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Abstract

Brain tumor patients face a poor prognosis despite significant advances in tumor
imaging, neurosurgery and radiation therapy. Potent chemotherapeutic drugs fail when
used to treat brain tumors because biochemical and physiological barriers limit drug
delivery into the brain.

A retro-convection enhanced delivery (R-CED) method has been developed to
improve the entry of intravenously administered therapeutics within solid brain tumors.
R-CED uses an osmotic gradient to withdraw brain interstitial fluid in a controlled
manner via an implanted microdialysis catheter. The transmembrane osmotic gradient
increased the local tissue specific gravity in normal brain and induced movement of small
proteins and nanoparticulates from the blood into normal brain and an orthotopic 9L
tumor. The magnitude of the R-CED effect decreased to control values within six hours
and did not cause acute anatomical damage beyond that of probe insertion.

A one hour R-CED treatment applied immediately after intravenous injection of
liposomal doxorubicin ten days after tumor implantation showed no therapeutic effect
compared to animals treated with intravenous PBS alone. The result suggests that R-CED
may be more efficacious by modifying the R-CED probe design, increasing the R-CED
treatment time, and improving the chemotherapeutic type and dosing schedule.

A mathematical model has been developed to predict the size of the R-CED
affected region while varying the interstitial and vascular hydraulic conductivity and the
fluid removal rate. The model enables the prediction of non-spherical flow patterns
during simultaneous R-CED and CED or dual-probe CED via two catheters, guiding

probe placement to achieve drug patterning and enabling wide distribution of therapeutics



while sparing normal tissues. The alteration of solute flow was confirmed for dual-probe
CED in vitro, but was difficult to visualize in vivo, where tissue inhomogeneities altered
the flow from the idealized model prediction.

These studies demonstrate that R-CED is a viable and well-tolerated technique to
enhance the distribution of systemically administered drugs in both the normal tissue-
tumor margin as well as the central tumor core. They also highlight the opportunities to
modify the R-CED design and enable future drug distribution and antitumor efficacy

studies in larger tumors and possibly humans.
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CHAPTER I: Barriers to carrier mediated drug and gene delivery to brain tumors

I.1. Abstract and Introduction
I.1.1. Abstract

Brain tumor patients face a poor prognosis despite significant advances in tumor
imaging, neurosurgery and radiation therapy. Potent chemotherapeutic drugs fail when
used to treat brain tumors because biochemical and physiological barriers limit drug
delivery into the brain. In the past decade a number of strategies have been introduced to
increase drug delivery into the brain parenchyma. In particular, direct drug
administration into the brain tumor has shown promising results in both animal models
and clinical trials. This technique is well suited for the delivery of liposome and polymer
drug carriers, which have the potential to provide a sustained level of drug and to reach
cellular targets with improved specificity. We will discuss the current approaches that
have been used to increase drug delivery into the brain parenchyma in the context of fluid
and solute transport into, through and from the brain, with a focus on liposome and

polymer drug carriers.

1.1.2. Introduction

An estimated 17,200 individuals in the United States are diagnosed with
malignant CNS tumors per year [1]. Despite aggressive surgery, radiotherapy, and
chemotherapy, the average one-year survival has increased little over the past three
decades [1, 2]. This is related to the fact that brain tumors, upon diagnosis, are usually

already 30 to 60 cm’ in volume, approximately 3 — 6 x 10'° cells. The tumor cell number
y



must be reduced to about 10 cells before the immune system can control it [3]. Though
surgery and radiation therapy can reduce the tumor cell burden by 1000-fold,
chemotherapy is not yet up to the task of a further two orders of magnitude reduction in
tumor cell number [3]. Biochemical and delivery challenges slow the development of
effective brain tumor drug therapies.

Current drug development to treat brain diseases is directed towards low
molecular weight, lipid-soluble molecules that readily diffuse across the blood brain
barrier (BBB) to reach diseased parenchymal tissue [4]. Although a number of low
molecular weight molecules are helpful for the treatment of receptor or transporter-
related diseases such as depression, low molecular weight drugs have had limited success
for the treatment of Alzheimer’s disease, Huntington’s disorder, stroke or brain cancer.
Macromolecular drugs may be particularly useful to treat these types of CNS diseases
because they reach novel targets with a high specificity. However, the pursuit of
macromolecular drugs to treat brain diseases is often abandoned because of difficulties
delivering macromolecules to the parenchymal space of the brain.

A number of reviews have summarized the current challenges to brain drug
delivery and technologies to improve the drug’s access to the brain [5-9]. In this review,
we will describe strategies to increase delivery into the brain parenchyma in the context
of the barriers related to fluid and solute transport into, through and from the brain with a

focus on liposome and polymer drug carriers.



1.2. Brain physiology and anatomy

The brain is an integral part of the central nervous system, acting as a major
regulating and communicating organ to maintain the body’s homeostasis in response to
changes in both the external and internal environment. The primary cells of the brain
include nerve cells (neurons) and supporting glial cells (glia); an adult human has
approximately 100 billion neurons and 1 trillion glial cells [10]. The neurons and glial
cells organize into specialized structures within the brain that can be characterized by
both a unique architecture and function. Structures can be classified as either gray or
white matter, areas of the brain dominated by cell bodies and axons respectively.
Regions where the axons are aligned in the same direction are termed white matter tracts.

The three major subdivisions of the brain are the cerebrum, cerebellum, and the
brain stem (Figure 1). The cerebrum is the largest section and is easily divided into the
right and left hemispheres along the mid-sagittal plane. These hemispheres are made up
of an outer layer of gray matter, the cerebral cortex, which is responsible for functions
such as language and information processing. The cortex, made up of nearly 25 billion
neurons, is highly convoluted, increasing the surface area to ~2300 cm®. Cerebral cortex
cells communicate with each other and with the spinal cord via the underlying cerebral
white matter; communication between the two cerebral hemispheres primarily occurs via
a major white matter tract called the corpus callosum. The cerebellum contains a similar
gray and white matter organization but at a smaller scale, functioning primarily to control
balance and coordinated movement. The brain stem, responsible for involuntary

functions such as heart rate and breathing, connects the brain to the spinal cord. It



contains both gray and white matter regions but they are not organized into an inner and

outer layer as in the cerebrum and cerebellum [10].

-~
>

Figure 1. Brain section cut along the mid-sagittal plane, which divides the right and
left sides of the brain. The major subdivisions of the brain are the cerebrum,
cerebellum, and brain stem. The corpus callosum is the major white matter tract
connecting the two hemispheres of the cerebrum.

Corpus
callosum

Cerebellum

Brain stem

The majority of brain tumors occur in the parenchymal space of the cerebrum [3].
However, more so than in any other tissue, getting drugs into the brain is much more
difficult than getting drugs out of the brain. Brain tissue is protected externally by the
skull, which constrains the volume and regulates intracranial tissue pressure [11].
Internally, the BBB greatly limits permeability and transport across the endothelial cell
membranes of the blood vessels. Elimination of drugs from the brain is facilitated by
mechanisms such as multidrug resistance transporters that actively extrude drug across
the BBB [12] and a cerebrospinal fluid (CSF) turnover rate that is higher than the
lymphatic drainage rate found in most peripheral tissues [13]. The production, flow, and
drainage of the extracellular fluid (ECF) significantly affect the efficacy of brain drug
delivery. To understand why the previous statement is true, we will describe the ECF

flow pathway in further detail before addressing current brain drug delivery strategies.



I.2.1. Extracellular fluid (ECF)

In an adult human, the skull volume consists of blood (~170 mL), parenchyma

(~880 mL), and ECF (~350 mL) [13]. The ECF in the brain is spatially segregated into

the parenchymal interstitial fluid (ISF, ~225 ml) and the surrounding CSF (~125 ml).

The volume of these compartments is tightly regulated such that the total volume remains

constant ~1.4 L (Figure 2) [11]. In addition, the rate of flow through each of these

compartments varies significantly; flow through the blood compartment, ~620 mL/min

[14] is over three orders of magnitude higher than flow through the CSF compartment,

~0.35 mL/min [13]. For drug delivery purposes, it is necessary to consider the volume of

these compartments, the flow through these compartments, and their function in normal

brain.
Blood:
12%
- Brain cells:
) 64%
ISF:
16%

Figure 2. Brain volume is partitioned into four
major compartments. The Monro-Kellie doctrine
[11] dictates that changes in the volume of any one
compartment requires corresponding changes in the
other compartments such that the total volume
remains constant. The skull (black line) confines
the total volume of the parenchyma (tan),
parenchymal ISF (lighter tan), blood (white), bulk
CSF (blue), and ventricular CSF (light blue). All
communication between the blood and other
compartments is tightly regulated (solid purple
line) while there is some communication between
the CSF and ISF (dashed purple line).
Compartments in direct contact with each other are
separated by dotted purple lines.

The ECF cushions the brain during trauma, acts as a medium for cell to cell signal

transmission, and is the carrier fluid for eliminating material from the parenchyma. Asa

result, production, composition, and clearance of the ECF are tightly regulated to

maintain its composition and total volume.



ECEF is spatially segregated into the parenchymal ISF and the surrounding CSF.
Despite this spatial segregation, both fluids share a similar composition and maintain
intimate chemical connectivity [15]. For example, tracers injected into one fluid can
access both the subarachnoid space of the CSF and the parenchymal perivascular areas of
the ISF. However, there is incomplete bulk mixing within the ECF compartment, as
evidenced by tracers injected in the left cerebral ISF, which preferentially accumulate in
the lymph nodes on the left side compared to the right side [16].

The composition of the ECF is not in equilibrium with the plasma; the
concentration of Mg>" and CI are increased and the concentration of K', Ca*" and amino
acids are decreased (Figure 3). This is in contrast to the ECF found in peripheral tissues,

which contains a similar ion concentration as plasma [13].

Solute concentrations in ECF relative to plasma
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Figure 3. Solute concentrations in the CSF are significantly different compared to the
plasma. Concentrations of Mg®" and CI” are higher while levels of K, and Ca*" and
amino acids are reduced. Values are averaged for the CSF and plasma in human, dog
and cat, which share similar CSF solute concentrations [13].



1.2.2. Cerebrospinal fluid (CSF)

Adult humans have approximately 110-150 ml of CSF; approximately 20% of the
CSF is found in the ventricles within the brain and the remaining 80% of the CSF is
found between the meninges, connective tissue layers that surround the brain. Of the
three meningeal layers, the pia lies closest to the brain and adheres to the surface of the
parenchyma; the overlying arachnoid and dura follow the contour of the skull (Figure 4).
CSF within the meninges is primarily contained between the delicate pia and arachnoid, a
region called the subarachnoid space. This space widens into sac-like cisterns at

locations where there are grooves on the surface of the brain, housing the majority of the

CSF [18].

Skin
Muscle
Skull

Figure 4. The brain is
enclosed within several
layers. From innermost
to outermost, these

layers are the three Dura

meningeal layers (pia, . .
arachnoid, and dura), Arachnoid | Meninges
the skull, muscle, and Pia

the skin. Of these

layers, only the pia Parenchyma

closely follows the
contours of the brain
surface [17].

The source of the CSF is the blood that flows through the brain. It is secreted by
the epithelial cells which line the lateral, 3™ and 4" ventricles. This epithelial layer,
known as the choroid plexus, is organized into villi, which increases the surface area to

approximately 200 cm®. Each villus consists of a centrally located ~15 pm diameter



capillary surrounded by a single layer of cuboidal epithelial cells linked together by

apical tight junctions (Figure 5A, 6) [19].

A _ _ B
Epithelial cell Endothelial cell

Basement
membrane
Pericyte
Endothelial
fenestration \_/ Basement
&z Membrane

Endothelial cell
strocyte

Figure 5. ECF is secreted at the choroid plexus epithelium (A) and the blood brain
barrier (B). The secreting cells (blue) are joined by tight junctions (red). A. Villi (cross
section shown) consist of a central capillary surrounded by epithelial cells, which are
joined by apical tight junctions and secrete the CSF into the ventricles. B. Endothelial
cells, joined by tight junctions, secrete ISF which flows across the basement membrane
and between pericytes and astrocytes into the parenchyma.

The first step of CSF secretion is filtration of the plasma across endothelial
fenestrations having diameters ranging from 60-350 nm [13]. The plasma filtrate cannot
flow freely past the choroidal epithelial cells because these cells are joined by tight
junctions; rather, the choroidal epithelial cells actively secrete the CSF. A hypertonic
solution is generated by apical Na/K/ATPase, Na/K/2Cl co-transporter, HCO; and K
channels.

This hypertonic solution is diluted by water flux through co-localized aquaporin-1
(AQP1) channels on the apical membrane of the choroidal epithelial cells. AQP1
channels have a very high single-unit water permeability of ~6 x 10™* cm’ /sec,
sufficiently fast to ensure that channel permeability is not the limiting factor in the water

secretion required to make the CSF isotonic with plasma [20, 21].
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Figure 6. Cerebrospinal fluid (CSF) flow pattern in the brain. CSF is
produced at the choroid plexus (pink); flow around the brain (red) is directed
at two primary cisterns (yellow) and drains primarily through the superior
sagittal sinus and through the nasal pathway (blue).

After the CSF is produced in the ventricles, it flows through the subarachnoid
space; the flow direction is dictated by the parenchymal structures and by two major
cisterns, the cisterna magna and the cisterna basalis (Figure 6). CSF produced in the
lateral, third, and fourth ventricles flows down to the cisterna magna, which directs flow
back and upwards around the cerebellum or forward around the brain stem to the cisterna
basalis. From the cisterna basalis, CSF can flow forward and drain primarily through the
anterior portion of the superior sagittal sinus. Alternatively, it can flow back between the
cerebrum and cerebellum to join the fluid at the back of the brain that is moving upwards
around the cerebellum from the cisterna magna. This fluid continues flowing upwards
and forwards around the brain, primarily draining by the superior sagittal sinus. Fluid in
the sinus ultimately drains to the venous system.

Sinuses are formed by separations in the thick and rigid dura. Drainage of CSF
from the subarachnoid space into the sinus is controlled by valve-like protrusions of the

subarachnoid space called arachnoid granulations (Figure 7). This flow is driven by both



a hydrostatic and colloid osmotic pressure gradient [ 13], which opens pores in the

granulation to allow passage of large proteins such as albumin.

Skull
Dura 2 Arachnoid
granulation
Subarachnoid —
space Arachnoid
Parenchyma ‘i ™ pia
Capillary

Figure 7. The sinuses are major pathways for ECF drainage from the brain. ISF drains
(red arrows) from the parenchyma along perivascular pathways into the bulk CSF
within the subarachnoid space before crossing arachnoid granulations to drain into the
sinus. Sinuses are formed by separations in the dura and ultimately allow fluid to flow
into the venous system.

Manipulation of the pressure gradient directly affects the flow across the
arachnoid granulation; increased CSF pressure or a lowered sinus pressure increases the
flow across the granulation into the sinus. However, flow backwards from the sinus into
the CSF is not allowed because the valves of the arachnoid granulation open in one way
only. It is thought that the granulations collapse when the pressure gradient is reversed
[22].

A controversial pathway of fluid drainage through the nasal mucosa may account
for up to 50% of the CSF drainage [23, 24]. This pathway stems from the cisterna basalis
and allows CSF flow along the olfactory nerves to the nasal submucosa (Figure 6), an
area rich in both blood vessels and afferent lymph pathways. The blood vessels in this
region are dense and fenestrated [25], allowing diffusion of tracer molecules such as

EDTA and inulin from the CSF to the blood. Additionally, a significant amount of water
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passes into the blood, as evidenced by higher postnodal lymph protein concentrations
compared to prenodal lymph protein concentrations [26].

The fenestrations of the nasal submucosa blood vessels are not large enough to
allow passage of particulates or higher molecular weight proteins, so these CSF tracer
molecules drain by traditional lymphatic pathways into the lymph nodes of the neck.
Because this CSF drainage pathway does not involve the arachnoid granulations, it is
thought to be more important in children, who have less fully developed arachnoid

granulations. The role of this pathway in adult CSF drainage remains unclear [22, 27].

