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Technique for Repeatable Hyperosmotic Blood-Brain Barrier Disruption in
the Dog

Britt Wayne Culver

Abstract

Reversible hyperosmotic blood-brain barrier disruption (BBBD) has been used in
pharmaceutical research as well as human medicine to enhance drug delivery across the
blood-brain barrier. However a technique for repeatable BBBD in the canine has not been
described. This study describes a repeatable technique for BBBD in the dog and evaluates
the clinical and morphological effects of BBBD.

Using fluoroscopic guidance, an arterial catheter was directed into the internal carotid
artery via the femoral artery in ten dogs. BBBD was achieved in 5 dogs using 25%
mannitol while 5 control dogs received only saline. Following recovery, dogs were
monitored for clinical signs before a second, non-survival procedure was performed 2-3
weeks later. BBBD was estimated using CT densitometry as well as Evan’s blue staining
on post-mortem exam. Histopathological evaluation of the brain was performed on all
dogs.

Seven dogs completed the study. Two treatment dogs were lost after the first infusion
with deteriorating neurologic function attributed to CNS edema and increased intracranial
pressure. One control dog was lost due to vessel wall damage during catheterization. The
remaining dogs exhibited only transient neurologic, ocular, and vasculature injury.
Successful BBBD was demonstrated in all treatment dogs as evidenced by CT and Evan’s
blue staining. Histopathological evaluation revealed multifocal areas of infarction in all
dogs indicating refinement of the technique is needed.

This study shows that repeatable disruption the BBB in the dog is possible and opens
the way for further investigations of BBBD using the dog as a model.

This work was funded by a grant from the Virginia Veterinary Medicine Association.
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Chapter 1: The Blood-Brain Barrier: Clinical Implications

ABSTRACT

The interstitium of the brain is separated from its blood supply by a barrier
referred to as the blood brain-barrier (BBB). The BBB is formed primarily by brain
capillary endothelial cells, which are fused together by tight junctions and surrounded by
a basement membrane and astrocytic foot processes. This cellular barrier prevents the
diffusion of certain types of molecules into or out of the brain parenchyma. A variety of
disorders can result in loss of integrity of the BBB. Malfunction of the BBB may lead to
such conditions as cerebral edema as well as allow penetration of pathogens and
neurotoxic substances into the central nervous system. A clear understanding of the
pathogenesis of these disorders is crucial to their treatment. While the BBB prevents
diffusion of toxic substances into the brain, it also prevents entry of therapeutic agents
required in treating intracranial diseases. Different drug delivery methods have been
studied in an effort to achieve adequate intracranial drug concentrations. All of these
methods have advantages and disadvantages. This chapter discusses some of the more
promising of these methods and future direction in the treatment of intracranial disease.



INTRODUCTION

Homeostatic control of the neuronal environment is essential for optimal brain
function and can only be achieved by strict regulation of the passage of substances
between peripheral circulation and the brain. Environmental changes in extracellular ion
concentration, neurotransmitters, growth factors, and other chemicals can cause dementia,
stupor, coma, and death. The blood-brain barrier (BBB) is a cellular barrier that forms an
envelope around the brain parenchyma, and limits entry of potentially toxic substances in
the systemic circulation while maintaining homeostatic control of the brain’s internal
environment. While protective in nature, the BBB also hampers the ability to deliver
drugs necessary to treat a number of intracranial diseases. This paper reviews the
concept of the BBB, diseases that result in its malfunction, and strategies used in the
treatment of intracranial disease.

HISTORY

The concept of a BBB arose at the turn of the century with the observation that
certain vital dyes, when injected intravenously, stained all body organs except the brain.
It was originally thought that the brain had lower affinity for these dyes than other
organs. However, this explanation proved incorrect as these same dyes, when injected
into the subarachnoidal space, readily stained the brain parenchyma without entering the
blood stream. Further support for a BBB came with the discovery that certain
compounds, such as bile acids, were not neurotoxic when injected intravenously but
caused seizures and coma when injected directly into the brain. It was postulated that the
BBB was a function of endothelial cells. This hypothesis was not well accepted until the
advent of the electron microscope. Subsequent studies using the electron microscope and
traceable proteins, such as horseradish peroxidase, revealed that the BBB was indeed
formed from the endothelium of brain capillaries [1-3]. Subsequent studies have better
defined and revealed ways to clinically manipulate the BBB.

STRUCTURE AND FUNCTION

Some important differences exist between the ultrastructure of brain blood vessels
and systemic blood vessels (Table 1-1) [4-6]. In the brain, endothelial cell membranes are
fused into tight junctions, forming continuous, uninterrupted tubes with no gaps or
channels (Figure 1-1). These endothelial tight junctions are the anatomical site of the BBB
and the limiting factor that prevents passage of most chemical substances [7-9].



Table 1-1
Comparison of Blood-Brain Barrier and Systemic Endothelial Cells

Property BBB Systemic
endothelium endothelium

Tight junctions Yes No
Fenestrae Few Abundant
Electrical resistance High Low
Perivascular space Small Large
Mitochondrial concentration High Low
Astrocytic envelopment Yes No
Specific enzyme systems
(e.g. monoamine oxidase; alkaline Yes No
phosphatase)
Glucose transport (GLUT 1) Yes No
Specific protein receptors Yes No
(e.g. transferrin; insulin)

Pericyts

Aslrocyte
Fool Procese

Endothelial
Cell

Muclews

Thght Juction

Figure 1-1: Anatomical basis of the blood-brain barrier.
Note the tight junction and envelopment of the vessel by
astrocytic foot processes




Tight junctions are not the only unique feature of brain capillaries. Brain
capillaries lack fenestrae present in other systemic capillaries. Brain capillary endothelial
cells also have a higher concentration of mitochondria than endothelial cells in other
tissues. This difference is attributable to a higher metabolic requirement of the BBB
endothelium to maintain ion differentials between blood plasma and brain extracellular
fluid, and to maintain the unique characteristics of the brain capillaries [3]. Surrounding
the brain endothelium, is a non-fibrous, collagenous, basement membrane that is
surrounded by astrocytic foot processes. Although the exact function of astrocytes is still
being debated, current evidence suggest they primarily serve supportive and regulatory
roles to induce and maintain the formation of endothelial tight junctions. Astrocytes also
provide a means of communication between neurons and capillaries that allows for
regulation of local perfusion and capillary permeability [5, 10-13]. Pericytes are another
group of cells that are located in close proximity to the BBB vessel and are thought to
play a role as mediators of vasoconstriction.

Certain areas of the brain lack a BBB. These areas include the choroid plexus,
posterior pituitary, and the circumventricular organs (area postrema, median eminence,
pituitary neural lobe, pineal gland, subcommissural organ, and the subfornical organ).
Blood vessels in these regions have fenestrations similar to systemic capillaries and are
involved in either the production and filtration of cerebrospinal fluid (CSF) or
neuroendocrine functions of the body. To function normally they rely on passage of
molecules to and from blood plasma. These regions of the brain are also surrounded by
specialized ependymal cells called tanycytes. Tanycytes are coupled by tight junctions
and prevent diffusion of molecules from the circumventricular organs into the brain
extracellular fluid and CSF [3, 6]. The BBB and the blood-cerebrospinal fluid barrier are
often mistakenly thought to be equivalent. Because of the tanycyte barrier, CSF and brain
interstitial fluid are not in equilibrium. The content of brain interstitium is determined by
the presence of the BBB and the content of CSF is a function of the choroid plexus.
Moreover, the BBB has a 5000-fold greater surface area then the blood-CSF barrier. The
difference between brain interstitium and CSF can be appreciated by the use of fiber
dialysis studies, which show that the makeup of the brain interstitium is markedly
different than that of the CSF [14].

TRANSPORT

Although the brain’s endothelial cells create an efficient barrier, nutrients can still
be transported into the brain and waste products can be secreted. The ability of a
substance to cross the BBB is dependent upon its affinity for four classes of molecules;
plasma water, plasma proteins, membrane lipids, and membrane proteins (receptors and
carriers). The greater the affinity of a substance for the membrane components, either
lipids or proteins, the greater the ability of that substance to cross the BBB. For example,
substances such as ethanol and barbiturates, with a higher affinity for lipid membranes



than plasma water, readily cross the BBB. Substances such as glucose have a high affinity
for plasma water and would not be expected to cross the BBB. To circumvent this
problem, specific membrane transport systems exist that increase BBB penetration.
These transport systems include both carrier-mediated and receptor-mediated pathways.
Many transport systems have been described for a variety of lipid-insoluble metabolic
substrates such as hormones, neuropeptides, vitamins, and minerals. Several excellent
reviews of BBB transport systems have been written [2, 4, 11, 14-17]. It is beyond the
scope of this paper to discuss all transport systems in detail, but several transport
systems that have direct clinical importance in veterinary medicine will be described.

GLUCOSE TRANSPORT

The first BBB transport system described was a glucose transporter (GLUT 1).
GLUT 1 is a saturable, stereospecific, insulin-independent, carrier-mediated transport
system similar to that present in red blood cells [2, 3, 14]. Large amounts of D-glucose
from the blood can be transported across the BBB, but because of stereospecificity of the
system, biologically inactive L-glucose does not cross the BBB. The half saturation
coefficient of D-glucose transport is approximately the same as the normal plasma
concentration of glucose. Evidence suggests that during times of hyperglycemia, down-
regulation of glucose transport proteins occurs, while hypoglycemia results in an up-
regulation of transport proteins. Therefore, during times of hypoglycemia or
hyperglycemia the transport of D-glucose into the brain becomes more or less efficient,
respectively. This phenomena may be important in the treatment of diabetes mellitus.
Rapid correction of blood glucose in the severely affected diabetic may lead to relative
brain hypoglycemia because of down-regulation of BBB glucose carrier proteins.
Similarly, animals born to diabetic mothers may also have down-regulation of BBB
glucose carrier proteins and thus exhibit neurological signs of hypoglycemia while blood
glucose levels are normal. This phenomenon of up- and down-regulation may explain why
animals with chronic hypoglycemia, for example, insulinoma patients, may not show
signs of hypoglycemia at subnormal blood glucose levels [18-20].

