice

of each age goup.
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Behavior

Juvenile hydrocephalic mice exhibited a significant lag in weight gain and adult

hydrocephalic mice lost weight in comparison to controls, as shown in Figure 6.

Hydrocephalic animals had an abnormal broad-based stance with tiptoed stepping and a

hunched back. However, the results of the open field investigation showed that an

animal's behavior score did not change signif,rcantly with disease progression until there

was a very rapid decline immediately before euthanasia was mandated. It was anticipated

that the 9 minute activity monitoring might reveal some differences. However, in no

group did the results show a tendency to habituation and therefore cumulative scores for

vertical exploration and ambulation were analyzed. Both adult and juvenile

hydrocephalic mice showed no differences in ambulatory or vertical activity at7 or 14

days post injection compared to age-matched controls, as shown in figure 7 and in table

2-We also found that the juvenile mice were too small at 14 days old to break the vertical

beams, therefore we cannot consider this data to be very reliable at such a young age. In

tests of motor function, hydrocephalic mice failed to show any differences from controls;

all mice remained on the constant speed and accelerating rotorodfor 2 minutes without

falling. The beam walking test also failed to discriminate between control to

hydrocephalics; all animals crossed the beam within 5-10 seconds without falling.
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Total Ambulatorv Activitv of Mice
7 Davs 14 Davs

Mean SEM D Mean SEM D

{,dult Control 2434.50 738.72 0.67 1451.00 355.59 0.44

4.dult Hydrocenhalic 2253.83 445.00 t969.s0 969.43

Iuvenile Control 2020.57 1269.14 0.87 1871.00 864.58 0.36

Iuvenile Hvdroceohalic 2t66.20 rt64.97 3267.00 2654.99

Total Vertical Activitv of Mice
7 Davs l4 Davs

Mean SEM D Mean SEM p

Adult Control 336.00 54.09 0.93 199.25 54.05 0.97

Adult Hvdrocenhalic 331.67 66.30 201.00 56.20

Juvenile Control 104.57 66.92 0.48 373.50 219.57 0.72

Juvenile Hvdrocephalic 69.40 64.78 446.25 312.08

Table2: Total ambulatory and vertical activity of adult and juvenile control and

hydrocephalic mice at7 arñ 14 days post-injection. T-tests conducted on adults and

juveniles show no significant differences between control and hydrocephalic mice in

either age $oup.
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Hydrocephalus induction

All 15 kaolin-injected adult mice and 22 ottt of 29 kaolin-injected juvenile mice

exhibited periventricular bright signal on the T2-weighted MR images, representing

enlarged ventricles and/or increased water in the vicinity of the ventricles (Figure 8). The

bright signal was evident at2 days post-injection in both ages. The ventricle sizes are

summarized in Table 3. Ventricular enlargement was associated with a dome-shaped

head and/or persistent fontanel, which could be seen as early as 4 days post-injection.

This aspect was far more obvious in the young mice (Figwe 9).

62



Age Kaolin % Mean Ratio+SEM Range

Adult +7d 25 0.121t0.020 0.088 to 0.176

Adult +6d 20 0.t27+0.009 0.118 to 0.135

Adult +14d l0 0.240+0.036 0.135 to 0.291

7 +7d 20 0.432+0.050 0.338 to 0.507

7 +14d l0 0s22+0.110 0.259 to 0.761

Table 3: Calculated ventricle-brain ratios for adult and juvenile mice at selected time

points.
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Fieure 8: T2-weighted magnetic resonance images showing coronal (left column),

horizontal (middle column) and sagittal (right column) slices through juvenile mouse

brains. Juvenile control brain at 14 days post saline injection with calculated ventricular

dilatation of 0.01 (a, b, c). Hydrocephalic mouse brain 7 days post kaolin (10%) injection

with calculated ventricular dilatation of 0.42 (d, e, Ð. Hydrocephalic mouse brain 14 days

post kaolin (l0o/o) injection with calculated ventricular dilatation of 0.65 (9, h, i).
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Figure 9 : T2-weighted magnetic resonance images showing coronal (left column),

horizontal (middle column) and sagittal (right column) planes through adult mouse

brains. Control brain at 14 days post-saline injection with calculated ventricular dilatation

of 0.001 (a, b, c).Adult brainT days post kaolin (25%) injection (d, e, Ð showing positive

bright signal intensity in the ventricular region. Microscopic examination showed no

ventricular dilation, indicating that this represents only edematous surounding tissue.

Adult brannT days post kaolin (10%) injection with calculated ventricular dilation of 0.14

(g, h, i). Adult hydrocephalic brain at 14 days post kaolin (10%) injection with calculated

ventricular dilatation of 0"28 (i, k, l).
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Microscopy

Upon microscopic examination there was definite evidence of ventricular dilation

in all juveniles and adult mice with enhanced MR signal. In all of the juvenile kaolin-

injected mice that did not develop hydrocephalus, a dark spot in the cerebellum was

evident on the MR, representing a missed iqjection site, charactenzedby either

hemosiderin or a kaolin deposit. All hydrocephalic brains displayed enlarged ventricles

with normal appearing choroid plexus and an intact ependymal lining. The periventricular

tissue was of normal density in the majority of mice, both adults and juveniles, with the

exception of the most severely hydrocephalic brains, demonstrating mildly loose and

edematous periventricular tissue, specifically along the roof of the dorsolateral angle of

the lateral ventricles (Figure 10). In cases of severe hydrocephalus, the thickness of the

cortex and corpus callosum was drastically reduced. Control mice displayed small fused

ventricles with periventricular tissue of normal density.
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I)iscussion

Despite substantial experience with the kaolin model in a wide range of species

in our laboratory, we experienced some difficulty in our first attempts with mice.