1.2.3. Interstitial fluid (ISF)

In the extracellular parenchymal space of an adult human, there is approximately
200-250 ml of ISF, accounting for approximately 15% of the parenchymal brain volume
[15]. The source of ISF is the blood flowing through the capillaries. ISF is secreted at the
capillary wall, which has a surface area of ~20 m” in an adult human [4]. Though the
surface area of ISF secretion is approximately 1000 times greater than the surface area for
CSF secretion, the rate of ISF secretion is approximately 1/10 of the CSF secretion rate,
as measured in rats [16]. This lower ISF secretion rate corresponds to a lower ISF
turnover rate, averaging approximately 10 hrs compared to the 2.5 hr turnover of the CSF
[13].

Like CSF secretion, the ISF is not produced as a plasma filtrate at the BBB. The
capillary endothelium in the parenchyma (Figure 5B) is surrounded by a basement
membrane, which in turn is encircled by an interdigitating perivascular sheath of

astrocytic glial cells. Of these structures that form the BBB, the capillary endothelium is
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the primary regulator and generator of flow to the interstitial space. This modulatory
function is partially maintained by signaling from the surrounding astrocytic glial sheath
[22]. The tight junctions between the endothelial cells reduce the permeability across the
capillary wall to a level where transport across the barrier can be described by models of
transport across a cell membrane. Moreover, the hydraulic conductivity of the BBB is 2-3
orders of magnitude lower than that found for peripheral tissue capillaries and almost no
pinocytosis occurs across the endothelium [28, 29].

The low hydraulic conductivity of the BBB is partially explained by the minimal
expression of aquaporin water channels present in the endothelial cells; there is no AQP1
expression and only minimal levels of AQP4 are present. The low hydraulic conductivity
across the BBB is exhibited macroscopically in measurements of the electrical resistance
across the membrane, which averages 2-3 orders of magnitude greater than in peripheral
capillaries [13].

Once ISF is produced, there is limited mixing of the ISF within the parenchymal
compartment; bulk flow of the ISF is confined to the white matter and the perivascular
space [30]. In the white matter, ISF can flow more freely; large tracers such as India ink
(mean diameter ~250 nm) preferentially flow in the same direction as the fiber tracts
[31].

Within the gray matter, bulk flow is primarily observed in the perivascular space,
not directly through the parenchymal tissue. This distinction occurs because the
perivascular space offers a much lower resistance to flow. Flow resistance is primarily
defined by the width of the pathway; the perivascular space has an average width of 500

nm while the width of the extracellular clefts between adjacent parenchymal cells
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averages only ~10-20 nm. In addition to the lower resistance to flow in the perivascular
space, blood vessel pulsations have been shown to contribute to the movement of ISF
through the parenchymal tissue [32].

Because bulk flow does not occur directly through the parenchymal tissue,
clearance of the ISF occurs primarily by bulk flow along the perivascular space to the
CSF in the subarachnoid space. This pathway is ideal for ISF drainage because the
perivascular space extends along the entire cerebral vasculature (Figure 7). A limited
level of ISF drainage occurs along the optic pathways and other cranial nerves, as traced
by the movement of small molecule tracers. However, this is not a quantitatively
important CSF drainage pathway [22, 33].

The rate of ISF clearance is comparable to the average rate of lymph flow for the
whole body, estimated at 0.03 pl/g tissue/min [16, 31]. In addition to ISF drainage
pathways, clearance of particulates from the extracellular space is also mediated by
phagocytosing cells such as microglial cells that migrate throughout the entire nerve
tissue and by macrophages that surround the larger arteries and veins; India ink particles
[34] and liposomes [35] are removed by phagocytosis into perivascular and parenchymal

macrophages [34].

1.2.4. Physiological & biochemical changes caused by brain tumors

The growth of brain tumors induces a number of changes in the fluid flow
patterns of the brain. For example, the rapid growth of the tumor is often too fast for the
development of appropriate fluid flow pathways into and away from the tumor space. The

failure to properly develop these pathways may result in accumulation of fluid in the
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tumor extracellular space. Because the brain is confined to the skull, the accumulation of
fluid increases the interstitial pressure within the tumor space and in surrounding normal
regions of the brain. Tumors that have grown to larger volumes may compress pain-
sensitive intracranial structures such as blood vessels, sinuses, and cranial nerves, leading
to headache. Further, cerebral blood flow may be reduced, which may lead to local
regions of hypoxia and neuronal cell death [36]. Displacement of the neurons from their
normal position relative to each other can also affect their ability to properly signal to
each other, resulting in neurological symptoms such as seizures, sensory deficits, motor
weakness, and changes in cognitive ability [37].

Accumulation of fluid in the tumor space is partly driven by increased fluid entry
from the blood across the BBB [38]. Metastasizing tumors have both enlarged
fenestrations and interendothelial gaps that can range in size from 5 nm to as large as 1
um. The basement membrane in tumor vessels is also generally thinner than in normal
cerebral blood vessels, further reducing the barriers to flow from the capillary lumen to
the interstitial space [39, 40].

In addition to these physical changes, the endothelial cells within the tumor
express high levels of the AQP1 and AQP4 water channels, which facilitate the
movement of water from the blood into the parenchyma. Since normal brain endothelial
cells have near zero expression of aquaporins, the high expression of aquaporins in
tumor-associated endothelial cells is likely an effect of the up-regulation of growth
factors within the tumor space. Further, the tumor cells have been found to have a 3-5
fold increased expression of AQP4, allowing for increased flow from the extracellular

space into the cells [41]. Fluid flow into the cells decreases the clearance of ECF from
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the brain and also contributes to a high intratumoral pressure [21, 42]. In addition, the
presence of drug efflux transporters in the brain tumor endothelial cells, even at low
levels, significantly impacts the distribution of drug within the tumor [12, 43].

The combination of reduced blood flow to tumors, drug efflux transporters and
increased interstitial pressure all contribute to the reduced uptake of systemically

administered drugs into the tumor.

1.3. Small Animal Models of Brain Tumors

The development of appropriate small animal models of brain tumors is integral
to the development of chemotherapy studies. It is necessary to consider what animal and
tumor type to use, how and where the tumor will be induced, and the appropriate dosing
schedule to evaluate the treatment protocol [44].

Brain tumor models can be spontaneous or artificially implanted into the animal.
Spontaneous models can be induced by repeated exposure to carcinogens or to sarcoma
viruses. However, these models suffer from non-uniform growth rates and poor tumor
take. As a result, this technique is not optimal for chemotherapy studies. However, this
technique has been used successfully to isolate a number of brain tumor cell lines, such as
the 9L gliosarcoma and the F98 glioma [44]. Tumor cell lines have also been isolated
from human brain tumors at the time of surgical resection [45].

Implantation of tumor cell lines can be done orthotopically into the brain or
subcutaneously in sites such as the flank. It has long been known that the environment
imparts a strong influence on the growth of tumor cells and that orthotopically implanted

tumors respond to treatment protocols differently than subcutaneous tumors. Recent gene

15



expression profiling of human brain tumor lines (U251, U87) grown in culture, in
subcutaneous or in intracerebral (i.c.) sites in immunocompromised rats reinforces this
point; expression profiles of the two lines were significantly different in culture but
became similar in the i.c. site [45]. In the i.c. site the two lines expressed more genes that
are associated with CNS expressed gene products.

The majority of experimental chemotherapy studies that use i.c. brain tumor
models in small animals have been done in rats. The rat has a brain that is large enough
for the reproducible implantation of tumors and a body size that makes it economically
feasible to have a statistically significant treatment group [44]. In the case of a rapidly
growing tumor such as the 9L Fischer rat derived line, systemic chemotherapy within five
days after implantation leads to an increase in the survival time. However, waiting even a
few days longer to treat the tumor dramatically decreases the response rate [58].

In addition to the day of treatment, the choice of an appropriate tumor model has
significant implications for accurate evaluation of a treatment protocol. For example,
boron neutron capture therapy is highly effective against the 9L rat tumor, yet has only a
modest effect against the F98 rat tumor; the F98 line is highly resistant to radiation and
other types of chemotherapy [46].

Even when using a tumor model that is responsive to the treatment protocol, it can
be difficult to assess whether the observed effect is a direct result of the administered
treatment. Many rat brain tumor models are immunogenic even in a syngeneic host [44].
The immunogenic response can be reduced by using immunocompromised animals,
which are able to tolerate both rat brain tumor allografts and human brain tumor

xenografts. Immunologic responses can also occur as a result of tissue injury. A number

16



of therapies that are administered via catheter directly into the tumor cause trauma and
local inflammation, which alters the capillary permeability and the immunologic milieu
of the tumor site. This may be a particular concern with the assessment of gene therapies
in rodent models. Aspects of model selection and administration route have been
discussed by Fross and coworkers [47].

Murine brain tumor models are used much less frequently in chemotherapy
studies because of the small size of the animal; tumor implantation in the brain requires
higher precision and the animal size makes dosing by routes other than the intravenous or
intraperitoneal route exceptionally difficult. In spite of these issues, murine models have
been used frequently for gene delivery studies. The introduction of transgenic models
that mimic the ontology of human brain tumor development has provided a promising

tool for studies related to the development and progression of brain tumors [48].

1.4. Drug delivery to the brain

Current strategies to deliver drugs to brain tumors include methods that exploit
the following routes of administration: intravenous, intra-arterial, intraventricular,
intrathecal, and intraparenchymal. These methods introduce drug in different spatial
locations in the ISF/CSF fluid flow pathway; hence, they distribute the drug in different
regions of the brain based on the volume of the compartment and the rate of the fluid
production and drainage (Figure 8). The route of administration can profoundly influence
the drug concentration in the tumor, the normal brain and systemic organs, dramatically

modulating drug effectiveness and toxicity.
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Figure 8. Different delivery methods introduce drug in different spatial locations in the
ECF flow pathway. This results in drug localization in different regions of the brain based
on the volume of the compartment and the rate of the fluid production and drainage. In this
figure, the area of the various compartments correlates with their relative stationary
volumes in human brains. Dotted arrows indicate flow pathways where diffusion may
occur in the opposite direction. The width of dotted and unfilled arrows correlates with the
relative flow rates. The width of the filled arrows leading from the routes of delivery
correlates with the relative amounts that can be delivered using that route.
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The efficiency of drug delivery to the parenchyma is significantly affected by the
properties of the drug. Factors such as the half life of the drug in the plasma and CSF,
the level of nonspecific binding to plasma proteins, the permeability of the compound
across the BBB and into peripheral tissues, and the rate of metabolism or binding of the
compound within the brain combine to influence drug concentration in the brain
parenchyma.

Systemic delivery by the intravenous route is the most commonly used and allows
for administration of the largest doses of drug into the body. However, drug exposure to
peripheral organs is high and there is little accumulation of the drug in the brain because
of the BBB and rapid clearance of material from the ECF. For example, temozolomide,
following intravenous infusion into a monkey, is present in the brain at substantially
lower levels compared to the plasma. Despite this drawback, the drug has shown a
therapeutic effect in clinical trials and was recently approved by the FDA [49, 50].

To increase the dose in the brain and reduce the drug exposure to peripheral
tissues, intraventricular or intrathecal administration can be used to provide the drug
direct access to the CSF compartment. Though this technique is effective for the
treatment of periventricular and meningeal tumors, the drug has limited penetration into
the parenchymal space and is much less effective to get drug into parenchymal tumors.
To increase drug accumulation in the parenchymal space, direct intraparenchymal
administration may be required.

We will briefly describe both systemic and regional strategies to deliver drugs to
the brain with a focus on delivery to brain tumors. Treatment for other types of CNS

diseases often establishes different requirements for the drug delivery system; for
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example, treatment immediately after a stroke must be quick and address both focal and
diffuse damage, while treatment for a degenerative disease may focus on a particular

region and require a prolonged treatment schedule [51].

1.4.1. Systemic delivery

To improve systemic drug delivery by direct injection into the blood, a number of
strategies have been developed to increase the blood brain barrier permeability of small
molecule drugs across the BBB. These methods, which have been extensively reviewed
elsewhere [5, 8], include chemical modification of the drug, intra-arterial administration,
and BBB disruption. For example, the BBB permeability of some chemotherapeutic
drugs can be increased by chemical conjugation to groups that enhance binding to the
BBB endothelium or increase the molecule’s lipophilicity. However, these changes often
alter the plasma kinetics and may reduce the molecule’s toxicity to tumor cells. Intra-
arterial administration avoids the need to alter the drug and allows the drug to access the
brain vasculature before that of peripheral tissues, reducing the effects of first-pass
metabolism in the liver. Intra-arterial administration of chemotherapeutics is often used
in conjunction with BBB disruption mediators such as the bradykinin receptor agonist
Cereport™ [52] or hyperosmotic mannitol [53]. Because these molecules increase the
BBB permeability throughout the entire brain, careful patient monitoring is required to
reduce the risk of treatment related seizures and elevated intracranial pressure [54].
These strategies to improve systemic drug delivery have achieved some success in

patients for the delivery of small molecule drugs. However, repeated administration is
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often required due to the short plasma half life of most small molecules. To increase the

elimination half life, the drug can be formulated into a polymer or lipid based carrier.

1.4.1.1. Particulate drug carriers

Particulate drug carriers range in size from less than 100 nm to approximately 300
nm. These carriers accumulate in the tumor due to the leaky vasculature and poorly
developed lymphatic system in the tumor, a result better known as the enhanced
penetration and retention effect [55]. Systemic administration of lipid based drug carriers
are currently being investigated in a number of pre-clinical animal models and clinical
trials in patients (Table 1 and 2). Current systems are primarily nontargeted but could be
targeted using antibodies against receptors such as the transferrin receptor [82-84], low

molecular weight peptides or carbohydrates [85]. Liposomes can also be used as a carrier

for use in combination therapies such as with photodynamic [63-65] or thermosensitive

systems [56, 60].

Table 1: Delivery of low molecular weight compounds to rat intracranial brain tumors using liposomes and lipid systems

Mor Trea_tment Day of treat_ment Delivery General Conclusions Studx
virus induced glioma Cisplatin, thermosensitive 10 v survival increased from 19 to 41.6 days [56]
sarcoma Doxorubicin 6or 11 v survival increased 168% [57]
sarcoma Doxorubicin 6,13, 20 v survival increased 189% [57]
9L Doxorubicin 7,14,21 v survival increased from 24.5 to 31.5 days [58]
9L Doxorubicin 11,18,25 v no significant effect [58]
aL Doxorubicin 714,21 v intratumor hemmorage in 63-75% of rats [59]
C6 Doxorubicin, thermosensitive v [60]
C6, 9L Fluorophore, microbubbles 15 v accumulation of fluorophore in tumor [61]
qL Paclitaxel, microbubbles 6-11, 14-19 v no significant effect [62]
9L Paclitaxel, microbubbles 6-11, 14-19, 22-27 IV survival increased from 20 to 27 days [62]
us7 Photofrin 14 v increased photodynamic tissue destruction [63]
qL Photofrin + enhancer 14 v increased tumor necrosis [64]
9L Photofrin 16 v increased photodynamic tissue destruction [65]
melanoma metastasis ~ Empty, multilamellar 21 1A, IV no accumulation in tumor [66]
9L cisplatin tumor size 100 mg  |A increased cisplatin accumulation in tumor [67]
ENU induced tumor cisplatin, ferritin 1A [68]
L1210 mouse tumor cytosine arabinoside 1 IC 100% cured [69]
Cé6 7-beta-hydroxycholesteryl-3-oleate 0 or 3 IC 80% failed to develop tumor [70]

borocaptate IC enhanced BSH retention in cells [71]
us7 Fluorophore + mannitol tumor size 100 mg CED Mannitol, smaller size increases tissue penetration [72]
C6, 9L-2 Gadolinium, fluorophore 10 0or 16 CED Development of MRI to monitor tumor growth [73]

CED: Convection enhanced delivery
ENU: N-ethyl-N-nitrosourea

IA: Intraarterial
IC: Intracranial,
IV: Intravenous
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Table 2. Clinical trials of liposomes carrying low molecular weight drugs for brain tumors

Tumor Patients Treatment Delivery Day of treatment General Conclusions Study

recurrent tumor 14 Daunorubicin [\ once every 4 weeks 6/14 patients showed positive response [74]

GBM 8 Daunorubicin v 24 hr before surgery concentration similar in tumor mass and peripheral regions [75]

Pediatric glioma 7 daunorubicin + free v daunorubicin: day 1 & 2 5/7 showed positive response with monthly treatment [76]
carboplatin & etoposide carboplatin & etoposide: day 1

GBM 15 doxorubicin + radiation IV Doxorubicin: 1, 21 4/10 patients completely responded [77]

Radiation: 1-12, 21-23

Solid tumor 22 Doxorubicin v once every 4 weeks Phase |: dose limiting toxicity: 70 mg/m2 [78]

Glioma 40 doxorubicin + free v PEG-dox: day 4 every 14 days  Phase Il: response (including stabilization) 40% [79]
tamoxifen Tamoxifen: day 1 every 4 days

Glioma 8 111In labeled v contrast only tumor uptake: 1.1% max tumor:brain contrast 7:5 [80]

Glioma 3 Bleomycin IT twice weekly for up to 6 weeks  all patients deteriorated, no toxicity [81]

GBM: glioblastoma
IT: intratumor
PEG: poly(ethylene glycol)

Drugs that have been formulated into liposomes or lipid carriers for brain tumor
therapy include: 7-beta-hydroxycholesteryl-3-oleate [70], boro-captate [71], cis-platinum
[56, 67, 68], cytosine arabinoside [69], doxorubicin [57-60, 77, 79], paclitaxel [62], and
photofrin (Table 1) [63-65]. Formulating the drug into a liposome significantly increases
drug accumulation within the brain and enhances animal survival. For example, in
intracranial brain tumors of rats, liposomal doxorubicin significantly improved survival
from 23.5 to 31.5 days compared to free doxorubicin, which had nearly no effect
compared to animals receiving saline injections [58].