AMINO ACID TRANSPORT

Different carrier-mediated transport systems exist in the brain for different
classes of amino acids. Amino acids are grouped into four groups; large neutral amino
acids, small neutral amino acids, basic amino acids and acidic amino acids. Large neutral
amino acids, comprised of branch chained and aromatic amino acids, are required for
production of neurotransmitters and proteins. Alteration in amino acid transport across
the BBB may be important in the pathogenesis of such conditions as hepatic
encephalopathy [21, 22]. Although the precise pathogenesis of hepatic encephalopathy is
unknown, at least part is due to a disturbance in the integrity of the BBB. Patients with
hepatic encephalopathy exhibit an increased BBB transport of neutral amino acids and a
decreased transport of basic amino acids into the brain. This alteration in transport
directly affects the levels of amino acid neurotransmitters such as glycine, aspartate and




glutamate. Furthermore, increased concentration of aromatic amino acids leads to the
formation of neuroactive substances such as serotnin and tryptamine [23].

PEPTIDE TRASPORT

Certain peptides such as insulin, insulin-like growth factors, and transferrin,
appear to cross the BBB by means of receptor-mediated endocytosis and exocytosis [24-
26]. Insulin is thought to play a role in many different brain functions [14]. Insulin may
play a part in the development of cerebral edema, which is observed in diabetic
ketoacidotic patients treated with this drug, by mediating the production of idiogenic
osmoles. When hyperglycemia is corrected by peritoneal dialysis, brain and blood
osmolarity fall at the same rate and cerebral edema is not seen. However, when
hyperglycemia is rapidly corrected with insulin therapy, the decrease in brain osmolarity
falls behind that of blood, and cerebral edema occurs [27].

DISORDERS OF THE BLOOD-BRAIN BARRIER

A number of diseases and pathologic conditions may result in a breakdown of the
BBB (Table 1-2). Brain tumors decrease the integrity of the BBB by destruction of the
glial sheath and /or endothelial cells, or by altering the communication between astrocytic
foot processes and endothelial cells [28, 29]. Local disruption of the BBB leads to
extravasation of fluid into the brain and tumor-associated edema. Tumor-associated edema
is a major determinant of morbidity and mortality among patients with intracranial tumors
[30]. Compromise of the BBB allows visualization of this disruption by diagnostic
imaging modalities such as contrast-enhanced computed tomography (CT) scans. For a
long time brain tumors were thought to lead to total disruption of the BBB but we now
know this to be false [31-35].

The concept of a blood-tumor barrier has been introduced [36] and is widely
accepted, although there is disagreement as to the extent of how this barrier functions.
Well-differentiated primary brain tumors exhibit a very tight barrier and may not be
enhanced on CT scans after administration of contrast agents. Poorly differentiated
tumors and metastatic tumors enhance more readily on CT scans. Well-differentiated
tumors are able to communicate with the BBB endothelium in such a way as to maintain
the integrity of the barrier [14]. Variability in the integrity of the BBB is not only
observed between different types of tumors but among different tumors of the same type
and in different locations within the same tumor. Frequently, the proliferating edge of a
tumor has an intact barrier. Thus, a tumor may be larger then predicted based on contrast-
enhanced imaging. Presence of a blood-tumor barrier allows few hydrophilic drugs to
achieve adequate concentrations within the tumor. Furthermore, brain tumors may have
decreased blood flow and thus lipophilic chemotheraputic drugs may actually achieve
higher concentrations within normal brain tissue then in the tumor [36].



Table 1-2
Disorders That Disrupt The Blood-Brain Barrier

Infectious Inflammatory /Idiopathic
Canine distemper virus Granulomatous meningoencephalomyelitis
Canine herpes virus Steroid responsive meningitis
Infectious canine hepatitis Polyarteritis - beagle pain syndrome
Feline infectious peritonitis Pug dog encephalitis / meningitis
Feline immunodeficiency virus Eosinophilic meningoencephalitis
Rickettsial infections Pyogranulomatous meningoencephalomyelitis
Bacterial meningitis Allergic encephalomyelitis
Toxoplasmosis Mechanical Injury
Neosporosis Trauma
Encephalitozoonosis Hemorrhage
Systemic mycotic infections Infarction / Thromboemboli
Protothecosis X-radiation
Trypanosomiasis Toxic
Neoplasia Lead intoxication
Primary brain tumors Thiamine deficiency
Metastatic tumors Carbon monoxide poisoning

Systemic disorders
Diabetes mellitus
Hypertension

Many infectious and inflammatory diseases of the brain lead to compromise of the
integrity of the BBB. These disorders all exhibit a similar pathophysiology. The initial
insult to the endothelial cells of the BBB leads to inflammation and breakdown of the
endothelial barrier. Pathogens, neurotoxic substances, and leukocytes that gain entrance
into the brain from inflammation result in vasogenic and cytotoxic brain edema [37-39].
Bacterial meningitis is a good example to illustrate the pathogenesis of the inflammatory
insult to the BBB. Bacterial invasion of the CSF and meninges leads to inflammation and
production of cytokines, such as interleukin 1 and tumor necrosis factor alpha. These
cytokines mediate additional damage to the BBB endothelium by recruitment of
leukocytes that result in cytotoxic edema production. Various mediators of the
inflammatory response are released into the CSF and result in formation of vasogenic
edema and inappropriate secretion of antidiuretic hormone. Intracranial pressure increases
as a result of cytotoxic and vasogenic edema, increased blood volume, and increased
viscosity of the CSF. Increased CNS pressure in turn leads to decreased cerebral
perfusion pressure and hypoxemia. Vasculitis, thromboembolic disease, and altered
autoregulation of cerebral blood flow may result in ischemic insults, with the end result
being irreversible neuronal damage [40-43].




Mechanical type insults to the BBB can also result in its destruction. Acute and
chronic hypertension have been shown to lead to alteration of the BBB. Although the
exact pathogenesis behind increased BBB permeability with hypertension is unknown, it
probably results from disruption of tight junctions (intercellular passage) and increased
intracellular transport mechanisms [44-47]. Ischemic anoxia from thromboemboli, anoxic
anoxia from respiratory arrest, or histotoxic anoxia from toxins such as cyanide or carbon
monoxide, may lead to disruption of the BBB. The magnitude of BBB disruption that
follows an ischemic insult is largely dependent upon the nature and chronicity of the
insult itself. Doses of X-radiation, close to those of the therapeutic range, have been
shown to cause disruption of the BBB as well as increase the degree of disruption from
other insults such as hypertension [48-50]. Subtle alterations in the permeability of the
BBB have also been see following exposure to electromagnetic radiation created in
magnetic resonance imaging. The clinical importance of this finding however, is unknown
[51, 52].

GETTING PAST THE BARRIER

The previous sections of this paper illustrates the important role of the BBB in
protecting the brain and allowing normal function. While protective in function, the BBB
also hampers the ability to deliver pharmaceuticals necessary to treat a number of
intracranial diseases. Methods designed to improve drug delivery to the brain are listed in
Table 1-3 and are described below.

Table 1-3
Methods of Circumventing the Blood-Brain Barrier
Routes and methods of administration Tailored and carrier drugs
High dose Increased lipid solubility
Intrathecal Lipophilic carrier agents (liposomes)
Intraventricular Cationization
Intra-arterial (carotid artery) Glycosylation
Non-pharmaceutical methods Receptor-mediated transport
Surgery Mechanical Disruption
Radiation therapy BBB disruption
- Osmotic
- Pharmacological
- Biochemical

Hypertension




ROUTES AND METHODS OF ADMINISTRATION

One method of increasing delivery of some drugs across the BBB is to increase the
systemic dose of the particular drug [53, 54]. Increasing the systemic dose of numerous
drugs will usually increase drug concentration in the CNS. However, this is not a practical
approach to use for drugs that have a narrow margin of safety. For example, with
chemotheraputic agents unacceptable systemic side-effects are seen before effective
intracranial drug concentrations can be achieved.

Strategies that change the route of drug administration also have been used to
improve therapeutic effectiveness. Intra-arterial injection of drugs into either the carotid
or vertebral artery is beneficial in delivering a larger proportion of a drug dose into the
brain vasculature [55]. This technique is used in current studies with human brain tumor
patients [56-58]. However, one disadvantage to this technique is that many drugs used to
treat intracranial diseases must first be metabolized into an active form in the liver and,
thus would not have therapeutic actions if taken up during the first pass through the
brain. Furthermore, intra-arterial administration of a drug does not change the drug’s
intrinsic ability to cross the BBB and does not insure adequate CNS delivery. Another
route for drug delivery is intrathecal or intraventricular administration [59, 60]. It is
unlikely however, that therapeutic drug concentrations can be achieved more then a few
millimeters away from the ependymal surface due to the barrier formed by the neuropil
[61]. As discussed previously, the BBB is not equal to the brain-CSF barrier and drug
concentrations in one area is not necessarily in equilibrium with the other. Furthermore,
the CSF is a highly aqueous environment and the brain parenchyma is lipid in nature. This
makes delivery of drugs by this route inefficient. Hydrophilic drugs tend to stay in the
CSF and are cleared via arachnoid villi, while lipophilic drugs are difficult to formulate for
this type of administration [62].

N ON-PHARMACEUTICAL METHODS

Other strategies that attempt to circumvent the BBB involve treatment modalities
that do not depend upon the clinician’s ability to get drugs across the BBB. Radiation
therapy is a popular treatment modality for brain tumors in both veterinary and human
medicine [63-68]. Although beneficial effects of radiation therapy have been observed, a
number of disadvantages are present [69-71]. Radiation therapy may lead to necrosis of
normal brain tissue resulting in both acute and chronic side-effects. Also, specialized
equipment and cost of radiation therapy preclude its use in most clinical veterinary
settings. Surgery is another strategy that does not depend upon the integrity of the BBB.
Unfortunately, many brain tumors are inoperable due to their location or their diffuse,
multifocal nature. Furthermore when used as a single modality, there is a high tumor
recurrence rate and low survival rate following surgery [72].