Previously this method had been attempted by another member of our laboratory,

utilizing the percutaneous injection method as well as the open cisternal injection. The

injections of kaolin had been associated with over 90 Yo mortality rate and a low success

rate in creating ventriculomegaly. Although many mice had enhanced signal in the region

of the ventricles on the MR imaging associated with an elevated ICP, the ventricles were

seldom dilated when examined histologically. In apparent successes, defrned by

neurological impairment, changes on MRI and raised ICP (data not shown), there was no

ventricular enlargement on microscopic examination. In fact the ventricles were found to

be fused in some areas as shown in Figure 10. These observations are consistent with

those made by Westergard [178] and Sturrock [179]. Coarctation is found in the anterior

portion of the anterior horn, the inferior portion of the inferior horn, as well as in the

posterior of the inferior horn in 96.4% of full-grown AK/a inbred albino mice but is

absent in the newborn [178]. The fusions develop in the mouse embryonic state and

continue to develop according to a definite pattern, occurring symmetrically in the lateral

ventricles [178]. We suggest that the increase in pressure without ventricular enlargement

may in fact resemble pseudotumor cerebri, rather than acute hydrocephalus.

The open incision method used to induce hydrocephalus described by Hatta et al

(2006) and Bloch et al (2006) is complex and time consuming. We have attempted to

duplicate this method in our laboratory without success, although Bloch et al. reports

>80o/o snrvival using this procedure. Bloch ef aI. (2006) also reports arapid decline in the
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health of the hydrocephalic mice at 5-7 days post injection [138]. This may be directly

reiated to the high concentration of kaolin that was used. As the fibrosis of the meninges

at the cisterna magna progresses, there is a reduction in communication between the

ventricular and extra-ventricular CSF compartments with restricted flow into the cranial

subarachnoid space. This lack of CSF drainage and absorption after 5 days may be

directly related to the severity of the fibrosis seen at the cisterna magna resulting from

2íYokaolin, thus leading to brainstem compression.

Hatta et al.(2006) reports successful induction of hydrocephalus in adult mice at

8-10 weeks of age, using only 5¡rL of 2%o kaolin suspension in distilled water [139].

Although their group size is very small and their mortality rate is not reported, they

describe that 5 mice survive to day 14 and that I animal survives through to day 28 post-

injection. They also show a mild to moderate degree of ventriculomegaly in their figure

2. Based on the inconsistencies of these two reports, we decided to veriff the findings

and get better charactenzation of the model. In the present study, the cisternal injections

of kaolin were associated with 57 o/o mortality rate in the adult mice and l5Yo in

juveniles. Acute complications including a high mortality rate related to cisterna magna

injections are likely because mice have a very small 4th ventricle and a tight posterior

fossa. This is readily apparent on the MR images where no CSF is visible in the fourth

ventricle of normal mice (Figure 7). This presents difficulty in administering a sufficient

amount of kaolin for the induction of hydrocephalus without causing acute injury to the

brainstem. In apparent successes, defined by decreased weight gain, neurological

impairment and changes on MRI there was sufücient ventricular dilation upon

microscopic examination.
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Motor activity underlies almost every behavioral paradigm U771. For most

behavioral pattern modeling, animals have to be adult (at least 70 days of age) in order to

obtain reproducible results, as testing animals younger than 70 days may give results that

are influenced by their development [180]. Based on rat and mouse behavior literature,

we hypothesized that there would be differences in motor coordination and

behavior/activity between hydrocephalic and control mice. The open field behavior test is

one of the oldest, most extensively used, and simplest measures of mouse andrat

behavior. It reflects "emotional" status (e.g. stress) and explorationll77,18l]. The open

field apparatus records activity in three dimensions and allows complete automation of

activity scoring. Factors such as environmental conditions, surgery and drug treatments

may have effects on the performance of open field testing, however no single component

measured in the open field test is reflective of one only factor ll77l. Factors such as

illness can lead to increased aggression, hypoactivity or hypersensitivity to handling

ll77l. An initial stage of exploration might be expected to be followed by a decrease in

activity in a normal healthy animal as a consequence of habituation to the environment

Ll77l.In a hydrocephalic animal the overall level of activity could be lower than in

controls if they had severe neurologic impairrnent. Alternately, if there are memory

deficits then the activity level might increase because environmental habituation did not

occur. The results of open field testing in the present experiment were inconclusive; we

were unable to recognize arLy paftern of behavioral differences between the adult control

and hydrocephalic mice at either time point despite resting postural abnormalities in the

juvenile hydrocephalic mice.
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Locomotion is a complex behavior affected by the functional status of many

different brain systems including the cerebellum, the telencephalic dopaminergic system,

the corticospinal pathways, and the peripheral axon lmuscle unit (i.e. muscle weakness)

[1S0]. Beam walking measures the motor coordination ærd balance of mice as they

traverse a naffow beam to reach an enclosed safety platform [180]. The rotorod/accelerod

is a widely used test of balance and coordination task performed on a rotating rod [180].