Further studies using this model suggest that doxorubicin triggers a cascade effect
where the first dose of doxorubicin may increase the permeability of the vasculature,
enabling greater access of the drug to the tumor. This is thought to be mediated by
doxorubicin-induced killing of proliferating endothelial cells and a subsequent reduction
in the levels of angiogenic growth factors such as VEGF [59]. As such, the cascade
effect of doxorubicin would have the greatest effect for drugs formulated into carriers
that have a long circulation time in the plasma. Although the preclinical studies using
liposome-encapsulated drugs given via the intravenous or intra-arterial route have

resulted in an increased survival time, in no instance were there long term survivors.
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There have been fewer studies reported using polymer based particles to deliver
drugs to the brain after intravenous administration (Table 3). Polymer particles in the
range of 200 - 300 nm that are given systemically are primarily formulated by adsorbing
the drug onto the particle surface [113, 116, 118]; these particles are phagocytosed into
the cell where the drug is then released [113]. For example, solid poly (butyl
cyanoacrylate) nanoparticles loaded with doxorubicin have been shown to increase the
drug concentration in normal rat brain 60 fold higher than that achievable by free
doxorubicin [119]. When these particles are used in the 101/8 rat glioblastoma model,
over 20% of the animals achieved long term remission over 125 days with no indications
of short term neurotoxicity [115]. This encouraging report must be contrasted with
another study that formulated doxorubicin in PEGylated hexacyanoacrylate particles
[114]. Although the maximum tolerated dose of doxorubicin that can be administered is
higher when the drug is formulated into particles compared to the free drug, no

improvement in antitumor efficacy was seen in this study using the 9L tumor model.

23



Table 3. Delivery of low molecular weight compounds to brain tumors using polymer depots and polymer particulates

Day of

Polymer Treatment Loading Tumor treatment General Conclusions Study
wafers
stearic acid: SA 1:1 BCNU, 70kD dextran  10% no tumor majority of drug within 1-2 mm of implant [86]
CPP:SA BCNU 0-32% 9L 7 surivival increased from 24 to 50 days [87]
CPP:SA BCNU, carboplatin or  10-20% BCNU, EMT-6 mouse polymer: 5 survival increased from 17 to >200 days for 20% BCNU [88]

camptothecin + 0.5-1% carboplatin, breast radiation: 7-9 survival increased to 41 days for 10% BCNU + radiation

radiation 10% camptothecin carcinoma no advantage for carboplatin or captothecin polymer
CPP:SA BCNU + ip 06-BG 3.85% F98 5 survival increased from 23.5 days to 34 days [89]
CPP:SA camptothecin 20-50% 9L 5 50% camptothecin: survival increased to 69 days [90]
polylactic acid cisplatin 0.5 mg/m2 9L 7 survival increased from 24 to 51 days [91]
stearic acid: SA 1:1 4-HC 0-50% 9L, F98 3or5 Survival increased from 14 days to 77 days for 20% taxol ~ [92]
EVAc dexamethasone 7.5mg 9L 5 improved control over peritumor edema [93]
PLGA etanidazole 1% tumor cavity ~ resection simulation only [94]
PLGA, 10% PEG etanidazole 1% tumor cavity  resection simulation only [95]
CPP:SA IUdR + radiation 10-50% U251 in mice 5 survival increased to 80 days [96]
stearic acid: SA 1:1 MTX & MTX-dextran  10% 9L 5 survival increased from 18.6 to 29.6 days [97]
CPP:SA 1:1 minocycline + systemic 50% 9L Oor5 day 0: 100% long term survivors [98]

BCNU day 5: survival increased from 14 to 20 days
EVAc Mitoxantrone 33% 9L 2 survival increased from 13.8 days to 33 days [99]
EVAc NGF 35% no tumor majority of drug within 2-3 mm of implant [100]
CPP:SA Paclitaxel 20-40% 5 20% taxol: survival increased from 19.5 to 61. 5 days [101]
EVAc Suramin 33% 9L 2 no survival advantage [102]
collagen, injectable vinblastine sulfate 0.2-2% mg / kg KHT, mouse 5 60-75% long term survivors [103]
implanted polymer particulates
polyomido amino Boron compounds + iv 960 B / dendrimer Fo8 14 survival increased from 33 to 57 days [104]
dendrimer + targeting BPA
CPP:SA pellets BrdU, PALA, radiation 15% BrdU, 5% PALA C6 12 83% long term survivors [105]
PLGA microspheres  carboplatin, BCNU 10% carboplatin, RG-2 10 survival increased from 20 to 36 days after debulking [106]

15% BCNU

PLGA microspheres  carboplatin 10% carboplatin cortical 10 1/3 long-term survivors after debulking [107]
PLGA: 45 um 5FU 22% C6 12 survival increased from 19 to 30 days [108]
PLGA: 35 um 5FU 13% C6 [109]
silicone pellets GCV + HSV-tk 20% oL 5 75% long term survivors [110]
silicone pellets GCV + HSV-tk 20-30% 9L 5 75% long term survivors [111]
PMMA pellets MTX 1.4 mg / pellet day 10 survival increased from 23 to 44 days [112]
PLGA pellets NGF 50% no tumor drug released in 1st week within 2-3 mm of implant [100]
intravenous polymer particulates
PBCA: 230 nm dalargin peptide 1.35% adsorbed no tumor no tumor analgesia over 90 min [113]
PEG-hexadecylcyano  doxorubicin 5-10% 9L 3 no improvement on efficacy [114]
acrylate 100-200 nm
PBCA: 270 nm doxorubicin 0.25% 101/8 2,5,8 20% long term survivors [115]
PBCA: 290 nm loperamide 1.80% no tumor no tumor analgesia increased from 5 to 210 min [116]
cetyl alcohol Paclitaxel 0.05-0.15% brain perfusion no tumor 2x more paclitaxel in brain compartment [117]
Ipolysorbate: <100nm
PBCA: 230 nm tubocurarine 0.12% brain perfusion no tumor generated seizure patterns in EEG measurements [118]

4-HC: 4-hydroperoxycyclophosphamide
5-FU: 5-fluorouracil

BRDU: bromodeoxyuridine

CPP:SA: 20:80 bis(p-carboxyphenoxy)propane:sebacic acid
EVAc: 3:2 Elvax40P:vinyl acetate

GCV: ganciclovir

IUdR: iododeoxyuridine

MTX: methotrexate

NGF: nerve growth factor

06-BG: O6-benzylguanine

PLGA: poly(lactide-co-glycolide)

PMMA: poly(methyl methacrylate)

PALA: N-(phosphonacetyl)-L-aspartic acid

* in rat unless otherwise noted
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1.4.1.2. Clinical trials in brain tumor patients of intravenously administered drug
carriers

Based on these pre-clinical animal studies, systemic delivery of drug carriers
based on lipids or polymers shows significant promise to increase the concentration of
drug within the brain and improve treatment efficacy of small molecule drugs. The
availability of two commercial anticancer liposome formulations DaunoXome™
(liposomal daunorubicin) and Doxil™ (liposomal doxorubicin) have enabled a number of
human clinical trials (Table 2). Tumors resected 24 hours after dosing daunorubicin
liposomes had a therapeutic drug concentration in the central tumor mass [75]. The
response rate in these trials was in the 40% range, which was considered promising by
the authors [74, 77, 79]. However patients in three of these trials received concurrent
radiation or other chemotherapeutic agents, complicating analysis of the treatment
efficacy. Additional trials are required to more clearly identify the advantage of

intravenous liposome drug delivery in brain tumors.

1.4.2. Delivery into the CNS

It is possible to achieve much higher concentrations of drug in the brain by direct
injection into the CSF or parenchymal space, substantially reducing the systemic drug
concentrations. The distribution of the injected drug within the parenchyma and the CSF
is defined by factors such as the site of puncture, rate of bulk CSF production, movement

and clearance, and diffusion or transport of the drug across the CSF-brain boundary

[125].
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1.4.2.1. Intra-CSF

Drugs can be directly injected into the CSF intrathecally or intraventricularly.
Though intrathecal administration into the cisterna magna is substantially less invasive
than intraventricular administration, intrathecal delivery methods fail to result in drug
accumulation in parenchymal structures deep within the brain [126]. Often, there is
significant spreading of the drug along the spinal canal, as observed in the intrathecal
injection of the anticancer drug etoposide into the cisterna magna of dogs [127]. Along
the spinal cord, sites as far away as 20 cm had etoposide concentrations greater than the
maximum etoposide concentration measured in the parenchymal space. The significant
spinal exposure to the drug led to ataxia, a loss of muscle coordination, in the dogs. At
doses that did not cause ataxia, the CSF concentration of etoposide was more than 100-
fold below therapeutic levels achievable by high dose intravenous therapy. Thus,
intrathecal anticancer drug delivery is more appropriate for treatment of disseminated
meningeal and spinal disease, but not for treatment of large parenchymal tumors such as
glioblastoma [128].

Intraventricular administration of CNS drugs results in higher and more reliable
distribution of the drug in the ventricles and subarachnoid space but also has limited
parenchymal penetration [126]. As a result, intraventricular delivery is particularly
useful for meningioma treatment and to prevent tumor metastasis by cells floating in the
CSF, but not for treating gliomas. Bolus intraventricular drug administration is limited
because most small molecules have a short half-life in the CSF. As a result, repetitive
dosing or continuous infusion is necessary in order to maintain cytotoxic concentrations

within the CSF.
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Sustained intraventricular delivery can be achieved using a pump, a refillable
reservoir, and a catheter permanently implanted into the lateral ventricle [129]. The
pump and reservoir are usually implanted on the surface of the skull near the skull hole
used for catheter implantation. Intraventricular bolus or chronic infusion systems have
been developed and are currently in clinical use, including the original Ommaya reservoir
[129]and newer versions such as the Infusaid pump [130], the MiniMed PIMS system
[131], and the Medtronic SynchroMed system [132].

These products have been used for the therapy of brain tumors in a number of
patients. For example, an Ommaya reservoir has been used for delivery of etoposide in
patients who suffered from metastatic brain tumors. Though peak etoposide
concentrations in the CSF were more than 100-fold greater than that achieved by
intravenous infusion, the treatment failed to inhibit metastasis into the parenchyma [133].
This is likely a result of insufficient drug penetration into this compartment.

Intraventricular administration of sustained release systems improves the
pharmacokinetic profile of the drug in the CSF and improves therapeutic outcomes. For
example, DepoCyt' ™ consists of a suspension of multivesicular lipid particles that are 3 —
30 um, which biodegrade to release encapsulated cytosine arabinoside. These particles
have been injected intraventricularly or intrathecally. Preclinical studies in primates
showed that compared to intrathecal delivery of unencapsulated cytosine arabinoside, use
of DepoCyt™ increased the CSF half-life from 0.74 hours to 156 hours. Clinical trials of
intrathecal DepoCyt™ for patients with neoplastic meningitis resulted in a complete
response in 71% of patients compared to 15% of patients treated with intrathecal cytosine

arabinoside [134].
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1.4.2.2. Intraparenchymal

Intraparenchymal drug delivery involves the placement of a needle directly into
the target parenchymal space for bolus injection or continuous infusion into the
interstitial space (Figure 9A) [135, 136]. This technique has been used to deliver both
particulate drug carriers and small molecule therapeutics such as BCNU and carboplatin.
These treatments are generally well tolerated and show a therapeutic effect in both animal

models and in clinical trials.

Figure 9. Intraparenchymal drug
3 L, delivery by convection enhanced
delivery. A. A subcutaneous pump is
implanted between the scapulae and a
needle is cemented onto the skull to
provide a constant infusion into the
parenchymal space.  B. Penetration
radius of a small molecular weight
dextran, and liposomes having various
surface charge and diameter delivered
B using CED. Labels indicate the
following: ‘dextran’ is a 10 kD dextran
Penetration radius of liposomes delivered by CED (1’1=4), ‘40 nm’ diameter liposomes
(n=3), ’80 nm’ diameter liposomes
(n=26), ‘200 nm’ diameter liposomes
(n=3), ‘10% negative’ charged 80 nm
liposomes (n=4) and ‘10% positive’
charged 80 nm liposomes (n=4). Error
|‘i‘| bars indicate the standard deviation.
‘ [135].
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When bolus injection is used, the resulting drug distribution throughout the tissue
is primarily a result of concentration-dependent diffusion. Thus, in order to achieve and

maintain therapeutic drug levels in a large tissue region, it may become necessary to use
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high concentrations of the drug, which can quickly lead to dose-limiting neuro-toxicity.
For this reason, direct injection is more efficacious for the delivery of small molecule
therapeutics compared to particulate drug carriers.

An alternative to direct injection is convection enhanced delivery (CED); a
continuous infusion uses a convective (vs. diffusive) flow to drive the therapeutic
throughout a larger region of tissue. Animal experiments comparing bolus injection to a
1-week continuous infusion using CED have shown that CED is better able to deliver
large doses and maintain drug distribution and concentration over time [137]. For
example, intraparenchymal delivery of cytosine arabinoside achieved maximum drug
concentrations 10 times greater than intraventricular delivery, 100 times greater than
intrathecal delivery, and 1000—10,000 times greater than intravenous delivery. CED also
maintained this maximum concentration over 2 mm from the injection site, while the
maximum concentration of arabinoside delivered intraventricularly and intrathecally fell
at a distance 1 mm and 0.5 mm away from the site of injection, respectively [126].

Other materials that have been delivered by CED include paclitaxel [138],
immunotoxins [139], DNA in lipoplexes [ 140, 141], viruses [142], boronated compounds
for neutron capture therapy [143], and liposomes [135, 144]. Many of these materials
have been tested in clinical trials [145]. Liposomes of various surface charge and
diameter were delivered into the rat brain using CED. However, their distribution is
significantly reduced compared to that of small molecules such as a 10 kD dextran.
Neutral liposomes of 40 nm and 80 nm in diameter distributed to a similar extent, which
was slightly greater than the distance obtained by 200 nm liposomes. Negatively charged

liposomes also shared a similar distribution but positively charged liposomes were
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retained close to the infusion site (Figure 9B). [135]. This observation of retention of
cationic particles has been widely reported in various gene therapy studies using synthetic
gene vectors that are combined with DNA; lipid or polymer based systems, termed
lipoplexes and polyplexes respectively, often achieve transfection only in the vicinity of
the needle tract (described in section 1.4.3).

The ability of CED to deliver agents to a large tumor volume has been exploited
in a number of clinical trials. For example, clinical trials involving CED of immunotoxin
into glioblastoma tumors were able to achieve complete regression with minimal
systemic toxicity for some patients [139].