TAILORED AND CARRIER DRUGS
Newer strategies have evaluated changes to the chemical nature of a drug, or
coupling drugs with carrier agents in an attempt to facilitate their movement across the




BBB. The ability of a drug to penetrate the BBB can be enhanced by altering its lipid
solubility. For example, the esterification of chlorambucil to chlorambucil-tertiary butyl
ester greatly enhances BBB penetration [73]. A drug can also be linked to a lipid soluble
carrier such as hydropyridine to increase BBB penetration. Experimental work with this
carrier system has demonstrated its validity for the transport of drugs such as dopamine,
gamma-aminobutyric acid (GABA), and luteinizing hormone (LH) [74]. Many different
lipophilic carrier compounds have been identified and used to increase brain drug delivery.
For example, various anti-viral agents, including ganciclovir, zidovudine, and
azidothymidine (AZT), have been linked to lipophilic carrier compounds to increase their
BBB penetration [75-79]. By entrapping a drug within liposomes it may be possible to
increase BBB penetration. The brain uptake of a variety of agents has been
experimentally increased by the use of liposome carriers. Liposomes have been
investigated as carriers for citicoline and for super-oxide dismutase in the treatment of
cerebral ischemia [3, 80]. Dimethyl sulfoxide (DMSO) has been extensively investigated
as a vehicle to enhance BBB penetration of drugs[81-88], but it appears that DMSO is
not a reliable way to gain access across the BBB.

Cationization or glycosylation of proteins may increase cellular uptake and thus
enhance BBB penetration [89-91]. By interacting electrostatically with anionic charges on
the lumenal side of BBB endothelial cells, cationized protiens trigger absorptive-mediated
transcytosis through the BBB [92, 93]. Both cationized protein tracers and cationized
monoclonal antibodies have been shown to have enhanced cerebral uptake by absorbtive-
mediated transcytosis and represents a future strategy for drug delivery to the brain.
Research has also been conducted using receptor-mediated transport through the BBB.
By linking a drug with a peptide that is transported across the BBB such as insulin or
transferrin, it may be possible to achieve adequate intracranial drug levels [16, 94].
Recently the use of transferrin receptor antibodies have been studied as a viable transport
vehicle for such drugs as vasoactive intestinal peptide, nerve growth factor, and various
opioid peptides [95, 96]. Use of drug tailoring and carrier drugs is an exciting field and
holds great promise. At present, this methodology is in its infancy and few drugs are
currently available for clinical use.

MECHANICAL DISRUPTION

Another strategy to improve therapeutic effectiveness of drugs is the temporary
disruption of the BBB. Temporary disruption of the BBB can be achieved using
pharmacological, biochemical, or physical methods. Pharmacological strategies for BBB
disruption include intra-arterial infusion of drugs that interact physically with the
endothelium and enhance vascular permeability such as etoposide, melphalan or
protamine [92, 97]. Biochemical strategies include the intracarotid infusion of vasoactive
substances such as leukotrienes [98-100] or bradykinin [101, 102]. Both of these
strategies are in their infancy and their clinical usefulness has yet to be determined.
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Hyperosmotic agents such as urea or mannitol can temporally disrupt the BBB by
shrinking endothelial cells and opening tight junctions, allowing passage of therapeutic
agents [103-108]. Hyperosmotic blood-brain barrier disruption (BBBD) is a threshold
event dependent upon both duration of infusion and osmolality. If infusion duration or
osmolality are inadequate disruption does not occur. However if either of these variables
are excessive irreversible damage occurs [105, 107, 109, 110]. Disruption is unilateral,
intracarotid infusion results in BBBD of the ipsilateral cerebral cortex [111] where as
infusion into the vertebral artery results in ipsilateral BBBD of the posterior fossa [112].
Physiologic changes such as cardiac output and blood gas values as maybe seen with
anesthesia have a profound effect on BBBD [113]. These structural and physiological
changes secondary to hyperosmotic BBBD have been studied [114-118] but more
information is needed.

Hyperosmotic BBBD has been refined and demonstrated in a number of species
including the rat, dog, and non-human primate [109, 119, 120]. Various animal studies
using rodents, dogs, and non-human primates have shown hyperosmotic BBBD to be a
viable technique for delivering of chemotheraputic drugs [121-127], enzymes [120], and
viral and viral sized particles [128-131].

Neuwelt was the first to describe the use of hyperosmotic BBB disruption as a
means of delivering chemotheraputic agents to treat human patients with intracranial
tumors [132]. Since that time other investigators have also reported using the technique
with good results. Hyperosmotic BBB disruption has been used in the treatment of
primary CNS lymphoma, astrocytomas, glioma, germinoma, primitive neuroectodermal
tumors, and metastatic systemic tumors. [57, 58, 132-139]. Presently, a suitable clinical
technique has not been described in the dog and therefore clinical studies in veterinary
medicine have not been possible. We have recently concluded a project designed to
evaluate repeated hyperosmotic BBB disruption in dogs. [140]. A similar repeatable
technique for disruption of the caudal fossa BBB in the dog has been described at another
institution [112, 141].

CONCLUSION

Although vital to the normal function of the brain, the blood-brain barrier presents
some difficult challenges to the clinician. Various disorders can cause disruption of the
blood-brain barrier. A solid understanding of the structure and physiology of the BBB is
important in the treatment of these disorders. Many strategies have been used in attempts
to circumvent the barrier in treatment of intracranial disorders. To date, no clinical
strategy has been totally effective or without risks. The newest and most promising
techniques involve the chemical tailoring of drugs and the use of hyperosmotic disruption
to open the barrier.
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Chapter 2: Repeatable Hyperosmotic Blood-Brain Barrier
Disruption in The Dog: Technique and Complications

ABSTRACT

Reversible hyperosmotic blood-brain barrier disruption (BBBD) has been used in
pharmaceutical research as well as human medicine to enhance drug delivery across the
blood brain barrier. A technique for repeatable BBBD in the canine has not been
described. This study describes a repeatable technique for BBBD in the dog and evaluates
the clinical effects of BBBD.

Using fluoroscopic guidance, an arterial catheter was directed into the internal
carotid artery via the femoral artery in ten dogs. BBBD was achieved in 5 dogs using
intracarotid mannitol. Five control dogs received only saline. Following recovery, dogs
were monitored for clinical signs before a second, non-survival procedure was performed
2-3 weeks later. BBBD was estimated using computed tomographic (CT) densitometry
values as well as Evan’s blue staining on post-mortem examination.

Seven dogs completed the entire study. Two treatment dogs were lost after the
first infusion because of deteriorating neurologic function attributed to CNS edema and
increased intracranial pressure. One control dog was lost due to vessel wall damage during
catheterization. The remaining dogs exhibited only transient neurologic, ocular and
vasculature injury. Successful BBBD was demonstrated in all treatment dogs indicating
that it is possible to repeatably disrupt the BBB in the dog, opening the way for further
investigation.
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INTRODUCTION

The brain interstitium is separated from its blood supply by a barrier commonly
referred to as the blood-brain barrier (BBB). Much work has been done defining the
mechanisms behind the BBB and many excellent review articles have been written [3, 4,
142-145].The BBB is formed primarily by brain capillary endothelial cells fused together
by intercellular tight-junctions. Together with a thick basement membrane surrounded by
astrocytic foot processes, this cellular barrier prevents the free diffusion of circulating
molecules into the brain parenchyma. The barrier maintains tight homeostatic control of
the brain’s internal environment as well as prevents the entrance of toxins and pathogens
into the brain. While protective in nature, the BBB also hampers the ability to deliver
drugs necessary to treat a number of intracranial diseases.

Infusion of hyperosmotic agents into the internal carotid artery has been shown to
transiently and reversibly disrupt the BBB by shrinking endothelial cells and opening
tight junctions. [103, 104, 108, 146]. Various animal studies using rodents, dogs, and non-
human primates have shown hyperosmotic blood-brain barrier disruption (BBBD) to be a
viable technique for delivering of chemotheraputic drugs [121-125], enzymes [120], and
viral and viral sized particles [128-131]. The medical literature contains many clinical
studies evaluating the efficacy and associated morbidity of BBBD used in the treatment
of metastatic and primary CNS tumors, in man, with many encouraging reults [57, 58,
134-137, 147, 148].

Because of its size, the dog has proven to be a useful model for BBBD allowing
for repeated clinical and CSF evaluations as well as diagnostic imaging with computed
tomography (CT) and magnetic resonance imaging (MRI). In a series of canine studies,
Neuwelt and others have shown that the use of hyperosmotic BBBD is a viable means of
increasing drug delivery to the brain. These studies have defined ways of quantifying the
degree of BBBD with vital dyes and diagnostic imaging [111, 112, 126, 127, 149-153].
Current methodologies used in most of the canine studies, call for direct internal carotid
artery catheterization to introduce the hyperosmotic agent. While this method is effective
for single BBBD studies, inability to consistently canulate this vessel multiple times as
would be necessary in therapeutic trials limits its clinical usefulness. Human clinical
studies make use of a catheter system introduced into the internal carotid artery via a
peripheral artery such as the femoral artery.

The purpose of this study was to design a repeatable technique for hyperosmotic
BBBD in the dog. Establishment of such a technique would not only provide a useful
model to explore the safety and efficacy of newer innovative treatment protocols such as
immunotherapy for brain tumors, and enzyme replacement therapy for metabolic brain
disease. It also allow veterinary clinical trials to be undertaken to expand our ability to
treat a wide number of intracranial diseases.
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METHODS AND MATERIALS

ANIMALS

Ten young adult, mixed breed, male dogs weighing between 19 and 34 kg were
studied. All animals were housed and maintained according to guidelines set forth by the
University Animal Use and Care Committee. Dogs were determined to be healthy based
on physical, ophthalmologic and neurological examination. Complete blood cell count,
serum biochemical profile, urinalysis, fecal flotation, and Knott’s test were performed on
each animal and normal results were a prerequisite to inclusion in the study. At least one
week prior to the first catheterization procedure, all dogs were anesthetized with
thiopental induction and maintained on isoflurane for contrast enhanced CT evaluation to
ensure there was no sub-clinical pathology present as well as supply baseline data.

EXPERIMENTAL DESIGN

Dogs were divided into two groups by ranking them according to weight and
alternately assigning them to group 1 (treatment group) or group 2 (control group). To
ensure groups were of similar weight, mean weights were compared using ranked sum test
(p=0.706). Both groups were treated identically with the exception of the carotid infusion
solutions. Group 1 dogs received intracarotid mannitol infusions and group 2 dogs
received isotonic saline.