We did not notice any differences between our control and hydrocephalic mice. In this

laboratory the behavioral tests have been optimized for juvenile rats (up to 45g body

weight). Perhaps a smaller diameter rod or a faster speed would have discriminated

between the groups

In our laboratory we are mainly concerned with the progression of chronic

hydrocephalus, therefore our primary objective is obtain a longer survival time frame

than 5 days. Since mice injected with 25o/okaolin showed such a rapid decline in health

after 5 days, we followed up our next batch of animals with a decrease to 10 pL of 20%

kaolin. These mice appeared to be in better health on day 5 and most survived until day

14, which is the end of our study timeframe. We built on these findings and injected the

following group of mice with 10¡rL of l0%o kaolin. These animals developed

hydrocephalus after 2 days, and their general health and appearance was better than the

previous two groups. The animals were well groomed and showed no signs of

neurological impairment. This data suggests that a suspension of 10% kaolin at a volume

of 1OpL, is suffrcient for inducing hydrocephalus in adult mice and a volume of 5pL for

juveniles. One plausible explanation for this is that a less viscous suspension allows for

better spread of the kaolin in the subæachnoid space and less brainstem compression.
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Conclusions

My second goal was to induce hydrocephalus in young and adult CDl mice using

the percutaneous (closed) cisterna magna kaolin injection method. This would allow use

of transgenic or knockout mice for further study of other aspects of hydrocephalus. We

hypothesized that our results would be similar to those seen in the rat model. tn the

present experiment we progressively altered the kaolin concentration and volume based

on the hypothesis that aless viscous solution would allow better spread of the kaolin and

therefore would result in a lesser degree of brainstem compression. It is the opinion of

this author thata suspension of l0%o kaolin at a volume of 5-10¡rL is suffrcient for

inducing hydrocephalus in mice. Based on these observations, we can conclude that in

this common outbred strain of CDI mice, hydrocephalus can be successfully induced in

both adult and juveniles. However I do have some reservations regarding the efficacy of

this method. The challenge lies in the accuracy of the injection. It is the experience of this

author, that when an injection is not completely within the cisterna magna,the injection

results in a failure. [n these mice, we can see evidence of the misplaced injections on MR

imaging and when we dissect the animal. ln addition to the challenge of injection location

accuracy, there are diffrculties in estimating the appropriate injection depth. Since mice

have a very small 4ú ventricle and a tight posterior fossa, the potential to inject to deep

(i.e. into the brainstem) is elevated. I suspect that this is the cause for the high acute

mortality rate in adult mice.

Although rats and mice share similar anatomy, there seems to be less diffrculty in
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utilizing this method for young rats. A juvenile rat has the body weight equal to an adult

mouse, approximately 40-50 grams. However the size of the cisterna magna is larger in

the rat and thus the injection procedure is more forgiving. ln this author's experience,

injections that are slightly offcentre still produce ventriculomegaly in young rats,

although not as severe as those injected properly. Therefore it is reasonable to conclude

that although this method has proven to successfully induce hydrocephalus in both

juvenile and adult mice, the investigator must exercise caution when deciding to work

with mice. 
'We 

suggest that this method is easier to use on larger species, such as rats.
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Chøpter 4: Fluorescent dextran trocers and MR imaging demonstrate

ínconsistent blood-brain barrier disruption in yowng røts with kaolin-

induced hydrocepkalus
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Introduction

In hydrocephalus, dilation of the cerebral ventricles leads to CSF diffi¡sion across

the ependyma causing periventricular edema. Disruption of the blood-brain barrier (BBB)

as a consequence ofhydrocephalus has been suggested, but there are inconsistencies

demanding more experimentation [33]. As documented in the Chapter 1, previous studies

of blood brain ba:rier permeability in vivo and in situ have utilized radiological and

fluorescent tracer molecules to identi$ regions of disruption [182]. Fluorescein-

isothiocyanate (FlTC)-dexfrans are very useful tracers for studying vascular permeability

in nervous tissue, as capillaries of the cerebral cortex are impermeable to FITC-D tracers

as small as 3kDa 1I2,97,98]. Gadolinium diethylenetriamine penta-acetate (Gd-DTPA)

is a low molecular weight (590 Da) magnetic resonance (MR) imaging contrast agent

well suited for delineating blood-brain barrier disruption and is used regularly clinically

for this pulpose [84, 183]. Ultrastructural evidence of BBB alteration (increased

transendothelial vesicles) has been reported [1 84, 1 85], but these studies lack appropriate

controls. Infusion of large tracers (including l25l-albumin (66kDa) [186], horseradish

peroxidase (a0kDa) [91] and microperoxidase (1900Da) 1921, into the cerebral ventricles

of animals with kaolin-induced hydrocephalus failed to demonstrate disruptions of the

BBB, although ionic lanthanum (139Da) appears to retrospectively cross endothelial tight

junctions to a greater degree in hydrocephalus [94]. Recently Turgut (2007) reported

BBB disruption in kaolin induced hydrocephalic rats, using histology, biochemical

analysis and a gamma camera, and suggested that this breakdown is due to the oxidative

stress induced by the induction of kaolin [187]. Based on the conflicting literature we

decided to pursue the topic of hydrocephalus and BBB disruption further. We
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hypothesized that hydrocephalus induced by injection of kaolin into the cisterna magna of

young rats would lead to blood brain banier disruption as detected by efflux of lysine-

fixable fluorescent dextran tracers into brain parenchyma and contrast enhanced MR

imaging [183].

Materials and Methods

Animal Preparation

All animals were treated in accordance with the guidelines of the Canadian

Council on Animal Care and protocols were approved by the University of Manitoba

Animal Ethics Committee. Thi4y male Sprague-Dawley rats 3 weeks of age were used.