To further increase the distribution of the drug from the needle tip, solvent-
facilitated perfusion can be used. In this method, the drug is dissolved in 100% ethanol,
which distributes rapidly from the infusion site and may inhibit loss of the drug into the
blood by reducing blood flow. In human brain tumors, BCNU in 100% ethanol
distributed up to 2.4 cm from the site of injection [146]. Further studies in mouse tumors
showed that this treatment correlates with a significant increase in the formation of DNA
adducts, which are initiators in a cascade ending in cell death [147]. This was manifested
as a reduction in tumor growth that was significantly lower compared to systemic
administration of the same dose of BCNU [147]. Solvent-facilitated perfusion may be
particularly promising to treat large tumors; however, this drug delivery method is still
under development and large scale clinical trials beyond Phase I/II have not been

completed.

30



1.4.2.3. Particulate drug carriers

Drug carriers such as liposomes and polymer nanoparticles have been
administered directly into the tumor site. In contrast to systemic administration, direct
injection into the brain increases the concentration and half-life of drug in the brain
compartment and can protect the drug from degradation and binding to efflux proteins at
the BBB. The low diffusion coefficient of these particulates significantly hampers their
ability to diffuse a significant distance from the administration site. Thus,
intraparenchymal delivery of particulate drug carriers has primarily used CED to
distribute the drug through a larger region in the tissue.

In addition to the convective force to drive the particles through tissue, there are a
number of other contributing factors that determine particle distribution within the tumor.
Penetration through the tissue can be increased by a negative or neutral particle charge
and by limiting particle size to less than 80 nm. In addition, including mannitol or a large
excess of label/drug free liposomes in the perfusate can further increase the penetration
distance [135, 144]. Attachment of targeting ligands can also be used to control which
cells take up the particles and to increase the particle penetration distance [144]. These
strategies raise the exciting prospect that liposomes containing drugs can be distributed to
a large brain volume and provide a sustained local release of chemotherapeutic agent for
a prolonged period. It has been suggested that optimal gene [148] or drug delivery [149]
to brain tumors can be achieved using the simultaneous application of magnetic
resonance imaging techniques to guide the optimal placement of the infusion catheter and

the distribution of the drug carrier.

31



1.4.2.4. Polymer depot

There is a large literature involving the intratumoral administration of polymer
depots (Table 3 and 4). Many combinations of polymer matrix and anti-neoplastic drugs
have been tested in animal models and in clinical trials. The polymer literature has been
covered by a number of recent reviews [154, 155]. Intratumoral implantation of large
polymer depots allows for sustained slow release of drug as the polymer biodegrades
[156, 157]. Drug release rate is primarily controlled by the type of polymer matrix being

used and on the drug properties and loading concentration.

Table 4. Human clinical trials of polymer depots and polymer particulates

Polymer Treatment Loading Tumor General Conclusions Study
CPP:SA BCNU + radiation 3.85% 32 patients - glioma  survival increased from 39.9 to 58.1 weeks [149]
CPP:SA BCNU 3.85% 62 patients - GBM survival increased insignificantly from 50 to 58 weeks [150]
CPP:SA BCNU + radiation 3.85% 240 patients - glioma survival increased to 13.9 months from 11.6 months [151]
6-carboxylcellulose Cisplatin + radiation 1 mg/cm2 38 patients - GBM survival increased from 211 to 427.5 days [152]
polylactic acid ACNU pellets 0.6 mg / pellet 11 patients - GBM local necrosis observed 12 days after implantation [153]

* all polymers implanted at resection
ACNU: 1-(4-amino-2-methyl-5-pyrimidinyl) methyl-3-(2-chloroethyl)-3-nitrosourea

The polymer depot that has been approved for brain tumor therapy is the
Gliadel™ wafer [158], which contains 3.85% BCNU. The implant is inserted into the
tumor resection cavity, releasing BCNU over a period of 5 days as the polymer degrades;
complete polymer degradation occurs in approximately 6 weeks [159]. BCNU
concentration in the brain is separated into 2 regions: a high dose region containing
millimolar concentrations of BCNU within 3 mm of the polymer implant and a low dose
region in the micromolar range at 1 day post-implantation. One week post-implantation,
BCNU concentrations were in the micromolar range at a distance 1-2 cm from the
implant [159]. This large parenchymal penetration was attributed to the lipophilic
properties of BCNU, leading to permeation of the drug into the CSF and bloodstream

before re-entry back the brain.
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Phase III clinical trials of Gliadel™ in 240 newly diagnosed malignant glioma
patients showed that the median survival increased from 11.6 months to 13.9 months
[151]. For patients with recurrent glioblastoma, Gliadel™ treatment increased median
survival from 4.6 months to 6.4 months. Of all patients enrolled in the trial, long term
survivors at three years included 11 patients in the Gliadel group and 2 in the control
group [154]. These studies confirmed that the use of drug-impregnated wafers for local
chemotherapy can improve survival for patients with newly diagnosed malignant glioma.

Efforts to improve local wafer-mediated BCNU delivery include increasing the
BCNU concentration and combining BCNU with other drugs. Recent dose-escalation
studies in monkeys [160] and humans [161] have shown that concentrations up to 20%
BCNU are well-tolerated with little systemic side effects. The distribution of BCNU
from the implant remained in the low micromolar range up to 2 cm away from the
implant. Based on these results, Phase III trials are currently being planned [154].

The toxicity of BCNU also can be increased by concurrent administration of
molecules that enhance cell sensitivity to nitrosoureas. For example, the cell’s ability to
repair BCNU-induced DNA damage can be inhibited by systemic administration of O°-
benzylguanine. In animal models, administration of O°-benzylguanine significantly
increased survival from 25 to 34 days compared to animals receiving BCNU polymer
implant alone [89]. However, Phase I/II trials of systemic O°-benzylguanine plus BCNU
have shown that administration of O°-benzylguanine substantially lowers the maximum
tolerated dose of BCNU, with unclear benefit of the combination therapy compared to

BCNU alone [162, 163].
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Local delivery using biodegradable wafers can also be used to deliver
combinations of chemotherapy drugs [164] and as part of a treatment protocol with
radiotherapy [165]. However, polymer implants containing drugs less lipophilic than
BCNU, such as paclitaxel, showed substantially reduced parenchymal penetration to <2
mm at 1 week post-implantation [160]. This limited penetration of drug from the wafer
makes it unlikely that the placement of a monolithic depot in the brain will solve the drug
delivery challenges to brain tumors including diffusion barriers, active transport from

endothelial cells, and significant elimination of drug from the parenchyma by ISF flow.

1.4.3. Gene therapy

The brain is also a target for a variety of gene therapy approaches involving viral,
lipid and polymer based, and cell based delivery strategies. Viral vectors are considered
the most effective and have been used in a number of animal models and the majority of
brain tumor gene therapy clinical trials. The use of viruses for brain tumor gene therapy
has been reviewed extensively elsewhere [166]. Despite encouraging pre-clinical results,
clinical studies have not shown similar success; few trials have shown substantial
extended patient survival. This is thought to be caused by a failure to distribute the viral
vector throughout the tumor mass and a wide variability in the infectivity of brain tumor
cells, resulting in an insufficient number of transfected tumor cells [166].

Cellular methods, particularly those using neural stem cells, have the potential to
enhance the efficacy of gene therapy because the stem cells are less immunogenic and
can preferentially migrate to the tumor. This technique is relatively newer and has only

been tested in a limited number of animal models. Studies that have been completed in
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mice have shown significant promise and encourage further studies to investigate neural
stem cells as an alternative to viral vectors [167].

Lipid and polymer based gene therapy strategies have been more extensively
studied and have been tested in small clinical trials. These delivery systems are
comparatively simple, easy to formulate and are generally less immunogenic and less
neurotoxic than viral systems. However, lipid and polymer systems tend to achieve
lower in vivo transfection efficiencies, shorter transgene expression times, and face
similar distribution challenges as viral systems. Nonetheless, well designed synthetic
lipid vectors can be nearly as efficacious as viral vectors [168]. We will briefly describe
current progress using lipid and polymer based systems for gene therapy in the brain.

Lipoplexes or liposomes have been used more frequently to treat brain tumors
(Table 5), while polyplexes usually have been applied to normal brain for the delivery of
reporter genes or growth factors (Table 6). The majority of these reports have
administered the vector directly into the brain or into the tumor in the brain. Expression
of reporter genes has been observed for as long as two to three months post

administration using either lipoplexes or polyplexes.
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Table 5. Gene delivery by lipoplexes or lipid systems

Cationic
Vehicle Gene lipid Target region Delivery Day of treatment General Conclusions Study
Animal studies
targeted liposome AS EGFR DDAB U87 in mice \%2 5, weekly survival increased from 18 days to 36 days [84]

mRNA
targeted liposome RNAI: anti- DDAB C6 expressing v 10 luc expression inhibited by 90% for >5days [169]
luciferase luciferase
lipoplex non-coding DOTIM 4C8 mouse GBM |V 3, 10 OR 17, weekly significant decrease in tumor volume [170]
targeted liposome RNAi: EGFR  DDAB U87 in mice v 5, weekly 88% increase in survival [171]
lipoplex CCK-8 lipofectin P77PMC rat IVC congenitally epileptic rat  transfection & seizure repression for 14 days  [172]
lipoplex NGF DC-Chol normal rat IVC injury: day 1 reduced neuron loss after brain injury [173]
lipoplex CAT DOTIM normal rat IVC,IC  normal transfection for up to 4 weeks [174]
liposome GFP MLRI normal brain IvC normal extensive GFP expression throughout CNS [175]
lipoplex bcl-2 DOTAP normal rat IVC normal infarct reduction after MCA occlusion [176]
multilamellar liposome IFN beta TMAG U-251-SP in mice IT [177]
liposome + plasmid IFN beta TMAG T9 IT 0 survival increased from 22 to 29.8 days [178]
liposome + plasmid luciferase DOTMA F98 IT 7 transfected 3 cell layers around injection tract  [141]
targeted liposome IFN beta TMAG U-251-SP in mice IT 7,9,11,13, 15,17 day 7: all long term survivors [179]
14, 16, 18, 20, 22, 24 day 14: reduced tumor size

multilamellar liposome IFN beta TMAG U-251-SP in mice IT 7,9,11,13,15 all long term survivors [180]
lipoplex IFN beta TMAG GL261, mouse IT 4 survival increased from 32 days to 67 days [181]
liposome HSV-tk DC-Chol, F98 IT HSV-tk: 7; ip GCV: 3-17  10/80 animals complete tumor regression [168]

DOCSPER,

DMRIE
lipid-virus complex + HSV-tk TMAG GL261, mouse IT HSV-tk: day 4, 8, 12, significant decrease in tumor volume [182]
ip GCV GCV:5,6,9,10, 13, 14
lipoplex beta-gal + NLS lipofectin normal mice IC normal transfection for 9 days [183]
lipoplex beta-gal lipofectin mouse caudate IC normal transfection for up to 21 days [184]
Tf-lipoplex NGF DC-Chol striatum IC injury: day 0 or 1 8/1 (+/-) maximizes gene transfer [185]
lipoplex beta-gal DOGS rat caudate CED normal increased transfection for longer infusion [186]
lipoplex + ip GCV HSV-tk DAC-Chol  F98 CED HSV-tk: 7;ip GCV: 3-17  36% long term survivors [140]
Clinical Trials
lipoplex ASPA DC-Chol 2 patients: IVC 1 biochemical, radiological & clinical changes [187]

Canavan disease
liposome + plasmid IFN-beta TMAG 5 patients: GBM & IT 0,14,21,&28 Phase [: 2 patients had partial response, [188]
AA 2 patients stabilized
liposome + plasmid HSV-tk DC-Chol 5 patients: GBM  CED HSV-1-tk: day 1; development of PET to follow transfection [189]
GCV: day 4-14

liposome + plasmid + iv HSV-tk DC-Chol Phase I/l CED HSV-1-tk: day 1; 2/8 showed >50% reduction in tumor volume  [148]
GCV DC-Chol 8 patients: GBM GCV: day 4-14

AA: anaplastic astrocytoma

AS: antisense
ASPA: aspartoacylase

CAT: chloramphenicol acetyltransferase
CCK-8 peptide: cholecystokinin octapeptide
DAC-Chol: DAC-30 (3 & (N-N, N'-dimethyl-aminoethane-carbamoxyl-cholesterol
DDAB: didodecyldimethyl ammoinium bromide
DOGS: lipopolyamine of dioctadecylamidoglycylspermine
DORI: (N-(1-(2,3-dioleoyloxy)propyl)-N-(1-2-hydroxy)ethyl)-N,N dimethyl ammoinium iodide
DOTAP: 1,2-dioleoyl-3-trimethylammonium-propane
DOTIM: octadecenoyloxy(ethyl-2-heptadecenyl-3-hydroxyethyl)imidazolinium chloride

DOTMA: N-[1-(2,3,-dioleyloxy)propyl]-N,N,N-trimethyl-ammonium chloride
EGFR: epidermal growth factor receptor

GFP: green fluorescent protein

IFN: interferon
IVC: intraventricular

MCA: middle cerebral artery
MLRI: disymmetric myristoyl & lauroyl substituted compound formed from tetraalkylammonium glycerol based prototypic cationic lipid DORI
NGF: nerve growth factor

NLS: nuclear localization signal
TMAG: N-(alpha-trimethylamminioacetyl)-didodecyl) glutamate chloride
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Table 6. Gene delivery by polyplexes

Vehicle Gene Target region Delivery General Conclusions Study
PEI luciferase brain stem M Transfection from 18h to 2wks after injection [190]
PEI beta-gal periventricular neurons and glia IVC transfection in periventricular cells [191]
PEI luciferase brain of xenopus tadpole IvC linear PEI more efficient than branched [192]
PEGylated PEI luciferase spinal parenchyma & meninges IVC PEG-PEI 11x more efficient transfection than PEI alone [193]
PPP, PEI luciferase mouse brain stem IVC transfection primarily in brain stem [194]
targeted PEI luciferase dorsal root ganglia IvVC targeting increased transfection 9-14x [195]
polyamino polymer luciferase D54-MG (7-12 days) in mouse  IC gene expression levels comparable to AAV vector [196]
PEI luciferase newborn mouse striatum IC optimal PEI cation/anion balance is slightly cationic [197]
PEI luciferase & bcl-2 cortex, hippocampus in mice IC transfection observed up to 3 months later [198]
PEI dopamine transporter substantia nigra IC transfection observed from day 3-14 after injection [199]
PEI Targeted luciferase ~ newborm hypothalamus IC transfection of cells near 3rd ventricle [200]
PEI fluorescein-DNA hippocampus IC transfection in neurons and glia cells [201]
targeted poly-lysine GFP substantia nigra IC transfection observed from 48hr to 15 days after injection [202]
targeted poly-lysine + GFP substantia nigra IC transfection lasted up to 60 days [203]
fusogenic peptide

PEI NGF septum IC attenuated neuronal loss from 70% to 28% at day 7 after injury ~ [204]

IM: intramuscular
PPP: polyaminoethylpropylene phosphate

A variety of cationic lipids have been employed to prepare the lipoplexes;
however, no particular lipid appears to convey a substantial gene transfer advantage. In
those instances where tumors were treated, almost all of the reports described significant
increases in survival time (Table 5) [84, 140, 148, 170, 171, 179-181]. There was
complete tumor regression in about 30% of rats with FO8 gliomas. The treatment group
was administered a lipoplex-plasmid expressing Herpes simplex virus - thymidine kinase
(HSV-tk) and also received a course of ganciclovir [196]. In the same study, animals
treated with HSV-tk in an adenoviral vector had 70% complete tumor regression.
Animals treated with a retroviral vector had no tumor regression, but the group size in the
retroviral treated cohort was too small to draw any conclusions. The F98 glioma is
reputed to be minimally immunogenic in the Fisher rat [44]; however, plasmid DNA and
cationic lipids are very immunostimulating [205, 206]. The adenoviral and lipoplex
vectors did not induce a significant infiltration of lymphocytes when administered via the
osmotic minipump and were claimed by the authors to be well tolerated [168]. However
the immunostimulating properties of DNA-lipid complexes may have contributed to the

antitumor response.

37



The pronounced antitumor properties observed in animals treated with lipoplexes
have been observed in immunocompromised mice; nude mice tumored with U251-SP
human gliomas had a 100% survival rate when injected intratumorally with lipoplex
carrying a plasmid expressing human beta interferon [177]. In this report, animals were
dosed five times at two day intervals starting on day 7. Studies using this same vector in
other models showed an increased survival time [178, 181] when treatment was initiated
soon after tumor implantation (Table 5).