ANESTHESIA

All procedures were performed under general anesthesia. Animals were induced
with thiopental, intubated and maintained on isoflurane. To maintain constant pO,/pCO,
concentrations, animals were mechanically ventilated (Ohmedald ventilator”) and arterial
blood gases were maintained at a pCO, of 25 to 35 mm Hg and a pO, of >550 mm Hg.
Heart rate, blood pressure, and rectal temperature were also monitored. Heart rate was
maintained above 100 bpm by atropine administration (0.002 mg/kg 1.V.) and mean
arterial pressure was maintained above 100 cm H,O using phenylephrine (0.03mg/kg 1.V.)
as necessary. To evaluate the effect physiological factors may have on BBBD, heart rate,
respiratory rate, blood pressure, rectal temperature, blood gas and urine output were
recorded at each of five time periods. Time periods included time of induction, just prior
to intracarotid infusion, immediately following intracarotid infusion, after administration
of radiographic contrast, and at the conclusion of general anesthesia. To induce diuresis,
furosemide (2 mg/kg 1.V.) was administered immediately prior to intracarotid infusion.

* Ohmeda 7000 ventilator, Ohmeda, A Division of the BOC Group Inc., Madison WI 53070
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CATHETERIZATION TECHNIQUE

Animals were positioned in dorsal recumbancy and the internal carotid artery
catheterized via femoral artery using the Seldinger technique [154] (Figure 2-1). A sterile
surgical field was prepared in the inguinal region, over the right femoral artery. An 18
gauge, 7.0 Fr. percutaneous entry needle’ was placed through a small stab incision into the
femoral artery and a flexible glide wire* was feed through the needle into the artery. The
entry needle was removed and an angiographic catheter® was introduced over the glide
wire into the femoral artery. Two types of guide wires (a straight, flexible tip Bentson
guide wire and a hydrophobic 45° angle tip guide wire) and two different catheters (a
Norman catheter and an Imager( torque catheter) were used. Glide wires and catheters
were chosen based on ease of manipulation into the desired vessels as well as availability
of equipment. A rotating hemostatic valve™ was attached to the catheter to facilitate
flushing with heparinized saline (10 units/ml). Under fluoroscopic guidance', the catheter
and glide wire were advanced into the descending aorta, past the brachycepahlic trunk,
and into the aortic arch. The catheter was rotated 180° and withdrawn until the catheter
entered the brachycepahlic trunk. The catheter was then advanced cranially until it
entered the common carotid artery and then the internal carotid artery. Positioning of the
catheter was confirmed with digital subtraction angiography using 1.5 ml of iopamidol
diluted 1:1 with normal saline (0.9% NaCl) and injected at 1.5-2 ml/sec. Mild reflux of
contrast around the catheter during the angiogram was used to confirm an adequate flow
rate sufficient to replace the normal blood flow through the circle of Willis (Figure 2-2).

DISRUPTION

Two disruption procedures were performed in each dog. The initial side chosen for
disruption was based on ease of catheterization. However, the second procedure was
always performed on the same side. Dogs in group 1 received mannitol (25%) warmed to
37°C and filtered through a 0.20 um milipore filter. Group 2 dogs received an intracarotid
infusion of 0.9% NaCl warmed to 37°C. Using an infusion pump*, the infusate was
delivered at a constant rate of 1.7 ml/sec for 30 seconds. To ensure accuracy in flow rates,
the volume of solution infused over 30 seconds was recorded and exact flow rate was

f Cook, A Cook Group Company, PO Box 489, Bloomington, IN 47402

* TFE Coated Bentson Wire Guide, 0.035 inch diameter, 145 cm length
Cook, A Cook Group Company, PO Box 489, Bloomington, IN 47402
Angled, hydrophobic Glidewire O, 0.035 inch diameter, 150 cm length
Medi-tech, Boston Scientific Corporation, 480 Pleasant Street, Watertown, MA 02172
8 Imager] Torque Catheter, 5 French, 100 cm length: Bern/Berenstein shape
Medi-tech, Boston Scientific Corporation, 480 Pleasant Street, Watertown, MA 02172
Norman Angiographic Catheter, High-FloO torque control angle, 5.5 french, 100 cm
Cook, A Cook Group Company, PO Box 489, Bloomington, IN 47402

- Target Therapeutics, 47201 Lakeview Blvd,, Fremont, CA 94538
™ picker elite fluroscope, Picker International, 595 Miner Road, Highland Heights, Ohio 44143
* Uropump, Model 17711, Life-Tech(1, Inc., PO Box 36211, Houston TX 77236
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Figure 2-1: Seldinger Technique of percutaneous catheterization of the femoral artery. A)
percutaneous entry into artery using an introduction needle, B) feeding guide wire through
introduction needle and into artery, C) removal of introduction needle, D) feeding catheter over
guide wire and into artery.

Figure 2-2: Digital subtraction angiogram
demonstrating the catheter position used for

| |intracarotid infusion. Correct catheter placement is
indicated by opacification of the circle of Willis
(white arrows). Correct flow rate is indicated by
contrast reflux into the lingual artery (black arrows)
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calculated for each dog. Following intracarotid infusion, a second angiogram was
performed as before, to ensure the catheter had remained in position during the procedure.

CT EVALUATION

Immediately following each disruption procedure, CT densitometry of the brain
was performed using a fourth generation scanner®® and iopamidol enhancement. lopamidol
was infused at 5 ml/kg over 5 minutes beginning 1 minute after intra-carotid infusion. Post
contrast CT images were acquired in a transverse plane using a 5-mm slice thickness, 5
mm slice interval, 240 mm field of view, 130 kilovoltage peak, and 105 millamperage.
Densitometric values were obtained from four predetermined locations (left lateral, right
lateral, left dorsal, and right dorsal quadrants) in each of three pre-selected slice levels
(rostral clinoid, dorsum sellae, and tentorium cerebelli) (Figure 2-3). These slice levels
were chosen in order to obtain a representative sampling of the cranial, middle, and caudal
cerebral arterial distributions. All CT density values were obtained by a board certified
veterinary radiologist who was unaware of dog grouping. Density values were determined
using an elliptical region of interest placed on the display and the CT computer’s
software for relative density calculation. Computed tomographic density values were
compared by group using analysis of variables (ANOVA) for repeated measures.
Significance was determined using a P value of <0.05.

Figure 2-3: Transverse CT images
of the brain demonstrating regions-
of-interest used for CT
densitometry. A) level of rostral
clinoid, B) level of dorsum sellae, C)
level of rostral tentorium cerebelli

88 picker 1.Q./T., Picker International, 595 Miner Road, Highland Heights, Ohio 44143
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SURVIVAL STUDY

All animals were monitored continuously during recovery and for a minimum of 2
hours following full recovery for signs of side effects. Any animal exhibiting adverse side
effects was either treated as deemed appropriate by the investigators or humanely
euthanitized if the signs were considered severe enough to adversely interfere with the
animals quality of life. One dog was treated with methylprednisolone sodium succinate
(Solu-Medrol[1) for apparent cerebral edema. One dog was euthanitized because of
severity of clinical signs and one animal died of apparent brain herniation before full
anesthetic recovery. A complete neurological exam was performed within 12 hours
following full recovery by an investigator blinded to the dogs grouping. Neurological
examinations were performed daily until the animal was considered normal.

N ON-SURVIVAL STUDY

To establish repeatability of the catheterization technique, 2 to 3 weeks following
the first procedure, all surviving dogs underwent a second disruption procedure identical
to the first. Fifteen minutes prior to the second and final disruption, 3 ml/kg of 2% Evan’s
blue dye was administered IV to provide a visual marker to evaluate BBBD. Following
final CT evaluation, all animals were humanely euthanized and complete post-mortem
evaluations performed. All brains were photographed and the degree of Evan’s blue
staining was graded on a scale of 0-3 as previously described [109]. A score of 0 was
assigned if there was no stain uptake, a score of 1 assigned to light staining of the surface
and cortical layers, a score of 2 assigned to darker, diffuse cortical staining and light
staining of the white matter, and a score of 3 assigned if there was deep blue staining of
gray and white matters. Evan’s blue scores were statistically evaluated using a two
sample T test. Significance was determined using a P value of < 0.05. Brains were
preserved in formalin for histopathological evaluation.

RESULTS

CATHETERIZATION TECHNIQUE

The project was successfully completed in 7/10 dogs (4 control and 3 treatment
dogs). One control dog was lost from the study after two failed catheterization attempts.
One treatment dog died of brain herniation before full recovery from anesthesia following
the first infusion. Another treatment dog was euthanized 24 hours after the first
procedure for deteriorating neurologic signs suggestive of CNS edema. Successful
catheterization of the internal carotid artery was achieved in 16 of 18 attempts (Table 2-
1).
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Table 2-1
Procedural Complications

Number of Percentage of
Complication Occurrences Procedures Occurrence (%)

Unsuccessful catheterization of
internal carotid 2 18 11.1
Rupture of femoral artery

1 18 5.6
Hematoma of common carotid
artery 1 18 5.6
Unsuccessful percutaneous
entry 1 18 5.6
Thrombosis of internal carotid
artery 1 18 5.6
Clinical signs associated with
femoral artery hematoma 2 10 20.0

Total time of the catheterization procedure ranged from 1 hour 6 minutes to 14
minutes with an average procedure time of 41 minutes. The average time of the first nine
procedures was 50 minutes whereas the next nine procedures averaged only 27 minutes.

Six procedures were performed using an Imager] Torque Catheter and twelve
procedures using a Norman Angiographic Catheter. Successful catheterization was
achieved with both catheters and there was little subjective difference between the two.
The use of an angled glide wire greatly facilitated the introduction of the catheter into the
internal carotid artery. A straight Bentson wire was used in five procedures. In 4 of the 5
of these procedures the wire was changed to an angled one in order to guide the catheter
into the internal carotid artery.

In only two dogs was percutaneous catheter placement in the right femoral artery
impossible. One dog required artery isolation using a minimally invasive, cut down
procedure and subsequent ligation of the artery. In the second case, hematoma formation
during the initial percutaneous arterial puncture necessitated use of the opposite femoral
artery.

COMPLICATIONS OF CATHETERIZATION

Complications directly related to the catheterization technique consisted of
subcutaneous hematoma occurrence at the site of catheter introduction in all dogs (Table
1). Adverse clinical signs consisting of distal limb edema and / or lameness was only
observed in two of the dogs. All subcutaneous hematomas resolved by the time of the
second infusion procedure.
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In the single control dog lost from the study, two catheterization attempts were
unsuccessful. In the first attempt, hematoma of the common carotid prevented catheter
placement into the internal carotid artery. During the second attempt two weeks later, the
femoral artery was penetrated at the level of the iliac artery, allowing intra-abdominal
catheter placement. The procedure was terminated and the dog was humanely euthanized.