Animals were placed randomly into 2 groups of 15, each consisting of 10 rats injected

with sterile kaolin and 5 controls, which received no kaolin. Animals were anesthetized

with isoflurane (1.5%o in oxygen). The head and neck were shaved and cleaned with

Hibitane. With the neck flexed to maximize exposure to the foramen magnum, under

aseptic conditions, a 0.30 ml syringe with 3O-gauge needle was used for injection of

0.035 ml sterile kaolin suspension (aluminum silicate; Sigma, St. Louis MO) (250 mg/rnl

in0.9%o saline). Animals were monitored during recovery from anesthetic, weighed daily,

and observed for signs of neurological impairment. Rats were housedZ or 3 to a cage and

allowed food and water freely.

MR Imaging and Gd-DTPA Adminishation
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At 7 days (group l) or 2l days (group 2) post-kaolin injection, MR analysis was

performed on all rats from group 1 to establish onset of hydrocephalus. Magnetic

resonance (MR) studies were performed using a Bruker Biospec/3 MR scanner equipped

with a Zl-cm bore magnet operating at a field of 7 Tesla (Karlsruhe, Germany) to obtain

Tl-weighted images of the brain in the coronal plane. Rats were imaged with a volume

coil32mm in diameter. The slice thickness was 1mm with an interslice gap of lmm. The

in-plane voxel resolution was 0.1l7mm x 0.117mm. The recovery time was 600ms, echo

time 13ms, and the number of slices was 6.

Just prior to MR imaging the rats were anesthetized with 1.5-2olo isoflurane rn

oxygen. Gd-DTPA was injected as a bolus (0.4mmoVkg, volume range 0.1-0.2mL)

through a 30 gauge tail vein cannula while the rat was anesthetized and undisturbed in the

magnet. The use of a stable tail-vein catheter allowed the intravenous administration of

the Gd-DTPA while avoiding repositioning of the animal in the magnet. A set of pre-

contrast T1-weighted images was obtained before the injection, and another set of

contrast enhanced Tl-weighted images was obtained 10 artd2} minutes post-Gd-DTPA

injection. The ventricle size was calculated by ventricle area divided by total brain area

on slices #5 and #6 (which include the frontal horns of the lateral ventricles). The percent

intensity increase due to contrast enhancement was calculated voxel by voxel using the

T1-weighted MR images obtained pre- and 2O-minute post-Gd-DTPA injection as

((20min post-contrast image - pre-contrast image) / pre-contrast image) x 100% [183].

T1-weighted images were used to draw regions of interest (ROIs) omitting the ventricles.

ROIs outlining the entire cerebrum and ventricular system were taken from pre-contrast
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enhanced T1-weighted images (TE: 134ms) (Marevisi software; National Research

Council, Canada). These ROIs were then superimposed onto the calculated percent

enhancement images to quantifu the average percent intensity increase within the entire

brain parenchyma (see Figure 11). These methods have been previously described in

detail [183].
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Figure 1 1: Coronal magnetic resonance (MR) images slices (T1 weighted) prior to (top

row) and 20 minutes after (middle row) intravenous administration of Gd-DTPA to a

hydrocephalic rat. úrcreased signal contrast is calculated by subtracting the first image set

from the second set and then regions of interest (ROI) are superimposed onto calculated

percent difference images (bottom row) to allow numeric calculation of the mean change

for brain parenchlrma. For all brains, six slices were obtained, but only three are shown

for illustrative purposes.
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Tracs lnjection and Tissue Processing

Following MR imaging, a combination of dextran tracers (Texas Red 10,000mw

and Fluorescein 500,000mq Invitrogen Molecular Probes, CA, USA) at a dosage of 5

mgll00g body weight in sterile saline at a volume of 300-500¡rL, was injected into the

cardiac left ventricle of anesthetized animals and allowed to circulate for 60 seÇonds,

based on previous studies [188-190]. Rats were then perfusion-fixed with3%o

paraformaldehyde, brains were removed and fixed in 3o/o paraformaldehyde. Brains were

divided into three coronal slices by cutting at the levels of the optic chiasm and the

mamillary bodies. Brain sections were embedded in paraffin and cut in 6pM sections for

microscopic analysis. Sections were dewaxed, dehydrated in a graded ethanol series,

dipped briefly in xylene, mounted with Permount and cover-slipped. Sections from each

level were stained with hematoxylin and eosin for assessment of morphologic details.

Immunohi sto cherni stry

To address an additional minor hypothesis that caveolin expression might be

upregulated in regions of BBB breakdown [191] slides from each brain were

immunostained using the following protocol. Sections were pretreated with 0.5% pepsin

in 0.01 M HCI for 30 minutes at37"C then rinsed, endogenous peroxidases \Mere

quenched with3% hydrogen peroxide in methanol solution for 30 minutes. Sections were

blocked with 10% sheep serum in PBS with0.02% sodium dodecyl sulfate (SDS) for 30

minutes at room temperature in a humid chamber. Monoclonal anti-caveolin-l (diluted

1:15; clone #2297; Becton-Dickenson Biosciences, Mississauga, ON, Canada) was
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applied overnight at 4"C. Secondary antibody 1:500 biotinylated sheep anti-mouse n l%

BSA-PBST was applied for 2 hours at room temperature followed by streptavidin/HRP

for 30 minutes, then diaminobenzidine. Negative control included omission of primary

antibody.