Targeted lipoplexes have been used to enhance the distribution of the lipoplexes
from the injection site. A transferrin-targeted lipoplex that delivered a nerve growth
factor transgene directly injected into the rat striatum enhanced gene transfer about three
fold compared to a non-targeted lipoplex [185]. In addition to enhanced gene transfer,
the transferrin targeting altered the distribution of transfected cells; nontargeted lipoplex
transfection was primarily restricted to the vicinity of the needle tract, consistent with the
restricted distribution of cationic lipoplexes administered into the caudate putamen via
CED [135]. In contrast, transferrin-modified lipoplex transfected cells distant from the
needle track throughout the striatum. Transgene expression was evident at 24 hours and
returned to baseline at seven days post administration. The expression of the nerve
growth factor attenuated a chemically induced lesion in the brain (Table 5).

Targeted lipoplexes have also been investigated for the delivery of RNAi and
mRNA. Rats bearing a C6 glioma, which was permanently transfected with luciferase,
received intravenous injection of lipoplexes targeted to the transferrin receptor containing
anti-luciferase RNAi. When lipoplexes were administered 5 days following tumor

implantation, luciferase expression fell by 90% for at least five days following injection.
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The authors suggest that the transferrin targeting enables receptor mediated transcytosis
across the BBB, enabling this system to be used for brain diseases where the BBB
remains intact [84, 171]. A dual targeted lipoplex has been investigated for the delivery
of mRNA [84]. These lipoplexes included targeting towards the transferrin receptor for
BBB transcytosis and targeting towards the insulin receptor for transport across the
plasma and nuclear membrane of the tumor cells. Intravenous injection of these
lipoplexes delivering antisense EGFR at day 5 after U87 tumor implantation increased
the mouse lifespan twofold. However, these systems have not yet been applied to
improve therapy against diseases affecting normal brain where the BBB permeability
may be lower compared to tumor models [84].

There are few reported human clinical trials of lipoplex administration directly
into brain tumors (Table 5). Voges and coworkers treated eight glioblastoma patients
with lipoplex delivery of HSV-tk with subsequent prodrug activation by intravenous
ganciclovir [148]. Two of these patients showed a greater than 50% reduction in tumor
volume and six showed focal treatment effects. These workers imaged and assessed the
treatment effect in the tumor using MRI; they noted that placement of the catheter in the
tumor was a significant factor that required optimization if gene therapy approaches were
to achieve their full potential for treating brain tumors [148]. The gene expression of the
HSV-tk using this delivery system was also followed by using I-124-labelled 2'-fluoro-2'-
deoxy-1p-D-arabino-furanosyl-5-iodo-uracil (['**I]-FIAU), a substrate of HSV-tk that is
visible using PET [168]. In addition to the delivery of HSV-tk in human clinical trials,
lipoplexes have also been used to deliver interferon-beta. Pilot studies of four malignant

glioma patients showed that ten weeks after beginning the four week therapy, two
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patients had stable disease and two patients had a greater than 50% reduction in tumor
volume [188].

Lipoplexes have also been used to deliver genes in an attempt to correct a genetic
neurodegenerative disorder known as Canavan disease, a spongiform brain degeneration
related to a deficiency in functional aspartoacylase [187]. The aspartocylase gene
lipoplex was injected intraventricularly in monkeys and two children. The lipoplexes,
containing DC-cholesterol and the cations polylysine and protamine sulfate, were well
tolerated and gene expression was detected at one month post-administration of the
vector in monkeys. Lipoplex administration in the children was also well tolerated and
both patients showed some improvement in clinical symptoms in addition to biochemical
and radiological improvements.

These initial clinical trials of lipoplex administration into the brain have shown
that non-viral gene therapy for the brain is generally safe and feasible. However, because
only a small number of patients have been involved in these studies, it is not yet possible
to draw conclusions about the efficacy of liposomal gene therapy to induce an anti-tumor
response or prolong survival. Larger scale trials will benefit from a design that addresses
the challenges common to both viral and non-viral gene delivery, particularly increasing
the distribution from the site of injection and achieving prolonged gene transduction
[207].

In addition to lipoplexes, polyplexes have been investigated for non-viral gene
delivery. The majority of pre-clinical studies have investigated polyethylenimine (PEI)-
mediated reporter gene transfection into normal brain following intraventricular or

intracranial injection. Though there are few studies on delivery into tumor models, a
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number of reports have detailed delivery into various other brain regions such as the brain
stem, the substantia nigra, and the hippocampus (Table 6). Polyplex-mediated gene
delivery has not yet been tested in clinical trials.

The polyplex-mediated delivery of reporter genes has been used to characterize
the time frame and tissue volume of gene expression in the brain. Gene expression has
been observed up to three months following delivery [198]. Transfection efficiency can
be increased by using linear PEI instead of branched PEI [192] and by PEGylating the
PEI [193]. In addition, as observed for targeted lipoplexes, targeted polyplexes increases
transfection an order of magnitude compared to nontargeted vectors. Targeting also
allows for the possibility of directing polyplex uptake and accumulation to a subset of
neurons [195].

Though there are few studies on polyplex delivery of therapeutic genes, these
reports have shown some promising results. Polyplexes carrying a nerve growth factor
transgene injected into the rat septum provided a three-fold greater neuroprotective effect
against tissue injury. This level of neuroprotection was 80-90% of that achievable by
viral vector-mediated transfer [204]. Injection into the brain of polyplexes delivering the
dopamine transporter gene results in gene expression for as long as 14 days; by delivering
sense or antisense plasmid, the transporter expression could be directly controlled.
Despite this positive result, transgene expression was limited to 800 um from the needle
track, indicating that an improved distribution system will be required before these
polyplexes can be tested in clinical trials [199]. This conclusion is further supported by
polyplex delivery of bcl-2 into the cerebral cortex. Gene expression was limited to 6

mm’ but continued for more than three months post injection [198]. In spite of these
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promising reports, more work is needed to optimize polyplex gene delivery and

distribution within the brain before clinical trials are warranted.

1.4.4. Comparison of delivery strategies

Though the standard method of drug delivery is oral or by systemic injection,
delivery by alternative methods has been used for most common small molecule
chemotherapeutics to reduce systemic toxicity and increase the concentrations of drug in
the brain (Figure 10A). Improvements in systemic delivery are successful at reducing
systemic toxicity, but the global nature of oral and systemic delivery substantially
increases normal brain drug exposure. This makes oral systemic delivery useful for
treatment of diffuse brain disease where it is necessary to get drug to a large region of

brain tissue.
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Figure 10. Methotrexate (MTX) accumulation in tumor, brain around tumor (BAT),
normal cortex, and systemic tissues. A. Concentration of MTX in systemic tissues 30 min
post injection of 1.25 mg ([], white ) intravenously in the rat [208], and 20 min post (Il ,
blue) intraventricular injection of 1.69 mg in the monkey [209]. Compared to
intraventricular injection, intravenous delivery exposes the systemic tissues to higher
levels of MTX, particularly the kidneys and liver which clear material from the blood. B.
MTX accumulation in and near the tumor is substantially higher using (I , black )
convection enhanced delivery or ([l , blue) intrathecal routes compared to ([] , white )
intravenous, ( [ , red) intravenous with 25% mannitol BBB disruption, (Jl] , green)
intra-arterial, or ([ , yellow) intra-arterial with 25% mannitol BBB disruption. Ratio of
MTX concentration in tissue and plasma in tumor bearing rat brain at 30 min post
injection [208], and in 1 hr post intrathecal injection in mice [210] and steady state during
constant infusion CED in a patient [211].

For the treatment of a smaller brain region, intra-CSF or intraparenchymal
methods should be used. Intra-CSF methods result in a high concentration of drug in the
bulk CSF but limited penetration into the parenchyma. This makes intra-CSF delivery
well-suited to distribute drugs against meningeal and ventricular diseases. To achieve
high concentrations of drug in a local region within the parenchyma, intraparenchymal
delivery is the best option because distribution is limited to a small volume near the
needle tip. This is particularly useful for solid tumors and for degenerative diseases that
are surgically accessible and confined to a single structure of the brain.

As an example, intraparenchymal, intra-CSF, and systemic methods have been
used to distribute methotrexate in a solid brain tumor (Figure 10B). Drug delivery by

CED or the intrathecal route results in the highest concentrations in the tumor and brain
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surrounding tumor; intrathecal delivery into the bulk CSF results in a more global effect,
increasing concentrations of methotrexate in the normal brain region [208, 210, 211].
The concentration of methotrexate in all brain regions is substantially higher by CED or

by the intrathecal route compared to systemic delivery with and without BBB disruption.

I.5. Modeling

Compartmental models have been used to describe the distribution of drug within
the brain since the mid-1970s. For example, Levin et al. [212] modeled drug distribution
from the blood into a spherical tumor containing three regions: a poorly perfused low
permeability center, a well-perfused high permeability outer shell, and an outermost shell
with intermediate perfusion and permeability. This model could be used to predict the
drug area under the curve (AUC) in the tumors with different blood flow when drugs of
varying capillary permeability were administered intravenously.

Models have also been developed to characterize the diffusive transport of drugs
throughout the parenchyma when the drugs are directly injected [213, 214] or implanted
via a polymeric implant [215]. For example, Saltzman and Radomsky [215] modeled
release, transport, and elimination of a drug from a polymeric implant using equations
defining a mass balance for a differential volume tissue element [216]. This model was
used to analyze previous data on dexamethasone distribution from a polymeric implant
[215].

However, these models are inherently limited by the assumption that the tissue
properties are uniform in all directions. Thus, though the models may predict sustained

therapeutic levels of drug within the tumor space, this is unlikely to occur in animal or
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human tumors. Tumor inhomogeneity can contribute to uneven drug distribution, leading
to the development of drug resistance and tumor regrowth [3]. Further, invasive methods
such as CED or polymer implantation lead to a measurable and significant inflammation
and local edema [3]. This is nontrivial and can lead to convective mixing near the
invasive site, altering the distribution of drug within the tumor and normal brain space.
This adds to the difficulties involved in drawing conclusions about the efficacy of tumor
treatment in pre-clinical studies.

More complex mathematical models more rigorously predict drug distribution and
could help guide rational design of drugs and the development of drug delivery systems.
In particular, transcapillary drug transfer across the BBB has been modeled by a number
of techniques such as quantitative structure activity models and artificial neural networks
[217, 218]. Finite element models have been used to portray the movement of drugs
throughout the parenchymal space. The model of Kalyanasundaram and coworkers [219]
includes 800 triangular elements that depict realistic brain anatomy and transport
properties of gray and white matter, diffusion and convection in two directions, and the
effects of ECF flow and edema. Model parameters were defined using MRI tracking of
paramagnetic contrast markers from a polymeric implant and bolus intraparenchymal
dose; the simulation was then used to predict the transport and distribution of a bolus
intraparenchymal dose of interleukin 2. Though these simulations have a high level of
detail, it is difficult to completely correlate these predictions with direct intraparenchymal
measurements due to the technical feasibility of making such precise measurements and
the high inter-animal variability. Nonetheless, models that incorporate realistic fluid flow

properties in the brain and predict drug levels in various brain areas based upon the drug
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input into different regions would be useful for the design and testing of alternative and

novel dosing and delivery strategies to treat tumors.

1.6. Summary

Although a number of strategies have been developed to deliver drugs into the
brain, patients with brain tumors continue to face a poor prognosis and limited treatment
options that are unlikely to be resolved even as effective novel anticancer drugs are
devised. This is because the physiology of the brain presents unique challenges,
including tight regulation of what can enter the brain space, limited distribution of
substances along ECF flow pathways, and clearance from the tissue by structures
different from the conventional lymphatics found in peripheral tissues.

Pre-clinical studies have highlighted the importance of treating tumors early, at a
stage where they are small enough to distribute the drug throughout the entire tumor.
There are promising ways to improve brain tumor therapy, including intravenous
therapies that exploit the leakiness of the tumor vasculature, targeting to tumor associated
features or mechanisms that can be triggered to release drug in the tumor. Exploiting
these possibilities depends upon the identification of appropriate targets in the tumor and
the development of suitable ligands to bind to these targets. In addition, the introduction
of multi-source CED [220, 221] to infuse drugs or drug carriers in multiple directions
may increase drug delivery to tumors. The implementation of such approaches guided by
MRI or far IR imaging technologies to position the infusion catheters in the appropriate

locations could improve tumor drug delivery.
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In addition to these promising advances, novel solutions that take into account the
fluid handling characteristics of the brain clearly are required before effective treatments

are realized for patients affected by brain tumors.
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Chapter II: Retro-Convection Enhanced Delivery to increase blood to brain transfer
of macromolecules
I1.1. Abstract and Introduction
I1.1.1. Abstract

A retro-convection enhanced delivery (R-CED) method has been developed to
improve the entry of intravenously administered therapeutics within solid brain tumors.
R-CED uses an osmotic gradient to withdraw brain interstitial fluid (ISF) in a controlled
manner via an implanted microdialysis catheter. Withdrawal of ISF increases the local
tissue specific gravity in normal brain and increases two-fold the extravasation of
intravenous Evans blue (EB) albumin in normal brain and in an orthotopic 9L tumor.
R-CED also increases the extravasation of 70 nm fluorescent liposomes five-fold in the
OL tumor. Thus the transmembrane osmotic gradient induces movement of substances in
the blood into the tissue parenchyma. Following probe removal, the magnitude of the
R-CED effect on EB-albumin extravasation decreases to control values within 1.5 hrs in
normal brain; however, the effect persists beyond six hrs in the tumor. There was no
evidence of histologic damage to the neurons at either six hours or two weeks after
R-CED. These studies establish the feasibility of applying R-CED to increase the
distribution of systemically administered drugs in both the normal tissue-tumor margin as
well as in the central tumor core, holding forth the possibility of improved antitumor drug

efficacy.

11.1.2. Introduction

Approximately 18,500 new cases of primary malignant brain tumors are
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diagnosed in the United States per year [5]. Despite significant advances in tumor
imaging, neurosurgery, and radiation therapy, the average one year survival rate has
increased little over the past three decades [5]. First-line treatment includes surgery and
radiation therapy, which can reduce the typical tumor cell burden of 3-6 x 10" cells by
nearly 1000-fold [19]; however, chemotherapy cannot yet reduce the tumor cell number a
further 100-fold, a requirement before the immune system can control the tumor burden
[19]. Though many potent chemotherapeutic drugs exist, the lack of a drug effect is
variously ascribed to factors such as rapid clearance from the brain extracellular space
[11], tumor-cell drug resistance [26], high intratumor pressure [6] and poor drug delivery
to the brain tumor mass and its peripheral regions [10,29].

The majority of brain tumor chemotherapy drugs delivered by the systemic route
have limited efficacy because of poor penetration across the endothelial cell membranes
lining the blood vessels that form the blood brain barrier (BBB) [16]. Current efforts to
circumvent this problem include osmotic opening of the BBB [27], implantation of drug
impregnated depots [13], and direct intracerebral infusion by convection enhanced
delivery (CED) [3,6]. CED has shown substantial promise in clinical trials for the
delivery of drugs such as paclitaxel [18] and immunotoxins [15], distributing small
molecule drugs at a fairly constant drug concentration throughout tissue volumes as large
as 600 mm’ [28]. However, there is a significant variability in the extent of tissue
penetration due to factors such as the convective flow rate, catheter diameter, and
variations in tissue consistency and interstitial pressure within the tumor [6,30].

Recently, an alternative drug delivery technique has been shown to increase the

uptake of systemically delivered chemotherapeutics in peripheral tumors. This method
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involves the reduction of tumor pressure to elevate the transendothelial pressure gradient
such that the blood pressure drives fluid from the blood vessel into the tissue [8,14].
DiResta and coworkers introduced a needle connected to a vacuum to remove interstitial
fluid (ISF) and lower the tumor pressure [8,24]. The reduction in local tumor pressure
correlated with increased tumor accumulation of intravenously administered doxorubicin
and monoclonal antibodies [7]. However, the vacuum produced in the tissue lacked
sufficient control to prevent significant tissue disruption [8,17] and treatment exposure
times were limited by difficulties in maintaining a consistently high vacuum within the
tissue [7,24].