Thrombosis of the internal carotid artery was detected at the time of the second
procedure in one treatment dog. It was not possible to determine whether the thrombosis
occurred secondary to previous trauma during the initial catheterization or if it occurred
secondary to the initial intracarotid infusion. The opposite internal carotid artery was
catheterized and BBBD was performed on the contralateral side.

COMPLICATIONS OF THE INFUSION

During recovery all but one dog exhibited clinical signs of pain and were treated
with butorphenol (0.5 mg/kg subcutaneously). This dose was effective in eliminating signs
of discomfort in all dogs.

Following the first BBBD procedure one treatment dog recovered from the initial
infusion, but during the subsequent 24 hours, deteriorating neurological signs necessitated
euthanasia. Post-mortem evaluation revealed edema of the cerebral hemisphere ipsilateral
to the infusion. Another treatment dog showed similar deterioration of neurologic signs 24
hours following the initial infusion. Aggressive therapy with methylprednisolone sodium
succinate (Solu-Medrol(J) (30 mg/kg 1V) twice 6 hours apart and mannitol (1 gm/kg IV,
once) resulted in full clinical recovery within 24 hours. One treatment dog showed signs
of increased CNS pressure and died before recovery from anesthesia. Post-mortem
evaluation revealed cerebral edema and subsequent brain herniation. Because this animal
did not awaken from anesthesia it was not included in the neurological side-effects data
below.

Neurologic deficits consisting of head deviation ipsilateral to the side of infusion
was seen in 2/4 control dogs and 3/4 treatment dogs (including the dog that recovered from
anesthesia above) (Table 2-2). All but one of the control dogs also circled to the side of
the infusion and had postural reaction deficits on the side opposite intracarotid artery
infusion. Neurological deficits were transient in all dogs and resolved within 96 hours of
the initial infusion. Neurological deficits tended to be more severe and take longer to
resolve in the treatment group.

Visual field deficits as a consequence of perfusion of the internal carotid artery
was observed in 7 of 8 dogs (Table 2-3). In all seven dogs, the eye ipsilateral to the
infusion had visual deficits, incomplete to absent direct pupillary light reflexes (PLR), and
variable degrees of anterior uveitis. Electroretinograms (ERG) performed on two of the
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Table 2-2
Neurologic Side effects of BBBD

Control Treatment | All Dogs

Group Group (n=8)

(n=4)* (n=4)**
Head tilt ipsilateral to infusion 2 3 5
Circling ipsilateral to infusion 1 3 4
Hemiparesis contralateral to infusion 1 3 4
Brain herniation 0 1™ 1
Euthanasia due to neurologic deterioration 0 1 1

* One dog in the control group was not successfully catheterized during either procedure and
was not included in the neurological side-effects data

" One dog in the treatment group did not recover from anesthesia following the first BBBD
and thus was not included in the neurological side-effects data

Table 2-3
Visual Findings
Eye Ipsilateral To Infusion Contralateral Eye
| Dog | Group Vision PLR" ERG™ Vision PLR ERG
1 Control diminished | incomplete - normal normal -
2 Control normal normal normal normal normal normal
3 Control diminished | incomplete - blind slow -
4 Control blind absent - blind normal -
5 | Treatment | diminished | incomplete - blind slow -
6 | Treatment blind absent flat blind normal normal
7 | Treatment blind absent flat blind normal decreased
8 | Treatment blind absent - blind normal

* PLR - Pupillary Light Reflex
** ERG - Electroretinogram

treatment dogs, failed to elicit any retinal activity. Histopathological evaluation performed
on these same two dogs following the final disruption revealed atrophy of the ventral
inner retina and retinal pigmented epithelium consistent with ischemic or hypoxic injury
of 2-4 weeks duration. Histopathological evaluation of the one treatment dog with normal
vision following the first disruption revealed no significant abnormalities.

Visual field deficits in the eye contralateral to the infusion occurred in 6 of 8 dogs.
Pupillary light reflexes were normal to slow in all six of these dogs. Two of the treatment
dogs had ERG performed. One of the dogs had reduced amplitude indicating reduced
retinal function, while the second dog’s ERG was normal. Histopathological evaluation of
these eyes following final infusion did not reveal any significant abnormalities.
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Visual deficits were transient, lasting 2-10 days. All dog’s with abnormal ERG
findings following the first infusion had normal ERG findings prior to the second
procedure. Vision was considered normal in all other dogs prior to the second BBBD
based on ophthalmologic examination and the ability to negotiate a maze in a darkened
room.

CT DeNsITOMETRIC DATA

Using analysis of variables (ANOVA) for repeated measures and a p value < 0.05
there was no significant difference found between quadrants or slice levels measured for
each group. Therefore means and standard deviations given represent pooled data within
groups (Table 2-4).

There was no significant difference in the baseline values between or within
groups of dogs, indicating no underlying pathology was present in any animal. In the
control group, the baseline mean CT densities of the two hemispheres was 49.26 (£ 4.02),
and 48.91 (+ 3.81) (p = 0.767). In the treatment group, the baseline mean CT densities of
the 2 hemispheres was 49.14 (+ 2.92) and 49.30 (x 3.42) (p = 0.850). Pooling values from
both sides of the brain, mean baseline CT densities were 49.08 (+ 3.89) for the control
group and 49.22 (+3.16) for the treatment group (p = 0.835).

Table 2-4
CT Density Values (Hounsfield Units)

Control group | Treatment group

Treated side | 49.26 (+4.02)| 49.14 (+2.92)
Baseline Opposite side | 48.91 (£3.81)| 49.30 (£ 3.42)
Both sides | 49.08 (+3.89)| 49.22 (+3.16)

Treated side | 50.68 (+5.87) | 61.31 (£7.78)
First Disruption | Opposite side [ 51.05 (£ 5.05)| 54.80 (x 8.53)
Both sides | 50.86 (+5.45)| 58.06 (* 8.73)

Treated side | 48.72 (x4.41)| 63.63 (£ 10.00)
Second disruption | Opposite side | 49.37 (£ 4.55)| 58.11 (£ 9.16)
Both sides | 49.04 (+4.44)| 60.87 (% 9.86)

Density values given in mean + standard deviation
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Comparing values obtained from the perfused hemisphere, statistically significant
differences in CT densities were detected between treatment and control dogs after both
the first and second intracarotid infusion. Mean CT densities of the perfused hemisphere
after the first infusion was 50.68 (+£5.87) for the control group and, 61.31 (£7.78) for the
treatment group (p = 0.0007). Mean CT densities of the perfused hemisphere after the
second infusion was 48.72 (+ 4.41) for the control group and, 63.63 (+ 10.00) for the
treatment group (p = 0.0001).

Comparing values obtained from the non-perfused hemisphere, the treatment
group had higher CT densities after both the first and second infusions, however this
difference was only statistically significant following the second infusion. Mean CT
densities of the non-perfused hemisphere after the first infusion was 51.05 (+ 5.05) for
the control group and, 54.80 (x 8.53) for the treatment group (p = 0.0624). Mean CT
densities of the non-perfused hemisphere after the second infusion was 49.37 (£ 4.55) for
the control group and, 58.1 (= 9.16) for the treatment group (p = 0.0011).

Comparing CT densities for right and left sides, in the control group, there were
no statistical differences in any of the three CT studies. In the control group, mean
baseline CT densities were 49.26 (+ 4.02) on the treated side, and 48.91 (£ 3.81) on the
non-treated side (p = 0.767). After the first infusion, mean CT densities were 50.68
(x5.87) on the treated side and, 51.05 (x 5.05) on the non-treated side (p =0.813). After
the second infusion, the mean CT densities were 48.72 (£ 4.41) on the treated side and,
49.37 (£ 4.55) on the non-treated side (p = 0.618). In the treatment group, the perfused
side had higher CT densities than the non-perfused side. However, due to small sample
size this difference was only statistically significant following the first infusion. For the
treatment group, the mean baseline CT densities were 49.14 (£ 2.92) on the treated side,
and 49.30 (+ 3.42) on the non-treated side (p = 0.850). After the first infusion, the mean
densitometric value were 61.31 (£7.78) on the treated side and, 54.80 (+ 8.53) on the
non-treated side (p = 0.0031). After the second infusion, the mean CT densities were
63.63 (£ 10.00) on the treated side and, 58.11 (+ 9.16) on the non-treated side (p = 0.93).

Comparing values from the first and second infusions, the second infusion did not
result in significantly higher values than the first infusion in either group. In the control
group mean CT densities of the perfused side was 50.68 (+5.87) following the first
infusion, and 48.72 (+ 4.41) following the second infusion (p = 0.198). For the treatment
group, the mean densitometric value of the perfused side was 61.31 (£7.78) following
the first infusion, and 63.63 (£ 10.00) following the second infusion (p = 0.373).
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Table 2-5

Evan’s Blue Scoring

Evan’s Blue Control Group | Treatment
Score (n=4) Group (n=3)
“0” 3 0

“1” 1 0

“2” 0 2

“3” 0 1

See text for scoring scheme

EvAN’s BLUE SCORE

A second BBBD procedure was completed in 7 of the 10 dogs (4 control dogs and
3 treatment dogs). Three of the control dogs had an Evan’s blue score of 0 and one control
dog was given a score of 1 (Table 2-5). One treatment dog was given a score of 3 and the
remaining two dogs were given a score of 2. Evan’s blue scores for the treatment group
were significantly higher then the control group (p=0.004).

DISCUSSION

The purpose of this paper was to identify a repeatable technique for
hyperosmotic blood-brain barrier disruption in the dog. Using fluoroscopic guidance, it
was possible to direct a catheter from the femoral artery to the internal carotid artery in
16 of 18 attempts. Furthermore, the same internal carotid artery was successfully
recatheterized 2-3 weeks later in 7 of 8 attempts.

Complications from the catheterization technique were rare. Self-resolving
hematoma formation at the site of catheter introduction was the most common
complication. One control dog developed a hematoma at the common carotid artery during
the first catheterization attempt, and rupture of the femoral artery occurred during the
second attempt. It is not clear why a single animal experienced both of these
complications. The possibility of a vascular disease resulting in abnormally friable vessels
can not be excluded.