Microscopic analysis

Tissues were examined under fluorescence epi-illumination at 40x,100x, 200x

and 400x magnification, blinded to the duration of hydrocephalus (it is not possible to

blind control vs. hydrocephalics). The regions of tracer leakage were determined without

reference to the MR results. tn the present study, BBB opening and vascular leakage of

the FlTC-dextran was defined when there was clear evidence of fluorescence outside of

the vessel lumen. Regions of tracer leakage were plotted onto a diagram of the brain and

then were compared to the MR imaging results.

Statistical analysis

Data from each group of animals are reported as the mean + standard error of the

mean (SEM). Ventricle size index was calculated on the anterior MR slice #5

immediately anterior to the third ventricle. Ventricle/brain ratio was calculated by total

ventricle area (mmz) I total brain area 1mm2).
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Results

Induction of hydro cephalus

All animals tolerated the procedures well with 100% induction of hydrocephalus

among injected animals and no deaths. Ventricular dilation was variable in hydrocephalic

animals, with a calculated brain to ventricle ratio of 0.21+0.02 (mean a SEM) with a

range of 0.11 to 0.28 in animals at7 days post injection, and 0.32+0.07 with a range of

0.13 to 0.60 in animals at2I days post injection. Control animals had ventricle to brain

ratios of 0.001 in both $oups (Figure 12).
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Fieure 12: Tl-weighted MR images showing coronal slices through rat brains at the level

of the frontal horns of the lateral ventricles. In a 3-week-old control rat the ventricles are

barely visible (left panel; ventricle size index 0.001). Kaolin injected at 3 weeks of age is

associated with marked enlargement of the lateral and third ventricles by 7 days (right

panel; ventricle size index 0.22).
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MR imaging

MR imaging \ryas conducted prior to the Gd-DTPA injection, and again 10 and 20

minutes post-Gd-DTPA injection. Unprocessed images were visually evaluated and no

areas of signal enhancement were obvious. On the calculated difference images from the

20 minute post-Gd-DTPA scan we observed signal enhancement of the liníng

surrounding the frontal horns of the lateral ventricles in 7 hydrocephalics and2 controls

as shown in Figure 13.

The average pixel intensity in the entire brain was determined tobe l3a/o greater

after Gd-DTPA in control and hydrocephalic animals, excluding the area within the

ventricles. This likely reflects circulating intravascular Gd-DTPA. Using threshold

calculations we displayed pixels whose intensity increased >20Vo above control value

(Figure 14 a,b). Control animals did not display any regions of pixel intensity above this

value. Among the20 hydrocephalic rats, 10 displayed focal changes after image

calculations were performed (7 days post-injectionn=7;21 days post-injection n=3).

These changes were only located on slices #l or #2 (5.7 and 4.8 mm posterior to bregma

respectively) in the periventricular region of the lateral ventricular horns, and posterior

hypothalamic regions surrounding the third ventricle, as well as some regions of the

posterior limbic or auditory cortex. There were only I or 2 focal leakage spots evident per

animal on either slice #1 or #Zbutnot on both. The sizes of the leakages were 1-1.5 mm

in diameter. There was no obvious difference between rats 7 and2l days post kaolin

injection despite increasing destruction of the white matter. This suggests that BBB

disruption is not progressive or dependent on ventricle size.
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Figure 13: Tl-weighted MR images showing coronal slices through two hydrocephalic

rat brains (7 days post-kaolin injection) at the level of the frontal horns, 20 minutes after

intravenous injection of Gd-DTPA. In these two examples, a rim of increased signal

intensþ surrounds the frontal horns of the lateral ventricle (arrows).
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Microscopy

In all brains including controls, blood vessel lumens and choroid plexus exhibited

strong red and green fluorescence following FITC-D perfusion. The ependlmal lining of

the ventricles also exhibited brighter fluorescence than the surrounding parenchyma,

which is consistent with Gd-enhancement seen on MR. All hydrocephalic animals

displayed regions of 10,000mw tracer leakage, while there was no evidence of either

tracer leakage in æry of the control animals. The regions of brain parenchymathat

displayed tracer extravasation include the frontal and posterior periventricular white

matter and the thalamus surrounding the third ventricle. There was no evidence of tracer

leakage in the cortex, striatum or hippocampus. Nineteen hydrocephalic animals

displayed 1 focus of extravasation per slide examined and one hydrocephalic animal

showed 3 foci in one section. Generally vessels larger than capillaries with thin walls,

probably veins, could be identified near the extravasation sites. Only one hydrocephalic

animal (with moderate ventricular dilatation) displayed evidence of the larger

(500,000mw) tracer at a single site. This might be athibuted to a broken vessel at the time

of sacrifice. There was no evidence of hemorrhage atthese sites. The size of the

extravasation foci was no more than 50¡rm and they were only visible at200x

magnification or greater. These regions corresponded relatively well with the calculated

regions of Gd-DTPA leakage from the MR analysis, which displayed regions of

enhancement in the periventricular zone on slices #I or 2 (Figurel4 c, d).
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Caveolin-1 expression

Caveolin-l immunoreactivity was observed in the endothelial cells lining all

surface and choroid plexus vessels of hydrocephalic and control rats as shown in figure

l5; this is consistent with previous reports [191]. There was also immunostaining in the

endothelium of scattered parenchymal vessels, most prominent in the larger penetrating

arteries and veins at the base of the brain, and approximately half of the capillaries.