Retro-convection enhanced delivery (R-CED) improves the rate and consistency
of fluid removal by using a polymeric osmolyte to extract fluid from the tissue. This
reduces the tissue disruption observed with the vacuum system such that transendothelial
pressure reduction is suitable for use in brain tumors. Fluid removal from the tissue is
mediated by the magnitude of an osmotic gradient across a semipermeable membrane at
the distal end of an implanted commercially available microdialysis catheter (Fig. 1).
Fluid pumped through the probe, termed the perfusate, can interact with the brain ISF
through the semipermeable membrane; molecules smaller than the membrane’s
molecular weight cutoff (MWCO) move freely between the tissue and the fluid inside the
probe. In contrast, when the perfusate consists of a hyperosmotic solution of an
impermeable solute, the transmembrane osmotic pressure gradient induces fluid flow
from the tissue space into the probe, where it mixes with the perfusate and is ultimately
pumped out of the brain space. Manipulation of the perfusate composition permits direct

control over the rate and total magnitude of fluid removal from the brain space with

62



minimal risk of tissue disruption beyond that typical of probe insertion into the tissue.
Removal of interstitial fluid is a distinctive application of microdialysis probes, which are
generally used in animal studies and patients to monitor solute concentrations in the
interstitial fluid and to deliver drugs in a tissue region by including the drug in the

perfusate [2].

Microdialysis

Input *K probe

Output

Blood
vessel

Figure 1. Schematic diagram of R-CED. A. Animals have a microdialysis probe
implanted into the brain that is connected to a pump which drives perfusate through the
probe. The microdialysis probe consists of two concentric tubes where the perfusate
flows (red arrows) through the inner tube (gray) into the space where dialysis occurs
(light blue) between the inner tube and the microdialysis membrane (dotted blue line).
At this point, the flow direction reverses and exits the system through the outer tube
(outlined in black). Fluid flow from the blood into the ISF towards the microdialysis
probe is diagrammed with black arrows.

We report that R-CED reliably and safely removes fluid from the brain

compartment, increasing the local distribution of systemically delivered Evans blue-
albumin (EB-albumin) and liposomes in both normal rat brain and in an intracranial 9L
rat tumor. The successful implementation of R-CED demonstrated in this study is
indicative of the potential to use R-CED as a tumor drug delivery technique in the brain

and in other solid tumors.
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I1.2. Results
I1.2.1. Selection of polymer osmolyte to include in the perfusate fluid

We evaluated the osmolality of dextran, polyethylene glycol (PEG), and
polyvinylpyrrlidone (PVP) at varying concentrations (Table 1); these polymers notably
exert a higher osmotic pressure than would be predicted simply by their concentration
because they have high hydrogen bonding capability and adsorb many layers of water
onto the polymer surface. As the osmolality increases, the flow from the brain
compartment into the membrane increases, as predicted by the Starling equation; this
flow rate begins to plateau at high osmolalities (Fig. 2), possibly because higher
osmolality solutions are more significantly opposed by a higher backpressure caused by
the increased viscosity of the perfusate. Solutions of the 35 kD PEG were too viscous to
pump through the microdialysis probe at concentrations above 6 mM. We selected the 40

kD dextran for use in all subsequent studies.

Table 1. Osmolality of polymer perfusates at various concentrations

Osmolality mmol/kg
Conc. mM  PEG20kD PEG35kD PVP40kD  Dextran 40kD
2 314 305 317 300
4 328 350 334 309
5 361 365 376 325
6 378 386 388 338
8 428 516 423 375
10 466 692 528 497

Osmolality of aCSF:285 mmol/kg
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Figure 2. Effect of polymer type and polymer osmolality on flow across the
microdialysis membrane from the simulated brain compartment into the microdialysis
probe. Flow rate across the microdialysis membrane when the R-CED perfusate is
composed of increasing concentrations of dextran (40 kD), polyethylene glycol (PEG,
20 kD and 35 kD), and polyvinylpyrrolidone (PVP, 40 kD). Values are mean + SD, n
= 3 for each data point.

It is unlikely that dextran in the perfusate leaked out of the microdialysis probe
and entered the brain compartment, either in vitro or in vivo. When a 50 kD fluorescent
dextran was included in the perfusate, there was no detectable leakage of fluorescence
from the microdialysis membrane into the simulated brain compartment. Inspection of
the dialysis membrane after the probe was removed following R-CED in vivo showed

that the membrane remained intact.

11.2.2. Fluid removal from rat brain

The amount of fluid removed from the brain during one hour of R-CED was
dependent on the osmolality of the perfusate used (Table 2). The volume withdrawn in
one hour from the simulated brain compartment, composed of aCSF, was 4.3 + 1.3 ul (n
=3)and 10.0 + 0.8 pl (n = 3) for the 5 and 10 mM dextran perfusate respectively. In the

brain, isoosmotic artificial cerebrospinal fluid (aCSF) perfusate solutions did not
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withdraw interstitial fluid; a hyperosmotic perfusate of a 5 or 10 mM dextran solution
removed 3.2+ 0.5 ul (n=15) and 5.8 + 1.7 pl (n = 15) respectively, which are statistically
greater than the average volume removed with an aCSF perfusate. In the orthotopic 9L
brain tumor, significantly more fluid can be removed from the tumor than from the
normal brain. The amount of fluid withdrawn by the probe in vivo is less than the amount
of fluid withdrawn from the simulated brain compartment, suggesting that fluid removal

is limited by fluid transport in the tissue.

Table 2. Influence of perfusate composition on the volume of
fluid removed from the brain during 1 hour of R-CED

ul of fluid removed from:

Perfusate Simulated brain Normal brain Tumor brain
aCSF -1.6 +2.0 (3) -05+13 (19) -02+0.8 (7)
5 mM 40 kD dextran 43 +13(3) 3.2 +0.5* (5) n.d.

10 MM 40kD dextran | 10+0.8 (3) 58 +1.7*(15) 82+ 1.3*(11)

Values are mean + SD (n); n.d., not determined
*, p <0.001 compared to aCSF in the same tissue type
I1.2.3. Specific gravity measurement
Fluid removal by R-CED increased the local tissue density, as measured using a
linear kerosene-bromobenzene gradient. The average specific gravity of caudate
putamen samples from the untreated hemisphere was 1.039 + 0.004 g/cm’ (n = 26). This
value is consistent with Murr and coworkers’ measurement of the specific gravity of
rabbit caudate putamen samples, which averaged 1.0352 g/cm’ [21].
When R-CED was used with an isoosmotic aCSF perfusate solution, there was no
significant change in the specific gravity of caudate putamen samples. This was

significantly different (p = 0.003 and 0.004, respectively) when hyperosmotic solutions
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of 5 or 10 mM dextran were used as the R-CED perfusate; in these cases, the increases in
specific gravity in the R-CED treated hemisphere were 9.2 x 10 + 5.0 x 10” and 7.6 x
107 + 3.7 x 107 respectively (n = 5, Fig. 3). There was no significant difference between
the specific gravity increases induced by the 5 and 10 mM dextran groups. The 10 mM
dextran solution withdrew more fluid but did not further increase the specific gravity
compared to the 5 mM dextran solution, implying that the fluid withdrawn from the brain
comes from a larger tissue region in the 10 mM dextran case (Table 2). Further specific
gravity measurements at time points 1.5 and 6 hrs after R-CED with the 10 mM dextran
perfusate showed that the observed increase in specific gravity did not remain
significantly different from R-CED with the aCSF perfusate at these later time points (n =

3, Fig. 3).
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Figure 3. Effect of R-CED on local tissue specific gravity. The
specific gravity increases immediately after 1 hr of R-CED with
a hyperosmotic 5 or 10 mM dextran perfusate (n = 5) but remains
unchanged after R-CED with an isoosmotic aCSF perfusate (n =
4). At later time points after R-CED, no significant difference
exists between the groups receiving hyperosmotic or isoosmotic
R-CED. Values are mean + 95% confidence interval. *, p < 0.05
as compared with aCSF group.

I1.2.4. Systemic EB-albumin extravasation into normal brain

Application of R-CED increased local extravasation near the microdialysis probe,

as visualized by EB-albumin in the brain tissue. The duration of increased EB

extravasation after the R-CED probe was removed is depicted in Figure 4. In all cases,

R-CED was for one hour and EB exposure was for one hour. EB was injected

simultaneously with the start of R-CED (Fig. 4A, B), 1.5 hrs following R-CED (Fig. 4D,

E) or 6 hrs following R-CED (Fig. 4G, H). In some cases, animals in the simultaneous

group receiving 10 mM dextran R-CED showed percolation of the EB-albumin along the

white matter tract (Fig. 4B). However, this did not occur in animals from the other

groups.
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Figure 4. Effect of R-CED on extravasation of EB-albumin in normal brain. A, B, D,
E, G, H. The time course of the R-CED effect on EB-albumin extravasation was
quantified by injecting EB in the tail vein simultaneous with 1 hr of R-CED (A, B), 1.5
hrs after R-CED probe removal (D, E) or 6 hrs (G, H) after R-CED probe removal. The
amount of EB-albumin in the brain increases when the R-CED perfusate consists of
hyperosmotic 10 mM dextran (B, E, H) compared to isoosmotic aCSF (A, D, G). C.
Average fluorescence profile from the microdialysis probe (in direction of arrows)
using representative measurements from each animal for aCSF (solid, n = 3) and 10
mM dextran (dotted, n = 3) for animals where EB-albumin circulated simultaneously
with R-CED. F. The log of the radius from the probe to the half maximum
fluorescence is dependent on the perfusate type during R-CED. 10 mM dextran (blue)
compared to aCSF (white). Values are mean + SD, n = 3 for all cases; *, p < 0.05, as
compared with aCSF at the same time point; **, p < 0.05, as compared with
simultaneous treatment of the same type (either aCSF or 10 mM dextran).

The distribution of EB-albumin in the brain tissue was quantified by

determination of the half maximum radius of distribution using profiles from the track of

the microdialysis probe such as those shown by the box arrows in Fig. 4A and B. These
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profiles were standardized by converting the profile to a percentage of the maximum (at
the probe insertion point). An average of these standardized profiles is shown in Fig. 4C
to visualize how the fluorescence profiles differ when the perfusate consists of
hyperosmotic 10 mM dextran or aCSF.

The largest region of local EB-albumin extravasation was observed when EB-
albumin circulated in the vasculature simultaneous with R-CED and 1.5 hrs after R-CED.
The hyperosmotic perfusate significantly increased (p = 0.01) the radius of distribution to
1.0 + 0.19 mm, nearly twice the radius observed when an isoosmotic perfusate was used
(Fig. 4F, Simultaneous). In both the isoosmotic and hyperosmotic cases, the half
maximum radius of EB staining diminished with time after the probe was removed and
the animal was allowed to recover. At 1.5 hrs after probe removal, the half maximum
radius of EB staining remained significantly larger (p = 0.001) when the hyperosmotic
perfusate was used (Fig. 4F). However, 6 hrs after probe removal, the R-CED effect had
diminished and no significant difference existed for the half maximum radius of EB
staining between the isoosmotic and hyperosmotic groups (Fig. 4F), indicating either that
the BBB permeability had returned to a state more similar to normal BBB permeability in
the time between 1.5 and 6 hrs following R-CED or the pressure difference between the
blood and tissue was eliminated. The duration of the R-CED effect on EB-albumin
extravasation persisted longer than did the duration of the change in specific gravity (Fig.
3), where there was no significant difference at the time points 1.5 and 6 hrs after R-CED
probe removal. This implies that recovery of the fluid balance in the tissue was faster

than the recovery of the BBB to limit protein extravasation into the tissue.
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Figure 5. Effect of R-CED on extravasation of EB-albumin and DiD fluorescent
liposomes in the intracranial 9L tumor. A, B. The region of half maximal EB-albumin
fluorescence (outlined in red) increases after 1 hour of EB-albumin circulation
simultaneous with R-CED when the R-CED perfusate is changed from isoosmotic
aCSF (A) to hyperosmotic 10 mM dextran (B) solution. C. The half maximal tissue
volume of EB-albumin extravasation is a function of R-CED with 10 mM dextran
(blue) or aCSF (white) perfusate. Values are mean + 95% confidence interval; n = 5:
aCSF, 1.5 & 6 hours, 10 mM dextran 6 hours; n = 6 for all other time points. *, p <
0.05, as compared with aCSF at the same time point; **, p < 0.05, as compared with
the simultaneous treatment of the same type (either aCSF or 10 mM dextran). D, E.
Low background liposomal fluorescence is observed in the tumor (yellow outline)
when no probe is implanted. The region of half maximal fluorescence (outlined in red)
is larger when the perfusate is changed from isoosmotic aCSF (D) to hyperosmotic 10
mM dextran (E) when the liposomes circulate simultaneous with R-CED. F. The
tissue volume having increased extravasation of the liposomes is significantly greater
due to R-CED with 10 mM dextran (n = 5) compared to aCSF (n = 4) perfusate. Values
are mean + 95% confidence interval; *, p < 0.05, as compared with aCSF.
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I1.2.5. Systemic EB-albumin and 67 nm liposome extravasation into 9L brain tumor

The time course of the R-CED effect on local extravasation of EB-albumin and
fluorescent liposomes in the 9L rat glioma model is depicted in Fig. 5. Some
EB-albumin extravasation into the tumor was observed in animals when no probe was
inserted into the brain, indicating that the 9L tumor blood vessels exhibit an incomplete
blood brain barrier. R-CED with the 10 mM dextran perfusate substantially increased the
region of EB-albumin extravasation near the microdialysis probe compared with R-CED
using aCSF as the perfusate (Fig. 5A, B). Because the needle track could not be
identified in all cases, the R-CED effect was quantified using the half maximal volume,
measured as the total area over all 1 mm thick brain slices containing the tumor. The
largest staining of EB-albumin was observed when EB circulated in the vasculature
simultaneous with R-CED and when EB circulated in the vasculature 1.5 hrs after
R-CED; this effect was significantly greater for the 10 mM dextran perfusate compared
to the aCSF perfusate (p = 0.03, Fig. 5C), as was also observed in normal brain (Fig. 4F).
The effect remained statistically significant when EB was injected 6 hrs after probe
removal (p = 0.03, Fig. 5C).

R-CED also affected the extravasation of nanoparticulates such as liposomes in
the 9L tumor. Fluorescent liposomes of 67 nm diameter were prepared and injected into
the tail vein immediately before one hour of R-CED. These liposomes cannot cross the
BBB, as evidenced by the minimal background fluorescence in regions of both normal
and tumor brain (Fig. 5D, E). Introduction of the R-CED probe induced a modest region
of tissue perturbation where the liposomes were able to enter the parenchymal space of

the normal brain. The tissue volume with increased liposome extravasation increased
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when R-CED was used with a perfusate consisting of 10 mM dextran compared to aCSF
(Fig. 5F). This tissue volume with enhanced liposome extravasation (5.6 + 2.3 mm’) was
lower than the tissue volume with enhanced extravasation of EB albumin (17 + 4.8 mm”)
(Fig. 5C, F), indicating that the dimensions of the vascular marker dictate the extent of

extravasation into the tissue.

I1.2.6. Acute and sub-acute toxicity following R-CED

There were no observable symptoms of neuronal damage in rats exposed to
R-CED and maintained for either 6 hrs or 2 weeks, the longest period studied, after probe
removal. Histological analysis of H & E sections from R-CED treated animals 6 hrs post
treatment revealed no visible neuronal damage beyond that which is known to occur as a
result of probe insertion into the brain. The infarcted area was not noticeably larger than
that typical of needle insertion into the brain, as visualized by H&E staining 6 hrs and 2
weeks following R-CED (Figure 6). Most importantly, there was no histological
difference between animals treated with R-CED using the aCSF perfusate and animals

treated with the dextran osmolyte perfusate (Figure 6).
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Figure 6. Representative H&E sections of the treated area in the vicinity of the
probe 6 hrs and 2 weeks following R-CED treatment show that R-CED treatment
results in an infarcted area that is not noticeably larger than that which is typical
of needle insertion into the brain. A. aCSF perfusate, 6 hrs after R-CED. B. 10
mM dextran perfusate, 6 hrs after R-CED. C. aCSF perfusate, 2 weeks after R-
CED. D. 10 mM dextran perfusate, 2 weeks after R-CED.
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I1.3. Discussion

We demonstrate that removal of brain interstitial fluid by a hyperosmotic solute
via an implanted dialysis probe can increase the extravasation of a vascular marker into
both normal brain and an implanted orthotopic brain tumor. DiResta and coworkers have
shown that removal of interstitial fluid increases the local extravasation of doxorubicin
and molecular antibodies in peripheral tumors (16, 19). R-CED extends this technique to
the brain by providing a simple method to reliably and safely control the rate of
interstitial fluid removal from the tissue space.