Thrombosis of the internal carotid artery was seen in one dog during the second
catheterization attempt. It is not know if this occurred secondary to damage from the first
catheterization or if the vessel was damaged at the time of the first infusion. The infusion
pump used in this study was a roller pump and created a pulsatile flow. This pulsatile
flow could have increased the amount of vessel wall damage, predisposing to thrombosis
formation. Other studies have described the use of a non-pulsatile pumps (Harvard
apparatus infusion pump or Medrad mark V arterial injector) which would avoid this
problem [112, 155]. Alternatively, many of the catheters used in this study were
sterilized and reused because of economic constraints. After repeated use, burrs
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developed on the tips of some catheters which could have increased this complication
rate.

Neurologic side effects seen in this study were more common than previously
described [57, 109, 112, 134, 151, 156]. Head tilt and circling to the side of infusion with
postural reaction deficits on the opposite side were clinical signs observed in both
treatment and control animals. Lateralization of neurologic signs, together with the self-
resolving nature of the deficits, suggest that intracarotid infusion created brain edema.
Since clinical deficits were present in both treatment and control groups, mannitol alone
can not explain the observed side-effects. Instead, either the catheterization technique or
the infusion technique including the rate or pulsatile nature of the infusion must be
implicated. Cerebral edema is a recognized complication of BBBD and excessive infusion
rates is one of the variables known to exacerbate this complication [157]. Previous studies
indicated that flow rates of 1.5 ml/sec for 30 seconds are optimal in the dog [149, 150]. In
the present study, similar flow rates were attempted. However after measuring the
volume of solution infused, the flow rate was calculated to be 1.7 ml/sec. Minimal side-
effects were seen in the first two experimental animals, therefore this rate was maintained
for the sake of consistency. Unfortunately this may have contributed to increased
morbidity seen in this study.

Human patients undergoing BBBD are routinely treated for edema with systemic
administration of steroids and mannitol [147]. Deteriorating neurologic signs were
successively reversed in one treatment dog using these agents. We speculate that one or
both of the other treatment dogs lost in this study may have survived if treatment had
been initiated. Furthermore, neurologic deficits observed may have been minimized with
routine post-disruption treatment regimes.

Bilateral visual deficits following BBBD was an unexpected complication. Deficits
in the eyes ipsilateral to intracarotid infusion had clinical signs compatible with a primary
ocular lesion including uveitis, absent to incomplete PLRs and no ERG activity in the two
dogs tested. Histopathological evaluation of two of these dogs confirmed the diagnosis of
ocular blindness. Ocular lesions resulting from disruption of the blood-aqueous barrier
and/or blood-retinal barrier are documented complications of hyperosmotic BBBD [57,
147, 158, 159] and we speculate that a similar mechanism resulted in temporary visual
deficits in the ipsilateral eye in this study. However, blindness in the eye contralateral to
infusion has not, to our knowledge, been reported. All of the treatment dogs and half of
the control dogs in this study demonstrated visual deficits with intact PLRs and no
clinical or histopathological evidence of ocular lesions in the eye contralateral to
intracarotid infusion. These finding together with normal or minimal changes in ERGs
supports the diagnosis of blindness secondary to forebrain injury. It is estimated that at
least 75% of the optic nerve fibers cross in the optic chiasm in the dog [160]. Therefore,
visual deficits in the contralateral eye may represent another manifestation of cerebral
edema.
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Both the use of physiologic markers such as Evan’s blue dye and diagnostic
imaging modalities such as enhanced computed tomography have been shown to correlate
well with the degree of BBBD and drug delivery [111, 149]. Using these markers,
successful repeat BBBD was achieved in this study. Based on densitometric values,
treatment animals had significantly greater enhancement than the control group after both
infusions. It is interesting to note that repeat BBBD does not appear to increase the
degree of disruption as there was no significant difference between CT densities following
the first or second infusion in either group.

Although CT enhancement was significantly greater on the side ipsilateral to the
infusion, evidence of disruption was noted in the opposite side as well. CT densities of
the contralateral side were significantly greater than baseline values in the treatment group
after the first infusion and were greater than the control group after both the first and
second infusions. However, due to small sample size this difference between groups was
only significant following the second infusion. Hyperosmotic BBBD is primarily an
unilateral event in that intracarotid infusion results in BBBD of the ipsilateral cerebral
cortex. However, disruption maybe seen in the contralateral hemisphere especially in the
area of anterior cerebral artery distribution where the dilution of blood from the opposite
side of the circle of Willis is minimal [111]. In the current study, the degree of disruption
on the side of the brain contralateral to the infusion may have been enhanced by excessive
infusion flow rates. We speculate that the flow rate used in this study was high enough to
counteract the dilutional effect from the opposite side of the circle of Willis and thus
disrupt the cerebral hemisphere contralateral to the infusion.

In summary, repeatable hyperosmotic BBBD is possible in the dog. More work is
needed to define a safe yet effective mannitol flow rate as well as standardize post
disruption monitoring and therapy to minimize neurological complications. Refinement of
this technique would be useful not only for improved delivery of chemotheraputic agents
in patients with brain tumors, but would also allow for further investigation of new
therapies employing genetically engineered retroviruses and monoclonal antibodies. While
more work is needed before this technique is clinically applicable, this paper clearly
establishes the feasibility of repeat BBBD in the dog.
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Chapter 3: Histopathological changes in the dog brain after
repeat hyperosmotic blood-brain barrier disruption

ABSTRACT

Reversible hyperosmotic blood-brain barrier disruption (BBBD) is a reported
method of enhancing drug delivery across the blood brain barrier. A technique for
repeatable BBBD in the canine has recently been described. The purpose of this study
was to examine the histopathological structural changes associated with this technique.

Ten dogs were randomly assigned to treatment or control groups. A catheter was
percutaneously introduced into the femoral artery and advanced with fluoroscopic
guidance into the internal carotid artery. Treatment dogs received intracarotid 25%
mannitol (1.7 ml/sec for 30 sec) and control dogs received 0.9% saline at the same rate.
Following BBBD, contrast enhanced computed tomographic (CT) scans were performed
on all dogs. Dogs were recovered following the first procedure and were monitored for
clinical signs related to BBBD for 2-3 weeks. A second, non survival procedure was
performed as before with the addition of Evan’s blue dye administered 15 minutes prior
to BBBD. The degree of BBBD was estimated using Evan’s blue staining with a grading
scale of 0-3. Brains were harvested immediately following the second procedure, and
examined with light microscopy using hematoxylin and eosin, Perl’s iron, Masson’s
trichrome and glial fibrillary acidic protein immunocytochemical staining.

All dogs in this study had gross and microscopic brain lesions related to BBBD.
The most common lesions observed were multifocal regions of necrosis consistent with
infarction in the caudate nucleus as well as corticomedullary regions of the temporal and
parietal lobes. All lesions were located on the side of the brain ipsilateral to intracarotid
infusion. Although lesions were seen in both treatment and control groups, they were
more numerous and severe in the treatment group.

We speculate that the lesions were secondary to an excessive intracarotid infusion

rate leading to damage of BBB endothelium and resulting damage to the brain’s
interstitium.
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INTRODUCTION

The brain interstitium is separated form its blood supply by a barrier commonly
referred to as the blood-brain barrier (BBB). Anatomically, the BBB is formed by brain
capillary endothelial cells fused together by intercellular tight-junctions. Together with a
thick basement membrane surrounded by astrocytic foot processes, this cellular barrier
prevents free diffusion of circulating molecules into the brain parenchyma [5]. The barrier
maintains tight homeostatic control of the brain’s internal environment as well as prevents
the entrance of toxins and pathogens into the brain [3, 143]. While protective in nature,
the BBB also hampers the ability to deliver drugs necessary to treat a number of
intracranial diseases.

Hyperosmotic blood-brain barrier disruption (BBBD) is an established method of
enhancing drug delivery to the brain [161]. Intracarotid infusion of hyperosmotic agents
reversibly disrupt the BBB by shrinking endothelial cells and opening tight junctions,
allowing passage of therapeutic agents [103, 104, 108, 146]. Although there are many
reports on the clinical side-effects and morbidity of hyperosmotic BBBD [109, 112, 117,
118, 125, 126, 134, 152, 156, 158, 159, 162, 163], there have been few studies designed
to examine the histopathological changes secondary to hyperosmotic BBBD [114-116,
146].

The methods used in most previous canine studies call for direct intracarotid
artery catheterization to introduce the hyperosmotic agent [111, 127, 149-153]. While
effective for single BBBD studies, inability to consistently re-canulate this vessel
multiple times limits its clinical usefulness. We recently described a technique of
repeatable BBBD in the dog using fluoroscopic guidance to place a percutaneous
transfemoral catheter system into the internal carotid artery. The clinical consequences of
repeat BBBD were reported in a previous paper[140].

The purpose of this study was to examine the morphologic effects of a technique
for repeatable hyperosmotic BBBD in the dog
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METHODS AND MATERIALS

ANIMALS

Ten young adult, mixed breed, male dogs weighing between 19 and 34 kg were
studied. All animals were housed and maintained according to guidelines set forth by the
University Animal Use and Care Committee. Dogs were determined to be healthy based
on physical, ophthalmologic and neurological examinations. Complete blood cell count,
serum biochemical profile, urinalysis, fecal flotation, and Knott’s test for microfileria
were performed on each animal and normal results were a prerequisite to inclusion in the
study. At least one week prior to the first catheterization procedure, all dogs were
anesthetized with thiopental induction and maintained on isoflurane for contrast enhanced
CT evaluation of the brain to ensure no sub-clinical pathology was present.

EXPERIMENTAL DESIGN

Dogs were divided into two groups by ranking them according to weight and
alternately assigning them to group 1 (treatment group) or group 2 (control group). Both
groups were treated identically with the exception of carotid infusion solutions. Group 1
dogs received intracarotid mannitol infusions and group 2 dogs received isotonic saline.
Two infusion procedures were performed in each dog. Dogs were recovered following the
first procedure and were monitored for adverse side-effects. A second non-survival
procedure followed in 14 - 21 days. Details of the procedure have been previously
described [140]. Briefly, a percutaneous transfemoral catheter system was introduced into
the internal carotid artery using fluoroscopic guidance and digital subtraction angiography.
Both disruption procedures were performed on the same side for each dog. Dogs in group
1 received mannitol (25%) warmed to 37°C and filtered through a 0.20 pm milipore filter.
Group 2 dogs received an intracarotid infusion of 0.9% NaCl warmed to 37°C. Using an
infusion pump™™”, the infusate was delivered at a constant rate of 1.7 ml/sec for 30
seconds.