Vessels of hydrocephalic brains showed variable increases in immunostaining in

scattered vessels of the cortex, striatum and white matter, however these regions did not

specifically correspond with the regions where blood-brain barrier darnage was noted

with the resonance imaging or fluorescent analysis methods.
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Discussion

Hydrocephalus causes the ventricles within the brain to dilate while stretching and

distorting the periventricular axons. It is possible that this mechanical stress damages

scattered capillaries and veins. Our observations regarding the permeability of blood

vessels in normal rat brain are consistent with previous studies U92, 1931. Our data

suggest that blood brain-barrier integrity can be focally disrupted when young rats

become hydrocephalic. However, there \ilas no evidence that the change was progressive

or dependent on the severity of hydrocephalus suggesting that the damage is rartdom

rather than systemic. It is possible that this mechanical stress randomly disrupts scattered

veins. That is supported by the frequent observation of small collections of

periventricular hemosiderin in this model. Since we did not see evidence of widespread

Gd-DTPA leakage, we can rule out diffuse capillary dysfunction. The thalamic sites of

leakage are more surprising because there is very little local distortion in the

hydrocephalic rats. Perhaps that reflects venous backpressure due to restriction at the

major outflow routes, for example on the surface of the distorted brain.

Tracer extravasation into brain parenchyma can occur through two principal

mechanisms: through the endothelial cell (transcellular) or between the cells

þaracellular) 192,941. The transcellular pathway permits entry by passive diffirsion, but

only neutral lipophilic substances with a molecular weight of less than 450 Da can gain

access by this mechanism U941. Under normal conditions, the paracellular space is

almost completely obstructed by tight junctions that prevent passage of substances with a

molecular weight of >180 DaII94l.It has been suggested that these pathways are altered
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in hydrocephalus. Protein tracers such as HRP (40kDa) and microperoxidase (1900Da)

that have been perfused into the ventricles, move along the extracellular space and pass

through vesicles in the endothelial cytoplasm but not through tight junctions [86, 94,

I 95]. Electron microscopic studies on microvasculature describe separations of the

endothelial cell tight junctions in hydrocephalic animal models 192,941. Dextrans have

no affrnity for specific carrier-mediated transport systems and are not transported in

pinocytotic vesicles across the endothelium, nor are they lipophilic. There are several

advantages to using dextrans as permeability tracers. They are 1) particulate, therefore

quantitative analysis is possible, 2) they are stainable for electron microscopy, and 3)

they are available in a wide variety of molecular sizes 197,98, 188]. For these reasons,

fluorochrome-conjugated dextrans are usefrrl in determining "pore" size in neural vessels

and in pathological situations where there is the possibility of a graded increase in

vascular permeability t981.

Additional options for invivotracer experiments include ionic lanthanum (139

Da) and sodium fluorescein (342Da). Lanthanum is the smallest marker visible by

electron microscopy, however it is often lost from tissue during fixation and washing.

Some studies suggest that lanthanum penetrates a few tight junctions, but it does not pass

through to the basement membrane 1196,1971. Others have found lanthanum in the

extracellular space and in the interendothelial clefts of hydrocephalic rats [94]. There is

also evidence that lanthanum particles penetrate through tight junctions and pass into the

intercellular space from the lumen dwing cardiac perfusion [94]. Additional tracer studies

report effective use of sodium fluorescein(342 Da) for BBB examination, as it also does
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not cross the intact blood-brain barrier [99,102]. However, sodium fluorescein is a

substrate for at least2 groups of transporters at the BBB: multidrug resistance proteins

(MRPs) and organic ion transporters (OATs) [198]. Therefore the extravasation of

sodium fluorescein into brain parenchyma can be affected by both the integrity of the

tight junctions as well as the expression/activity of these transporters [101, 199].

The observations regarding the permeability of blood vessels in normal brain are

consistent with previous studies which suggest that tracers as small as 3kDa, do not

typically cross the normal intact blood brain banier f192,193]. Our data suggests that

blood brain-barrier maintenance and integrity can be influenced and disrupted when

animals become hydrocephalic. However, there was no evidence that the change was

progressive or dependent on the severity of hydrocephalus, suggesting that the damage is

random rather than systemic.

MR contrast agent gadolinium (Gd-DTPA; 590 Da) has been documented to

visualize regions of BBB disruption [101, 183,200-202]. Gd-DTPA is biologically inert

and passively diffrrses into tissues throughout the extracellular space, with a half-life in

blood and urine of approximaÍely 20 minutes Í2031. The short half-life of Gd-DTPA and

the predominately renal elimination suggest that the compound has very little if any

interaction within the body and does not dissociate invivo 12031. The very high

hydrophilicity, the charge, and the large molecular weight of Gd-DTPA (590 Da), all

account for its exclusion by biologic bariers such as cell membranes. Gd-DTPA remains

within the extracellular space and does not to penetrate the normal blood-brain barrier.

From the pharmacokinetic and in vitro proton relaxation data for Gd-DTPA, is has been
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documented that an in vivo dose of 0.1 -0.5 mmol/kg produces significant tissue

enhancement on NMR images 1203). There is also a documented absence of

cardiotoxicity l204l.ln the present study we demonstrated with MR imaging, multiple

foci of Gd-DTPA entry into hydrocephalic brains as well as along the ventricle lining.

The latter might reflect leak through the choroid plexus where there is no BBB. Repeated

MR imaging in the same animal at separate time points might have shown that the sites of

leakage were transient.