The effect of R-CED was visualized using the fluorescent vascular tracers EB-
albumin (6 nm diameter) and DiD liposomes (67 nm diameter). Because these tracers
have minimal BBB permeability into normal brain, their visualization in the tissue at
distances far from the inserted probe strongly suggests that the BBB permeability has
increased at sites distal to the probe location. It is unlikely that these tracers diffuse
outwardly from the site of tissue injury caused by probe insertion, because use of the
isoosmotic perfusate results in a smaller distribution of vascular tracer within the tissue
when compared to use of the hyperosmotic perfusate. Tracer diffusion within the tissue
is limited by the short one hour time interval allowed for tracer diffusion, the large size of
the vascular tracers, and the high tortuosity of the tissue [22,23]. Further, modeling of
the effect of interstitial fluid removal predicts a local convective flow towards the probe,
which would significantly inhibit diffusion in the opposite direction [1,8]. For all of
these reasons, we believe the fluid extraction from the tissue by the hyperosmotic
perfusate increases BBB permeability to vascular markers at locations distal to the

R-CED probe.
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In the normal brain, R-CED increases extravasation of vascular tracers. Insertion
of the R-CED probe without interstitial fluid removal, by circulation of an aCSF
perfusate, causes local tissue injury in a region having a half maximum radius of ~0.5
mm surrounding the R-CED probe, as shown in this study and others (Fig. 4A, C; [12]).
R-CED with a hyperosmotic solution increases the extravasation and accumulation of
these tracers into the brain in a larger tissue volume having a half maximum radius of 1
mm (Fig. 4F). In some cases, R-CED in the normal brain also resulted in percolation of
EB-albumin along the white matter tract. Following probe removal, the R-CED effect on
EB-albumin extravasation resolves, as evidenced by a decreased region where EB-
albumin can enter the brain. In normal brain, the effect of interstitial fluid removal is
completely eliminated six hours after R-CED probe removal (Fig. 4F). This time course
is paralleled by the time course of the change in specific gravity (Fig. 3), which increases
substantially during R-CED but falls to normal levels at time points 1.5 and 6 hrs
following R-CED. Taken together, these data suggest that after R-CED, the low
permeability of the BBB is recovered. Because the region of EB-extravasation gets
smaller at later time points instead of simply accumulating EB-albumin in the tissue, the
data suggests that any substances and fluid that have moved from the blood into the tissue
are cleared from the brain.

R-CED did not cause any observable acute neurological symptoms for the
duration of the experiment following R-CED. Histological tissue sections of the treated
area in the vicinity of the probe show no morphological evidence of cytotoxicity and

neuronal cell shape appeared normal. The infarcted area is not noticeably larger than that
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which is typical of needle insertion into the brain. This suggests that R-CED does not
cause acute anatomic damage in the normal brain within 2 weeks of R-CED.

R-CED also increases extravasation of vascular tracers in the 9L rat glioma.
Studies using EB-albumin as the vascular marker showed that the maximum effect was
observed when the tracer was allowed to circulate simultaneous with R-CED compared to
circulation at time points following R-CED probe removal. This process was less
complete in the 9L tumor, which showed a persistent, though smaller, R-CED effect six
hours after R-CED probe removal. The reduced capacity of the 9L tumor to recover the
low permeability of the BBB may be a consequence of the discontinuous and disordered
nature of tumor vessels [31], which is also reflected in the larger magnitude of the injury
caused by probe insertion compared to that observed in normal brain.

The R-CED effect on the local extravasation of vascular tracers also depends on
the size of the vascular tracer; extravasation of liposomes is restricted to a smaller tissue
volume compared to the region of EB-albumin. This may be a direct result of the
pressure-mediated mechanism by which R-CED makes pathways available for material to
extravasate into the tissue. Liposomes, which are an order of magnitude larger than the
EB-albumin, require a larger pathway to flow convectively from the blood into the tissue;
as such, the tissue region where the transendothelial pressure gradient is high enough to
allow liposome extravasation is smaller than the region where EB-albumin can cross the
BBB. This is further supported by histological tissue sections which showed little
extravasation of red blood cells, which are two orders of magnitude larger than the

liposomes.
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The radius of the affected tissue for increased liposome entry into the brain is
slightly smaller than that shown by CED over a similar treatment time frame. R-CED
over one hour extracted 5.8 pl of fluid from the tissue and distributed 67 nm liposomes
~0.61 mm (half maximal radius) away from the R-CED probe. In comparison, a 1-day
CED protocol involving an infusion of 200 pl of a similarly sized liposome, resulted in a
distribution of ~0.70 to 0.79 mm (half maximal radius) away from the infusion site [20].
Similarly, a one hour R-CED protocol resulted in EB-albumin extravasation within 1.03
mm of the R-CED probe; the 1-day CED protocol distributed a 10 kD dextran 0.97 mm
away from the infusion site [20]. Because the R-CED and CED protocols result in a
similar drug distribution around the catheter, it is likely that this distribution is highly
influenced by the elimination rate of the drug from the tissue.

Other techniques to increase the uptake of systemically administered
chemotherapeutic agents into tumors include blood brain barrier disruptors such as
hyperosmotic mannitol [27]. These treatments are not tumor selective and can increase
fluid and drug uptake into both normal and tumor brain, leading to increased risk of
seizures and elevated intracranial pressure [9]. R-CED is more selective for a smaller
region of tissue, increasing the influx of drug into the tumor as opposed to normal brain
as defined by the position of the microdialysis probe. In addition, R-CED mediated
removal of tumor interstitial fluid counteracts the elevated intratumoral pressure, a known
barrier to movement of drug from the blood into the tumor [4,14].

These studies establish the feasibility of R-CED to increase extravasation of
molecules and nanoparticulates from the vasculature into normal and tumor brain without

causing overt toxicity to the normal tissue. It is unlikely that the scale of the effect
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observed in our experiments is sufficient to substantially affect the efficacy of
intravenously administered BBB-limited anticancer drugs. However, it is easily
foreseeable that the R-CED effect can be scaled up by increasing the flux of ISF,
achievable by modifications such as increasing the dialysis membrane area, changing the
probe geometry, membrane type, polymer type in the perfusate, perfusate flow rate
and/or altering the duration of R-CED. It may also be advantageous to design therapies
where the isoosmotic and hyperosmotic perfusate solutions can be alternated without
removal of the R-CED probe, allowing for long term use of R-CED. Development of
these systems is straightforward because microdialysis systems are currently used for
monitoring of brain metabolites in patients suffering from a number of brain maladies,
including brain tumors [2]. Further, R-CED may be useful in conjunction with therapies
such as CED, where fluid is pumped into the tissue directly. Use of R-CED in the
vicinity of a CED catheter could alter the pressure gradient in the tissue and enhance
convective flow between the two probes, allowing for a patterned distribution of the
substance infused by CED. Based on this initial study showing that R-CED can increase
local BBB permeability without obvious neuronal toxicity, these modifications to R-CED
warrant further investigation.

We have demonstrated that removal of brain interstitial fluid using R-CED is a
viable and well-tolerated technique to increase local BBB permeability and enhance the
distribution of vascular tracers in both normal brain and in the intracranial 9L glioma.
These changes are concurrent with a change in tissue specific gravity associated with fluid

removal from the tissue. There are many opportunities to modify R-CED design to scale
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up the R-CED affected tissue region, enabling future drug distribution and antitumor

efficacy studies in larger tumors and possibly in humans.

I1.4. Materials and methods
I1.4.1. R-CED procedure: optimal polymer determination

Polymers (Fluka; Buchs, Switzerland) that were evaluated included dextran,
polyethylene glycol (PEG), and polyvinylpyrrolidone (PVP), of molecular weight greater
than the 20 kD MWCO of the microdialysis membrane. Polymers were dissolved in
artificial cerebrospinal fluid (aCSF: 147 mM NacCl, 2.7 mM KCI, 1.2 mM CaCl,, 0.85
mM MgCl,, osmolality 285 mOsm/kg) at increasing concentrations, which did not alter
the pH. The polymer solution was pumped at 1 pl/min through the microdialysis probe
and positioned in a 0.4 ml solution of aCSF at a temperature of 37°C, a simulated brain
compartment. The volume of water removed from the brain compartment after one hour
of R-CED was measured by weighing the fluid from the R-CED outflow and subtracting
the weight of the perfusate that was pumped through the system. Osmolality was

measured by a vapor pressure osmometer (Wescor; Logan, UT).

I1.4.2. Brain tumor implantation

OL rat glioma cells were a generous gift from Dr. Krys Bankiewciz (UCSF Brain
Tumor Research Center, Department of Neurological Surgery). Cells were mycoplasma
free and were maintained and implanted as described by Ozawa et al [25], adhering to the

protocol recommended by the National Institute of Health Guide for the Care and Use of

Laboratory Animals and as approved by the UCSF Institutional Animal Care and Use
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Committee. Fischer 344 rats were purchased from Harlan (Indianapolis, Indiana) and

Simonsen (Gilroy, California).

11.4.3. R-CED procedure: in vivo

Microdialysis probes (CMA/12, 8309562, CMA Microdialysis; North
Chelmsford, MA) employed a 20 kDa MWCO polycarbonate membrane with a 0.5 mm
diameter and a nominal length of 2 mm. Probes were implanted 5 mm below the top of
the skull using the same skull hole that was used for tumor implantation. For experiments
involving normal brain, the skull hole was drilled as described for tumor implantation
before probe insertion. An external syringe pump (Bioanalytical Systems Inc; West
Lafayette, IN) was used to drive the perfusate through the microdialysis probe to the
external waste reservoir at 1 pul/min for one hour. In all experiments, the microdialysis
outflow, consisting of the fluid pumped through the R-CED probe and the fluid removed
from the brain, was collected and weighed to calculate the volume of fluid removed from
the brain compartment. After one hour of R-CED, the probe was removed slowly and the
animal euthanized. For the tissue specific gravity measurements, animals were
euthanized by decapitation immediately following probe removal and the brain
immediately frozen at -80°C. In all other experiments, animals were euthanized by
perfusion fixation with 350 ml of phosphate-buftered saline (PBS: 100 mM phosphate,
150 mM NaCl, pH 7.4) and 350 ml of 4% paraformaldehyde in PBS. Brains were

removed and fixed overnight in 4% paraformaldehyde at room temperature.
g p y p

81



11.4.4. Evans blue assay

Evans blue (EB, 4% in saline, 2 ml/kg) was injected into the tail vein. For
experiments investigating the duration of the R-CED effect, animals were allowed to
recover for a short time following R-CED probe removal. The skull hole was covered
with bone cement to prevent reflux, the skin stapled, and animals were given a
subcutaneous injection of buprenophine (0.05 mg/kg) to relieve pain. EB was injected
simultaneous with the start of R-CED or at time points 1.5 or 6 hours after the R-CED
microdialysis probe was removed. One hour after injection of EB, animals were

euthanized by perfusion fixation as described above.

11.4.5. Preparation of specific gravity gradient

A linear kerosene-bromobenzene specific gravity gradient was set up using the
gravimetric technique of Marmarou (33). All columns had a linear regression correlation
coefficient of > 0.99. Samples for the column were prepared from frozen 2 mm thick
brain slices using a blunt 18G syringe to core out samples 1 mm in diameter from the
caudate putamen. All samples were position-matched from the treated and untreated
hemispheres to determine the difference in specific gravity between the two hemispheres.
The position of samples immersed in the gradient was determined 3 minutes after

insertion into the gradient.

11.4.6. Liposome preparation
1,2-Distearoyl-sn-Glycero-3-phosphocholine (DSPC), 1,2-Distearoyl-sn-

Glycero-3-Phosphoethanolamine-N-[ Methoxy(Polyethylene glycol)-2000] (PEG-DSPE),
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and cholesterol (Chol) were obtained from Avanti Polar Lipids (Alabaster, AL). The
fluorescent lipid tracer 1,1’-dioctadecyl-3,3,3°,3’-tetramethylindodicarbocyanine
perchlorate (DiD, D-307) was purchased from Molecular Probes (Eugene, OR).
Liposomes were composed of DSPC/Chol/DSPE-PEG/DiD at a ratio of 55:40:5:0.1 and
were prepared by extrusion as described by MacKay et al (28). Particle size was
measured using a Malvern (Southborough, MA) Zeta3000 Dynamic Light Scattering
Instrument. Liposomes were diluted to 10 pmole/ml of Hepes buffered saline and injected

into the tail vein (10 umole/animal) immediately before the start of R-CED.

I1.4.7. Imaging and quantification

Macroscopic images were taken using a flatbed fluorescence scanner (Molecular
Dynamics Storm™; Amersham Biosciences; Piscataway, NJ) to visualize the red
fluorescence (excitation = 640 nm; emission > 650 nm) of EB-albumin and the lipid
tracer DiD. 16-bit images were saved as TIFF files for analysis in Image J (NIH;
Bethesda, MD).

Analysis of the R-CED effect in normal brain was done using a variation of the
technique used by MacKay et al (28). For the brain section containing the needle track,
4-6 fluorescence profiles 0.5 mm in height were extracted to estimate the half maximum
fluorescence radius as a measure of the distance of extravasation from the microdialysis
probe. All radii measurements for each animal were averaged together so that one radius
was used to characterize each animal in further analysis. In the 9L tumor, background
extravasation into the tumor made it difficult to identify the needle track in all cases.

Thus, a threshold was applied to quantify a half maximal volume where the intensity fell
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to halfway between the maximum signal and the average tumor fluorescence. Average
tumor fluorescence was determined by taking the average fluorescence of six samples
from the tumor section where no R-CED effect was observed.

Following fluorescence imaging, selected brain tissues were embedded in
paraffin, sliced into 5 pm sections and stained with hematoxylin and eosin (H & E).

These sections were evaluated by a neuropathologist.

11.4.8. Statistical analysis

Statistical analysis was performed using SPSS version 11.5 (Chicago, IL) to
perform a one way ANOVA and these were followed by multiple comparisons using the
Tukey t-test to identify significant differences. To normalize the variance between
groups, for all EB experiments, ANOVA was performed on the logarithm of the
measured values. Additionally, the Kruskal-Wallis test followed by the Mann-Whitney
multiple comparisons test were used to identify significant differences in animals bearing

the 9L tumor. In no case was the test of homogeneity of variances violated.
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Chapter III: R-CED Mediated Delivery of Liposomal Doxorubicin in the Treatment
of the 9L Rat Glioblastoma

I11.1. Abstract and Introduction
I11.1.1. Abstract

Retro-Convection Enhanced Delivery (R-CED) removes brain interstitial fluid
from the region near the probe and increases the extravasation of fluorescent liposomes
fivefold in the 9L rat brain tumor. We tested whether this increased extravasation was
sufficient to enhance the efficacy of intravenous liposomal doxorubicin chemotherapy. A
one hour R-CED treatment applied immediately after intravenous injection of liposomal
doxorubicin ten days after tumor implantation showed no therapeutic effect compared to
animals treated with intravenous PBS alone. Major factors contributing to this result
include the short time of R-CED treatment and the large size of the tumor at the time

point treatment was initiated.

I11.1.2. Introduction

Particulate drug carriers such as liposomes have been shown to effectively reduce
tumor size in animal models, clinical trials and human tumor treatment [1-3]. Compared
to free drug, a liposome formulation increases the intravenous half life, decreases
systemic toxicity, and increases the drug accumulation within the tumor via the enhanced
permeation and retention (EPR) effect. Current liposome drugs that are FDA approved
include encapsulated amphotericin B for the treatment of visceral leishmaniasis and

encapsulated anthracyclines such as doxorubicin and daunorubicin for recurrent ovarian
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cancer and HIV related Kaposi’s sarcoma respectively [2]. For neurological disease,
intrathecal injection of a cytarabine in a lipid based carrier has been approved for use in
lymphomatous meningitis [4].