QUANTIFICATION OF DISRUPTION

Brain CT scans were obtained immediately following both disruption procedures
using a fourth generation scanner'™" and iopamidol enhancement. Scans were acquired in a
transverse plane using a 5 mm thickness, 5 mm slice interval, 240 mm field of view, 130
kilovoltage peak, and 105 milliamperge. Infused versus non-infused hemispheres were
compared using CT densitometry [140]. Fifteen minutes prior to the second and final
disruption, 3 ml/kg of 2% Evan’s blue dye was administered intravenously (IV) to
provide a visual marker to evaluate BBBD.

“* Uropump(, Model 17711, Life-Tech(, Inc., PO Box 36211, Houston TX 77236
M7 picker 1.Q./T., Picker International, 595 Miner Road, Highland Heights, Ohio 44143
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Following the final procedure, all animals were humanely euthanitized by
overdose of pentobarbital solution and complete necropsy evaluations performed. All
brains were photographed and the degree of Evan’s blue staining was graded on a scale of
0-3 as previously described [109]. A score of 0 was assigned if there was no stain uptake,
a score of 1 assigned to light staining of the surface and cortical layers, a score of 2
assigned to darker, diffuse cortical staining and light staining of the white matter, and a
score of 3 assigned if there was deep blue staining of gray and white matter.

HISTOPATHOLOGICAL EVALUATION

Brains were immersion fixed in 10% neutral buffered formalin and sectioned one
week latter. Five millimeter coronal slices were grossly evaluated and any abnormal areas
as well as sections from the frontal lobe and parietal-temporal lobe were routinely
embedded in Surgiplast[] paraffin medium. Eight um thick hematoxylin and eosin stained
sections were prepared and evaluated by light microscopy. Selected areas were also
processed for Masson’s Trichrome and Perl’s iron staining, as well as for glial fibrillary
acidic protein (GFAP) immunocytochemistry.

The frontal lobe sections were selected to represent areas supplied by the rostral
and middle cerebral arteries and included the rostral caudate nucleus, body of the fornix,
and white matter of the corona radiata. The parietal-temporal lobe section included areas
supplied by the middle and caudal cerebral artery and contained the postier commissure
and hippocampus.

RESULTS

CATHETERIZATION

Catheterization of the internal carotid artery was successful in four control dogs
and all five treatment dogs. However, only 3 of 5 of the treatment dogs survived the first
procedure. Two dogs had deteriorating neurologic signs that resulted in death or
necessitated euthanasia within an hour and 36 hours after the first disruption
respectively.

Of the seven dogs that survived the first procedure, all showed varying degrees of
neurologic impairment for the first 12-48 hours after recovery. Neurologic signs included
head tilt and circling towards the side of infusion, postural reaction deficits on the side
opposite infusion, and visual deficits. While clinical signs were present in both groups,
subjectively they were more pronounced in the treatment group.

EVAN’s BLUE STAINING
Three control dogs were given an Evan’s blue score of 0 and one control dog was
given a score of 1 for staining of the frontal lobe on the side ipsilateral to the infusion
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Table 3-1
Gross Lesions

Dog Evan’s Subarachnoid Hemorrhagic Necrosis inarea of | Swelling of coning of
Blue hemorrhage necrosis of the | pyriform lobe and | cerebral cortex | cerebellum
Score® caudate nucleus hippicampus (edema)

Control #1 1 + - - - -
Control #2 0 - + - - -
Control #3 0 - + - - -
Control #4 0 + - - - -
Treatment #1 3 + - - - -
Treatment #2 2 - + - - -
Treatment #3 2 + + + - -
Treatment #4 N/A + + + -
Treatment #5 N/A - - - + +

® Treatment dog #4 was euthanized 36 hours following first disruption for deteriorating neurologic signs
secondary to apparent CNS edema.

@ Treatment dog #5 died of apparent brain herniation following first disruption procedure.

® Graded on a scale of 0-3, see materials and methods

(Table 3-1). One treatment dog was given a score of 3 and the other two treatment dogs, a
score of 2. Evan’s blue staining tended to be most intense in the area of anterior cerebral
artery distribution followed by the area of middle cerebral arterial distribution on the side
ipsilateral to the infusion (Figure 3-1). None of the control dogs had evidence of Evan’s
blue staining of the contralateral hemisphere, while all treatment dogs had blue staining of
the contralateral frontal lobe. The stain uptake on the side opposite infusion was less
intense than the uptake on the side of infusion in all dogs.

Figure 3-1: Evan’s blue staining of a treatment dog. The
arterial distribution of anterior cerebral artery (white arrow)
and middle cerebral artery (black arrow) can be seen.
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GROSS LESIONS

Gross lesions are outlined in Table 3-1. In dogs that died after the first procedure,
edema and swelling of the cerebral hemisphere ipsilateral to intracarotid infusion was
noted. Coning of the cerebellar vermis suggesting herniation through the foramen magnum
was present in the dog that died within an hour of the procedure.

In the remaining dogs that underwent a second procedure, subarachnoid
hemorrhage ranging from 5-10 mm was noted at the base of the brain stem in 2 of 4
control dogs and 1 of 3 treatment dogs. In addition, a small area of hemorrhage and
necrosis was grossly apparent at the level of the rostral caudate nucleus ipsilateral to
intracarotid infusion in 2 of 4 control dogs and 3 of 3 treatment dogs (Figure 3-2). Two
additional, 3-4 mm necrotic regions were present in the ipsilateral pyriform lobe and
hippocampus in one treatment dog.

HISTOPATHOLOGICAL FINDINGS

Histopathological findings are outlined in Table 3-2. Focal subarachnoid
hemorrhage at the base of the brainstem at the level of the hippocampus was seen both
grossly and microscopically in 2 of 4 control dogs and 2 of 5 treatment dogs (Figure 3-3).
However, the most profound lesions were noted in the rostral caudate nucleus and
corticomedullary junction on the side ipsilateral to intracarotid infusion.

Figure 3-2: Hemorrhage and necrosis Figure 3-3: Acute subarachnoic
at the level of the rostral caudate hemorrhage at level of thalamic
nucleus on the side of the brain nuclei and hippocampus (arrow).
ipsilateral to intracarotid infusion
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Table 3-2
Histopathological Findings

Dog Subarachnoid Hemorrhagic Corticomedullary Misc.
hemorrhage necrosis of the Necrosis
caudate nucleus
Control #1 + - -
Control #2 - + + lymphocytic
meningitis®
Control #3 - + -
Control #4 + - +
Treatment #1 + + +
Treatment #2 - + +
Treatment #3 + + +
Treatment #4" - + +

Treatment #5 - - -

® Treatment dog #4 was euthanized 36 hours following first disruption for deteriorating neurologic signs
secondary to apparent CNS edema.

@ Treatment dog #5 died of apparent brain herniation following first disruption procedure.

® Consistent with granulomatous meningoencephalitis

Extensive but focal areas of hemorrhagic necrosis of the rostral caudate was
present in 2 of 4 control dogs and all of the treatment dogs except the one that died within
an hour of the first procedure. The lesions appeared more chronic in the dogs that
received two infusions than in the dog that died within 36 hours of the first infusion. In
this animal, lesions were characterized by acidophilic neuronal necrosis and associated
neutrophilic infiltration (Figures 3-4 a & b). Little astrocytic hypertrophy was noted in
this lesion. Older lesions contained abundant gitter cells, erythrophagocytosis,
astrocytosis, hypertrophic endothelium, and vacuolization likely representing edema in
the surrounding white matter (Figures 3-5 a & b).

Figure 3-4: Acute hemorrhagic necrosis of caudate nucleus. A) H&E
stain at 4x magnification showing pale “penumbral zone” B) 20x
magnification of same lesion note neutrophilic infiltration (arrow).
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Figure 3-5: Chronic hemorrhagic necrosis
of caudate nucleus. A) H&E stain
depicting gitter cells (arrows) within an
area of hemorrhagic necrosis. B) GFAP
stain showing hypertrophic astrocytes
(arrows) surrounding the same area of
Necrosis.

Multifocal areas of necrosis at the corticomedullary junction were seen in the
parietal and temporal lobes in 2 of 4 control dogs and 4 of 5 treatment dogs. Differences

in chronicity of these lesions were also apparen

t. As with the caudate nucleus lesion, the

treatment dog that died within 36 hours of the first infusion had circumscribed pale areas
of necrotic neurons with variable degrees of neutrophilic infiltration and surrounded by
areas of vacuolization and edema were apparent (Figures 3-6 a & b). In the double
procedure animals there were older lesions in the deep cortical zones, which contained
abundant gitter cells, marked astrocytosis, swollen axons, and edema of the surrounding

white matter with little or no hemorrhage(Figure

s3-7a&hb).

Figure 3-6: Acute necrosis of the
corticomedullary junction. A) H&E stain
showing pale penumbral zones surrounding
area of necrosis. B) Neutrophilic
inflammation (white arrows) and hemorrhage
(black arrow).




Figure 3-7: Chronic necrosis of the
corticomedullary junction. A) H&E stain showing
gitter cells (arrows) in an area of necrosis. B) GFAP
stain showing marked astrocytosis surrounding
cavitary necrosis

Although, many of lesions appeared hemorrhagic, no iron-staining hemosiderin
was detected with Perl’s iron suggesting that the hemorrhage seen was acute, possibly
occurring at the time of final disruption. Collagen deposition did not appear to be a
prominent feature of the lesions in trichrome stained sections.

Lymphocytic meningitis consistent with granulomatous meningoencephalitis was
seen in one of the control animals, was believed to be an incidental finding and not a
procedural complication.

DISCUSSION

The purpose of this paper was to examine the histopathological effects of repeat
hyperosmotic BBBD in the dog. All dogs in this study had multifocal areas of ischemic
necrosis in the head of the caudate nucleus and the corticomedullary junction of the
temporal and parietal lobes on the side of the brain ipsilateral to intracarotid infusion.
Because of smaller arterial diameter, lower arterial blood flow and, the presence of
boundaries between major arterial territories or “watershed zones”, the cerebral
corticomedullary junction is particularly susceptible to ischemic injury. Furthermore,
selective areas of the brain including the basal ganglion and the ganglionic layer of the
cerebral cortex (neuronal laminae V) show selective vulnerability to ischemic injury due to
both morphologic and metabolic cellular differences in these areas [164-166] .