We investigated the possibility of using quantitative analysis methods to

determine the amount of tracer present in our samples, however concluded that these

methods are not beneficial for this study for the following reasons. Methods such as

capillary depletion, which offer a quantitative measure of the amount of tracer in the

brain parenchyma versus what is in the vasculature, ñây not be sensitive enough to detect

such minor leakage in such a relatively large volume of brain parenchyma. The capillary

depletion method can be used to quantifr transcytosis of proteins and other substances

(tracers) through the blood brain barier. It is done by infusing a perfusate solution into

the brain vasculature of a living animal. The perfusate solution includes a radio-labeled

test compound and a radio-labeled marker compound. The perfused brain is removed

from the animal and then homogenized. The homogenize brain is then separated into a

microvasculature fraction containing red blood cells, brain nuclei and vasculature; and a

supernatant fraction which is completely devoid of vasculature. The net volume of the

distribution of the test compound in the supernatant is calculated and corrected to provide

an accurate measure of tracer transcytosis through the blood brain barrier that is not
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simply bound to or associated with brain capillaries. These results are compared with

samples of perfusion fluid (blood or plasma) for determination of perfusate tracer

concentrations [205, 206]. This method is not suitable for this study because as animals

progressively become more hydrocephalic, the volume of brain tissue decreases. This

would decrease our total brain volume to be homogenized and would result in having to

pool samples together in order to obtain a workable volume of homogenate-

Other methods, such as the use of radio-iodinated serum albumin (RISA) to

obtain a quantitative estimate of BBB permeability, have advantages and disadvantages.

An injection of 10¡rCi zuSA is given intravenously and blood must be collected at regular

intervals, via the femoral artery and vein, before, during and after the administration of

RISA. An intravenous injection of Evans blue is administered 10 minutes prior to

termination of the experiment. A thoracotomy is performed and the animal is perfused

with saline to remove RISA from the vessels. The brain is removed and divided into

regions of interest and are put into pre-weighed scintillation vials, which are re-weighed

to determine the weight of brain and blood. Radioactivity of the samples is determined

using a gamma counter and the sum of the radioactivity is used to calculate the leakage of

zuSA in the brain. The amount of RISA leakage is expressed as a percentage of plasma

radioactivify yielding an accurate estimate of the percent of protein transfer [95]. The

disadvantage of this method is that the tracer cannot be detected by visual examination

and therefore has to be used in combination with a visible tracer such as Evans blue in

order to identiff regions of BBB disruption before selecting the areas to measure

94



radioactivity. This method also provides no information about how BBB breakdown

occurs at the tissue level [95].

There are a variety of other techniques available for estimating the uptake of

substances into the brain, each with their own advantages and disadvantages. In vivo

methods of intravenous injection and brain sampling remain the reference for brain

uptake studies because it is highly sensitive and fully represents the actual physiological

conditions 12071. Brain uptake index (BUÐ is a quick procedure and utilizes a wide range

of injectate compositions, however it is relatively insensitive compared to intravenous

injections, as it is difficult to measure minute volumes. The BUI is a single pass method

which employs a rapid bolus injection of a radio-labeled test substance and reference

substance, which does not cross the intact BBB, into the carotid artery of an anesthetized

animal [207]. After 2 seconds passage time through brain capillaries, brain uptake can be

measured by tissue sampling after decapitation. This short time interval excludes

systemic recirculation and also minimizes potential washout. A simple calculation of BUI

represents a relative moasure substance uptake in the brain. BUI measurements are

particularly suitable for substances with moderate to high BBB permeability. The

shortfalls of the BUI method have been addressed by the development of brain perfusion

methods 12071.

Brain perfrrsion methods are more sensitive than BUI and allows for estimation of

flow rates, however it is technically more difficult to administer. The perfusion of a

physiological buffer containing the test compound is started after the ligation of the
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carotid artery.In addition to the manipulation of the perfusate composition, control of the

flow rate is possible. The longer exposure of the brain capillary bed to the perfusate,

compared to the single pass technique, increases the sensitivity. Perfusion times can be

increased to as high as t hour by the addition of oxygen carriers to buffer 1207,2081. The

relatively slow transport process versus the rapid carrier mediated transport, makes brain

perfusion a good method when characterizing receptor-mediated uptake. However this

method is prone to artifacts and it is difficult to distinguish between the fraction of a test

compound that is associated with the endothelial cells, versus that which has passed

through the endothelium and entered the brain parenchyma. This analysis is possible with

the capillary depletion method.

Quantitative autoradiography (QAR) is an imaging process that determines the ¡n

situ localization of radio-labeled compounds in tissues of laboratory animals 12091.

Animals are euthanized, quick frozen, embedded in a frozen carboxy-methylcellulose

matrix, and cryosectioned. Autoradiography refers to the original technique of exposing

the whole-body sections to X-ray film, which produces a photographic image [210].

Phosphor imaging produces digital images of radioactivity dishibuted within the tissues.

Autoradiography produces photographic quality images of high resolution and clarity;

however, it is more diffrcult to obtain quantitative results from these images and the

sample-to-film exposure time is relatively long (weeks) [209]. The new technology of

direct nuclear counting and imaging is also an accurate way to directly acquire

quantitative autoradiographic images from whole-body sections [211]. QAR uses

radioactive tracers, typically loc, administered intravenously, which allow for evaluations
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of regional permeability swface area (PS) and serve as the reference for external

detection techniques, such as MRI. Although time consuming, QAR provides excellent

spatial resolution but does not provide any proof of the integrity of the tracer. However it

is difficult to measure BBB PS products less than 1OpL using this method. To date, QAR

with radio-labeled tracers and Gd-DTPA enhanced MRI remain the best approaches for

localizing and quantifuing BBB disruption, although histologic approaches might still be

more sensitive [200, 201].