35



Temporal evolution of lesions following brain ischemia has been well documented
[164, 167]. Histopathological changes following brain ischemia may not be evident for 12-
24 hours. This is consistent with the absence of lesions seen in the dog that died one hour
after the procedure. Lesions in the dog euthanized 36 hours after the first infusion
consisted of well circumscribed pale areas consistent with penumbral zones surrounding
neuronal necrosis and neutrophilic infiltration. Lesions in the remainder of dogs
euthanized after a second infusion, 2-3 weeks after the first, were characterized by
cavitary necrosis containing gitter cells, reactive blood vessels, and surrounding astrocytic
proliferation. Therefore, both the morphologic description as well as the evolution of
lesions was consistent with multifocal infarction of the brain.

These lesions may be attributable to several different factors related to intracarotid
artery infusion. First, infusion of non-filtered hyperosmotic solutions predisposes to
embolic brain injury by deposition of particulate matter in cerebral vessels [168].
Furthermore, introduction of air bubbles or blood clots arising from the catheterization
technique could contribute to embolization [116]. Interruption of normal blood flow
during the procedure could directly contribute to anoxia. Additionally, vascular distention
and endothelial cell damage caused by excessive infusion rates could precipitate reflex
vasospam of cerebral vasculature [45, 169-171]. Arterial spasm and vasoconstriction may
be exacerbated by non-ionic radiographic contrast media, especially when if the BBB has
been disrupted [172]. Finally, hyperosmotic BBBD may lead to extravasation of serum
proteins such as fibronectin and fibrinogen leading to both direct damage of blood vessel
walls and enhancement of the inflammatory reaction by the mediation of cell-to-cell
interactions as well as production of free radicals and cytotoxins [116, 164].

Similar lesions were present in both control and treatment dogs. Therefore, neither
the infusion solution nor the consequences of hyperosmotic BBBD can fully explain the
lesions. Instead, procedural complications must be at fault. The optimum flow rate for
BBBD has been determined to be the rate needed to visibly blanch the cerebral blood
vessels. Using this guideline, flow rates of 1.5 ml/sec were found to be optimal in the dog
[149, 150]. In the present study, similar flow rates were attempted but after measuring
the volume of solution infused, the flow rate was calculated to be 1.7 ml/sec. Excessive
flow rates may have caused arterial hypertension and damage to the endothelial cell lining
the cerebral vessels. Additionally, extravasation of serum proteins may have lead to
fibrinoid necrosis by direct damage of arterial smooth muscle and mediation of
inflammatory cell-to-cell interactions. Finally, the use of non-ionic contrast agents to
quantify the efficacy of disruption immediately after the procedure may have further
contributed to cerebral ischemia.

Although both groups had evidence of cerebral injury, lesions were more dramatic

in the treatment group indicating that hyperosmotic solutions worsened the severity of
lesions. Hyperosmotic agents commonly cause cerebral edema which may have worsened

36



the extravasation of serum proteins and other mediators of inflammation into blood-vessel
walls and the brain’s interstitium. Alternatively, several physiologic and metabolic
alterations have been associated with hyperosmotic solutions including elevations in the
uptake and metabolism of glucose, increased cerebral oxygen consumption, changes in
local cerebral blood flow, and induction of heat shock proteins [117, 118, 163, 173]. It is
possible that alterations in the metabolism of cerebral endothelial cells worsened the pre-
existing infarctions.

Few studies have carefully examined the morphologic changes associated with
hyperosmotic BBBD. Two previous studies, one in the rat [168] and a second brief
report in non-human primates [174], found no significant brain changes following
hyperosmotic BBBD. Both of these studies examined more acute lesions after just single
BBBD. In a series of reports using immunohistochemical staining techniques and electron
microscopy, Salahuddin et al. found lesions morphologically similar to those observed in
this study. They speculated that arterial hypertension was the primary pathogenesis of
the lesions. Furthermore, they postulated that extravasation of serum proteins into blood
vessels and surrounding brain tissue worsened the lesions [114-116]. A better
understanding of the underlying pathogenesis of the structural changes seen following
hyperosmotic BBBD, is clearly needed before procedural modifications can be
implemented to decrease the morbidity of this procedure.
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Chapter 4: Future Directions

REFINING THE TECHNIQUE

This project successfully showed that repeat hyperosmotic blood-brain barrier
disruption (BBBD) in the dog is possible. Refinement of the technique is necessary to
decrease clinical and histopathological side-effects before being used in a clinical setting.

Complications of the catheterization technique were rare and when observed,
tended to be self-resolving. The catheterization technique described is a safe and effective
way of repeatedly catheterizing the intracarotid artery.

In preceding chapters we speculated that both the excessive rate and the pulsatile
nature of the carotid infusion contributed to a high morbidity associated with the
technique. To better define the margin of safety of this procedure, the morbidity and
efficacy of BBBD at a wide range of infusion rates needs further study. Furthermore,
comparing use of roller pumps and injector pumps that deliver a non-pulsatile flow would
be beneficial.

A number of physiological parameters such as cerebral blood flow, cerebral
metabolic rate, cardiac output, and arterial pCO, may effect the degree of BBBD. Few
studies have evaluated the effects different physiological parameters have on BBBD [113,
119, 127, 175]. The role each of these variables has on BBBD needs further investigation.

CLINICAL USE OF BBBD

BBBD is currently being used to enhance delivery of chemotheraputic agents for
treatment of brain tumors in humans. A national BBBD program exists and is currently
carrying out clinical trials using 3 different chemotherapy protocols to treat a variety of
primary and metastatic brain tumors [175]. Results of these trials have shown impressive
results [57, 134-137, 147, 148]. Without a repeatable technique of BBBD in the dog,
similar clinical trials have not been possible in veterinary medicine. However, a few
studies have explored the toxicity of various chemotheraputic agents delivered with
BBBD in the dog [126, 127, 151, 152]. These studies together with the current technique
of repeatable BBBD opens the way for veterinary clinical studies.

Besides enhancing delivery of traditional chemotheraputic agents, BBBD offers
promise in improving the efficacy of novel therapies. One such novel therapy is the use
of monoclonal antibodies (mADb) as targeting agents for both diagnostic and therapeutic
molecules. Using neutralizing antibodies to measles, Hicks et al. showed BBBD can
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enhance delivery of antibodies into the brain [176]. This enhanced delivery of mAb to the
brain, together with recent advancements in the field of immunology make the use of mAb
therapy a real possibility.

Many tumor types express unique, tumor associated differentiation antigens to
which mAb can be developed. Superparamagnetic iron oxide particles can be conjugated to
tumor-specific mAb. Delivery of mAb-iron oxide complex to a tumor would allow for
selective binding of iron oxide to the tumor and make histologically-specific diagnoses
with MRI [177]. In addition to the use of mAb as diagnostic tools, tumor-specific mAb
conjugated with chemotheraputic drugs or protein toxins offer promise as a novel tumor
therapy [178, 179]. Another use of mAb technology links tumor-specific mAb to
enzymes. After delivering the mAb-enzyme complex to the tumor, a pro-drug is
systemically administered which is converted to a cytotoxic compound within the tumor
by the mAb-enzyme complex [180]. Other potential therapeutic uses of mAb technology
include, the use of anti-drug mAb to decrease systemic toxicity of chemotheraputic
agents. Following BBBD and delivery of chemotheraputic agents to the brain, anti-drug
mADb can be systemically delivered to bind potentially toxic chemotheraputic drugs and
thus decrease systemic side-effects [181]. Finally, molecularly imprinted polymers or
“plastic antibodies” are being studied to function as mAb as in the above described
scenarios [182]. Use of plastic antibodies offers the advantage of avoiding potential
immunological side-effects seen with use of traditional monoclonal antibodies.

Another potential use of BBBD is delivery of genetic material to the brain. BBBD
can enhance CNS penetration of viruses and viral sized particles allowing viral vectors for
gene transfer to be delivered to the brain [128, 129, 131, 183]. Recent advances in
molecular biology have made gene therapy for the treatment of malignancy as well as
neurodegenerative metabolic disorders a realistic goal.

The use of mAb and genetic material to treat CNS disorders are exciting fields now
in their infancy. The inability to efficiently deliver mAb and viral vectors to the CNS has
been the limiting factor for their use. Blood-brain barrier disruption offers great potential
as a tool to deliver these therapeutic agents to the brain. However, further work is
required to turn these treatment modalities into useful clinical tools.

OTHER BBB DISRUPTION STRATEGIES

Although intracarotid infusion of hyperosmotic agents is the most studied BBB
disruption strategy, other techniques to temporarily disrupt the BBB have been explored.
The small margin of safety of hyperosmotic BBBD justifies the further investigation of
other BBBD techniques.
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Recent studies have explored biochemical methods of BBBD including intracarotid
infusion of vasoactive substances such as histamine [184], leukotrienes [98-100] or
bradykinin [101, 102]. At low concentrations, the permeabilizing effects of many of these
vasoactive substances are highly tumor specific [98, 184, 185]. This offers a potential
advantage over hyperosmotic BBBD which indiscriminately increases the permeability of
the entire cerebral vasculature. More work is required to better define vasoactive BBBD
as well as directly compare vasoactive BBBD to hyperosmotic BBBD.

Less studied methods of BBB disruption include the pharmacological strategy of
intra-arterial infusion of drugs that interact physically with the endothelium and enhance
vascular permeability such as etoposide, melphalan or protamine [92, 97]. Investigation
of pharmacological BBBD is in its infancy and much is left to be learned regarding the
mechanism of action and efficacy of these agents.

CONCLUSION

Hyperosmotic BBBD is a proven method of enhancing delivery of therapeutic as
well as diagnostic agents to the brain. To improve its use as a clinical tool, more work is
needed to better define the physiological and technical variables that affect BBBD. As
novel treatment strategies such as monoclonal antibodies and gene therapy are designed,
the use of hyperosmotic BBBD to enhance their CNS delivery will need to be studied as
well. Finally, as more is learned about the use of vasoactive and pharmacological agents to
disrupt the BBB, it will be necessary to directly compare their use with hyperosmotic
BBBD in order to develop the safest and most efficient means of disrupting the barrier.
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