We demonstrated with MR imaging multiple foci of Gd-DTPA entry into

hydrocephalic brains as well as along the ventricle lining. The latter might reflect leak

through the choroid plexus where there is no BBB. Repeated MR imaging in the same

animal at separate time points might have shown that the sites of leakage were transient.

With respect to the fluorescent-dextran conjugates, other authors use a looser definition

of BBB opening with the appearance of a widesprcadhaze of fluorescence evidence of

traçer leakage[193,200,201]. Although these may indeed be regions of leakage, we

considered only distinct fluorescence around a vessel to represent BBB breakdown,

assuming that broad diffusion would not have occurred in the brief time after injection.

We acknowledge that we might exclude areas where there is minor leakage, however we

expect that the MR method would be sensitive to that.

The nature of caveolin-l immunostaining has been reported previously [191,

2T2l.The chronic exposure of endothelial cells to shear stress (as in arterial hypertension)

is known to increase plasma membrane levels of caveolin-l due to the redistribution of
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caveolin-l from the Golgi complex to the plasma membrane, accompanied by an increase

in surface density of caveolae [2I3-2I51. Nag (2007) reported an increase in caveolin-1

expression in rats with cold-injury beginning at 12 hours post-injury with moderate

increases at2 and 4 days post-injury U911. We had hypothesized that an increase might

also be seen in hydrocephalic rats in association with the BBB changes or the white

matter edema, but no obvious changes were observed.

Conclusion

My final goal was to study blood-brain barrier (BBB) disruption in hydrocephalic

rats. We hypothesized that hydrocephalic rats would have some degree BBB disruption

evident on Gadolinium-contrast enhanced T1-weighted MR imaging, and that we could

correlate the regions of MR enhancement with histological evidence of BBB disruption

using fluorescent-conjugate-dextran tracers. In the present study we demonstrated with

two methods that hydrocephalic rats had focal areas of randomly distributed foci of BBB

disruption to tracers >10,000 but <500,000 Da. There was no generalized change even in

the perivenhicular white matter where axonal damage is known to be progressive. This

suggests that hydrocephalus is not associated with a generalized disturbance in the BBB.

The mechanism of this disruption could be random rupture of small veins as their tensile

strength is exceeded. Alternately, but less likely (based upon the morphology of vessels

at sites of leakage), proliferating capillaries might be transiently permeable as they grow.

This observation is important be because it supports the idea that periventricular water
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content changes are due to alterations of CSF-extracellular fluid fluxes. Furthermore, if

pharmacologic agents are to be used to protect the white matter, they must be able to

traverse the normal BBB.
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Chapter 5: General Summarv and Future Directions

My first objective was to improve upon the kaolin model of hydrocephalus in rats

in order to reduce meningeal inflammation. The results of our biopolymer experiment

indicate that the current model of cisterna magna injections of kaolin should still be

considered to be the most reliable and efficient method for inducing obstructive

hydrocephalus in rats. Although it causes a mild inflammatory reaction of the meninges,

this is acaveatthat one must be willing to accept; there appears to be no inflammation in

the brain tissue itself. The kaolin model is reliable in producing ventriculomegaly and it

is to some extent titratable. The kaolin injection method is also well tolerated by the

animals and the development of hydrocephalus is constant and progressive, eventually

reaching a compensated or plateau state relative to the age of injection. The survival rate

is this model has been documented to be close to 100% and animals have been

documented to survive up to 36 weeks post-injectionlZlíl. There is the possibility that

Matrigel offers a non-inflammatory alternative to kaolin. Future studies of this protein

mixture, perhaps in a more concentrated form, should be conducted to address the

possibility of reabsorption and the inconsistencies that we encountered.

My second objective was to determine whether the kaolin injection can be used to

induce hydrocephalus that is survivable beyond the acute stage in young and adult CDl

mice. The changes in these mice are similar to those documented in rats, such as

development of an enlarged head, decreased body weight, and ventricular dilatation.

However there are technical issues that need to be considered. Decreasing the
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concentration of the kaolin suspension from25o/oto I}Yo produced a better survival rate

in both young and adult mice, resulting in less compression of the brainstem and a better

spread of the kaolin within the subarachnoid space. This is probably important because

the fourth ventricle and subarachnoid compartment in mice is extremely small, leaving

little room for viscous kaolin suspension to spread. Future studies on a further decrease in

kaolin concentration may provide better survival rates, although it remains to be

documented whether the degree of ventricular dilatation would become compromised.

Refinement of this model will allow use of transgenic mice for addressing hypotheses

with respect to the role of individual gene function in hydrocephalus.

My third objective was to test the hypothesis that induction of hydrocephalus

would lead to some degree of blood-brain banier disruption, and that this disruption

would be detectable using contrast MR imaging and fluorescent microscopy. Using the

reliable model of kaolin hydrocephalus in young rats, we demonstrated with two

methods, the presence of focal areas of randomly distributed BBB disruption to tracers

>10,000 but <500,000 Da. There was no generalized change even in the periventricular

white matter where axonal damage is known to be progressive, which suggests that

hydrocephalus is not associated with a generalized disturbance in the BBB. This

observation is important because it supports the idea that periventricular water content

changes are due to alterations of CSF-extracellular fluid fluxes. The mechanism could

result in the random rupture of small veins as their tensile strength is exceeded. The issue

of BBB permeability evaluation and investigation are essential when developing drugs

for treatment of central nervous system disorders. It is very important to understand to
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what extent these molecules enter the CNS because íf pharmacologic agents are to be

used to protect the white matter, they must first be able to traverse the normal BBB.
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