Liposome drugs have been investigated as a treatment for brain tumors in a
number of animal studies and in clinical trials. In the 9L intracranial rat brain tumor,
intravenous liposomal doxorubicin, given once a week for three weeks, significantly
improved survival from 23.5 to 31.5 days compared to free doxorubicin, which had
nearly no effect compared to animals receiving saline injections [5]. However, the
increase in lifespan was only observed when treatment was initiated on day 7 and not on
day 11. Siegal et al. [6] showed that single dose liposomal doxorubicin (8 mg/kg) given
on day 11 improved survival of rats bearing an intracranial T-749 histiocytoma.

To circumvent systemic toxicity due to intravenous delivery of the liposomal
doxorubicin, Bankiewicz et al. have also studied convection enhanced delivery of
liposomal doxorubicin into rats bearing an intracranial U251 brain tumor, showing 50%
of animals with no tumor symptoms following a single CED infusion [7]. Co-infusion of
the liposomal doxorubicin with liposomal topotecan in the U87 tumor showed a
synergistic effect of the two infused drugs and results in a median survival of the treated
group that was greater than 90 days [8]. CED of liposomal drugs can also be imaged by
MRI by co-infusion with a liposome containing Gadolinium, permitting in vivo
monitoring of the infusion distribution[9-13]. Clinical trials of systemic liposomal
doxorubicin or brain tumor patients have also shown some efficacy but are limited by

systemic toxicity and poor penetration across the blood brain barrier [14-16].
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In this study, we investigated whether R-CED would be able to increase the
accumulation of liposomal doxorubicin in the intracranial 9L rat brain tumor model. We
have shown that R-CED increases five-fold the extravasation of intravenous fluorescent
liposomes in this tumor model (Chapter II, [17]). We hypothesized that this increased
deposition of the liposomal doxorubicin would lead to an increased therapeutic effect,
enabling us to initiate treatment at time points beyond day 7. A one hour R-CED
treatment was initiated on day 10, immediately following intravenous administration of
the liposomal doxorubicin. We chose to limit the R-CED to a single treatment to limit
the number of surgeries tumor bearing animals would experience.

Using this therapeutic protocol, no increase in survival was observed compared to
animals receiving PBS control. This experiment suggests several ways in which R-CED
and the treatment protocol could be improved to more clearly show the therapeutic
efficacy of R-CED against brain tumors. This includes the development of implantable
R-CED probes where treatment could be modulated on and off over days to weeks,
enabling multiple dosing schedules and potentially increasing the region of R-CED
affected tissue. Further, as shown by Straubinger et al. [5], the day of treatment after
tumor implantation is a major factor in determining therapeutic effect, and may need to

be altered to better visualize the therapeutic capabilities of R-CED.

II1.2. Results and Discussion
The therapeutic effect of liposomal doxorubicin on the 9L tumor was investigated
by initiating R-CED on day 10 following tumor implantation. Animals received one dose

of intravenous PBS (control), or liposomal doxorubicin at a dose of 4 mg/kg. PBS
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injected animals received no further treatment. R-CED treatment was initiated

immediately after liposomal doxorubicin injection.

As shown in Figure 1, the median survival for the PBS-treated control group was

21 days. This is typical for animals bearing a 9L intracranial tumor [18,19]. The median

day of death for the R-CED doxorubicin group was day 20.5. The difference in survival

was not significant by the Kaplan-Meier test. These results suggest that the doxorubicin

accumulation in the tumor did not control tumor growth sufficiently to increase the

lifespan of the tumor bearing animals.
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Figure 1. Antitumor effect of R-CED
combined with liposome-
encapsulated doxorubicin. Rats
bearing 9L brain tumors were treated
by intravenous injection of liposomal
doxorubicin (4 mg/kg) immediately
followed by one hour of R-CED.
Control animals received PBS
injection and no R-CED. Using the
Kaplan-Meier test, no significant
difference exists between the PBS
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The antitumor effect is a combined result of many factors, including distribution,

total uptake of the chemotherapeutic, and size of the tumor bulk on the day of treatment.

All of these factors likely contributed to the result we observed in this study.

The tissue region where R-CED increased fluorescent liposome extravasation is

approximately 10 mm’ (Chapter II). This is approximately 10-20% of the total tumor

volume on day 10 [19]. Treatment of such a small portion of the total tumor cells is

unlikely to result in tumor regression. Further, the R-CED treatment lasted only one hour
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and the R-CED effect has been shown to decrease within 6 hours of probe removal
(Chapter II); thus, the enhancement of liposome extravasation in the brain occurred for
approximately 10% of the 55 hour half life of the liposomal doxorubicin [20]. Knowing
that a single administration of liposomal doxorubicin on day 11 is not sufficient to induce
9L tumor regression, the R-CED effect would likely have to be larger than predicted by
our fluorescence studies in order for this experiment to result increase in lifespan.

These experiments provide guidance for future studies that will enable R-CED to
be therapeutically effective. They show that is important to not only increase the tissue
volume affected by R-CED, but also to increase the time that R-CED can be administered
such that it is comparable to large vascular half lives of drugs and amenable to multiple
dosing schedules. This would be possible with the development of implantable R-CED
driven by an implanted pump, where the osmolarity of the perfusate could be externally
controlled. Further, probe designs with alternative membrane geometries would also
have the potential to form R-CED affected regions having non-spherical geometries.
Future studies to measure the therapeutic efficacy of R-CED may also benefit from
treatment at a day closer to tumor implantation, when the tumor is smaller. /n vivo
imaging techniques which would enable treatment at specified tumor size, as opposed to
a specified day after tumor implantation, which would also help minimize variability in
the tumor response to R-CED.

We have completed an initial study into the therapeutic efficacy of R-CED with
liposomal doxorubicin. Though no increase in lifespan was observed in this study, our
experiment suggests several areas where the current R-CED design can be improved.

Changes in R-CED probe design, treatment protocol, and the type and dosing schedule of
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the chemotherapeutic will significantly impact the utility of R-CED to enhance the

therapeutic effect on systemic chemotherapy delivery to the brain.

II1.3. Materials and Methods
I11.3.1. Brain tumor implantation

9L rat glioma cells were a generous gift from Dr. Dennis Deen (UCSF Brain
Tumor Research Center, Department of Neurological Surgery). Cells were defrosted and
passaged 1-3 times before implantation. Cells were mycoplasma free and were
maintained and implanted as described by Ozawa et al. [21], adhering to the protocol
recommended by the National Institute of Health Guide for the Care and Use of
Laboratory Animals and as approved by the UCSF Institutional Animal Care and Use
Committee. Fischer 344 rats were purchased from Harlan (Indianapolis, Indiana) and

Simonsen (Gilroy, California).

I11.3.2. R-CED therapy

Liposomal doxorubicin was purchased from the UCSF Pharmacy and
intravenously injected at a concentration of 4 mg/kg. Immediately afterwards, R-CED
therapy was started as described in Chapter II [17]. Microdialysis probes (CMA/12,
8309562, CMA Microdialysis; North Chelmsford, MA) employed a 20 kDa MWCO
polycarbonate membrane with a 0.5 mm diameter and a nominal length of 2 mm. Probes
were implanted 5 mm below the top of the skull using the same skull hole that was used
for tumor implantation. An external syringe pump (Bioanalytical Systems Inc; West

Lafayette, IN) was used to drive the perfusate through the microdialysis probe to the
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external waste reservoir at 1 pl/min for one hour. In all experiments, the microdialysis
outflow, consisting of the fluid pumped through the R-CED probe and the fluid removed
from the brain, was collected and weighed to calculate the volume of fluid removed from
the brain compartment. After one hour of R-CED, the probe was removed slowly, the
skull hole covered with bone wax, and the scalp closed with staples. Animals were given
subcutaneous buprenorphine to recover. When animals showed neurological signs of
increased intracranial pressure due to growth of the tumor, they were euthanized by
perfusion fixation with 350 ml of phosphate-buffered saline (PBS: 100 mM phosphate,
150 mM NaCl, pH 7.4) and 350 ml of 4% paraformaldehyde in PBS. Brains were

removed and fixed overnight in 4% paraformaldehyde at room temperature.
g p y p

I11.3.3. Statistical analysis
Statistical analysis was performed using SPSS version 11.5 (Chicago, IL) to

complete Kaplan-Meier analysis and identify significant differences.
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Chapter IV: Predicting Drug Patterning in the Brain following Multi-Probe
Convection and Retro-Convection Enhanced Delivery.

IV.1. Abstract and Introduction
IV.1.1. Abstract

Retro-Convection Enhanced Delivery (R-CED) removes brain interstitial fluid via
a microdialysis probe and increases the movement of small proteins and particulates from
the blood into the tissue. A mathematical model has been developed to predict the size of
the R-CED affected region as a function of the rate of fluid removal, the tissue hydraulic
conductivity, and the vascular hydraulic permeability. The model confirms the in vivo
measurement that a larger tissue region is affected in tumor tissue compared with normal
tissue. The model predicts a non-spherical flow pattern when there is simultaneous
application of two spatially separated infusions or simultaneous application of R-CED
and CED from different catheters. The altered flow is most evident when both probes
have a comparable fluid flow velocity. The predicted hemispherical distribution pattern
of solute flow during the simultaneous infusion of two different florescent tracers in
adjacent CED catheters was observed in an agarose gel brain phantom. This analysis
provides guidance into how catheter placement affects the penetration of macromolecules
in the tissue following R-CED and CED. It also suggests a strategy for the
compartmentalization of drugs infused into the brain via one catheter by using a drug-free

fluid infusion in a second catheter.
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IV.1.2. Introduction

Primary malignant brain tumors continue to be a significant therapeutic challenge
despite substantial advances in tumor imaging, neurosurgery, and radiation therapy. The
efficacy of potent chemotherapy drugs is limited by biochemical and physiological
barriers, including rapid clearance from the brain extracellular space [1], high intratumor
pressure [2] and poor drug delivery to the brain tumor mass and its peripheral regions [3-
5].

Recently, convection enhanced delivery (CED), a positive pressure infusion
directly into the brain, has shown promising results in both animal models and clinical
trials [6-8]. CED has been shown to distribute macromolecules, proteins, and particulate
therapies into large volumes of tissue [9-11]. In addition to the convective driving force,
the transport pathway and distribution are affected by diffusion, uptake and metabolism,
and clearance via interstitial and extracellular fluid drainage. These factors result in a
deviation from the predicted distribution centered around the infusion catheter, as
observed with magnetic resonance imaging [10].

Models of varying complexity, ranging from analytical to finite element models,
have been developed to better understand and predict the distribution of material infused
by CED [12-17]. In addition, these models have also been used to predict other relevant
parameters such as the interstitial fluid pressure, interstitial fluid velocity, tissue swelling,
and the transvascular fluid exchange rate during CED.

In this article, we extend these models to predict the distribution of material
following Retro-Convection Enhanced Delivery (R-CED) [18], simultaneous application

of R-CED and CED and dual probe CED. R-CED is a recently developed drug delivery
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technique that removes interstitial fluid to increase the movement of small proteins and
particulates from the blood into the tissue [18-20]. To better understand the parameters
governing the size of the R-CED affected brain region, we used a simplified model based
on the previously established theoretical framework for transvascular/extravascular
transport [12] and high flow microinfusion [16]. The model predictions support our in
vivo [18] observations of fluid distribution following R-CED and our in vitro
observations of fluid distribution following dual probe CED in an agarose gel brain
phantom. Further, the model provides insight into how multiple CED/R-CED probes

should be positioned to enable spatial drug patterning in the brain.

IV.2. Model
IV.2.1. R-CED alone

The mathematical model for extravascular transport assumes the tissue to be an
axisymmetric rigid homogenous porous medium, utilizing the equation for continuity of
water and Darcy’s law to predict the interstitial fluid velocity, the interstitial pressure and
the solute concentration in the tissue [12,16]. Baxter and Jain [21] included terms for the
diffusive and convective spread of the solute, solute binding to the tissue, and lymphatic
drainage of fluid from the tissue. In our analysis of the size of the R-CED affected region,
we considered a simple best-case scenario, where the initial tissue pressure is 0 mmHg
and both lymphatic drainage and diffusion are neglected. This simplifies the governing

equations for the pressure p and the interstitial fluid velocity u to:
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U= —k&—p Eq. 1b
or

where

R = outer radius of tissue
p. = interstitial pressure yielding zero net volume flux out of the vasculature

(use blood pressure)

LS
a = R.|—£— =dimensionless measure of interstitial and vascular resistance to flow

L, = hydraulic conductivity of the vascular wall
S/V = surface area per unit volume for transvascular transport

k = hydraulic conductivity of the interstitial space

These two equations form the foundation for the model of fluid transport. Eq. 1a
shows that the Laplacian of the pressure is related to the tissue pressure modulated by the
interstitial and vascular hydraulic conductivity for fluid flow. Eq. 1b, Darcy’s law, shows
that the fluid velocity is directly related to the pressure gradient through the hydraulic
conductivity of the interstitial space.

In the case of R-CED, Eq. 1a and 1b can be solved using the following 2
boundary conditions:

1. the pressure far from the R-CED probe is p,,

Pil,_g = P Eq. 2a

2. the R-CED fluid removal rate at the catheter radius, R, is q

| R Eq. 2b
’ ar r=R

P

ur=R

Using these 2 boundary conditions, Eq. 1a can be solved to give
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p,=¢, lcosh(%) +c, lsinh(g) +p, Eq. 3a
r R r R

u=-klc, lgsinh(g) +c, lgcosh(g) Eq. 3b
r R R rR R

where
o~ Rp.—p)=c,sinh(a)

: cosh(a)

2
_Ruu, _R(p.—p.) aR’"sinh(aR’” ) - cosh( aR’”)

. k cosh(a) R R R

2= . .

aR, cosh( aR, ) _ sinh( oR, ) _ OoR,, sinh(ar) sinh( aR, ) N sinh(ax) cosh( aR, )
R R R Rcosh(a) R cosh(a) R

Parameter values, detailed in Table 1, were selected based on literature values for normal
brain and tumor tissue. The third column lists the animal species the value was measured
in, as described in the reference listed in the right column. Compared to the normal brain,
the tumor has a higher interstitial pressure, increased hydraulic permeability across the
endothelial wall and lower hydraulic conductivity through the interstitium.

These measured values can vary depending on tissue deformation, perfusion
method, and measurement technique [22]. Though it is generally established that the U87
tumor has a higher hydraulic conductivity across the blood vessel wall, it remains unclear
whether the tumor interstitial hydraulic conductivity should be higher or lower than
normal tissue. The hydraulic conductivity depends on a number of factors including the
extracellular space volume fraction, cell size and shape, makeup and organization of the
extracellular matrix proteins, and the tortuosity of the interstitial space; all of these
factors can be altered in a tumor tissue. Measurements comparing the interstitial

hydraulic conductivity in multiple tumors and normal tissue have not consistently shown
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the tumor hydraulic conductivity to be higher or lower than the normal tissue [23,24]. In

our case, we have selected values for the U87 tumor and normal brain primarily from

theory and measurements in mice.

Table 1.

Parameter values used in model predictions for R-CED

Parameter

L,  Hydraulic conductivity
across bv wall, normal
Hydraulic conductivity
across bv wall, tumor

K Hydraulic conductivity
through interstitium, normal
Hydraulic conductivity
through interstitium, tumor

S/V  Ratio of vessel surface area
to volume, normal & tumor

Pe Interstitial pressure yielding
zero net flux out of the
vasculature, normal
Interstitial pressure yielding
zero net flux out of the
vasculature

A Catheter membrane area

R,  Catheter radius, R-CED

b.v. blood vessel

1.c. intracranial

s.c. subcutaneous

Animal species
Human brain

SCID mouse
U&7 tumor i.c.
Human brain
(theory)
Athymic mouse
U87 tumor s.c.
SCID mouse

Theory only

SCID mouse
UR7 tumor s.c.

Probe parameter
Probe parameter

IV.2.2. Multi-probe drug patterning

Ref
9.5x 10" cm/mmHg-sec  [16]

1.11 x 107 cm/mmHg-sec  [25]
6.7 x 10° cm*/mmHg-sec  [14]

6.5x 107 cm*/mmHg-sec  [23]

250 cm’™ [26]
0 mm Hg [12]
9.5 mm Hg [27]

nx 107 cm’
0.0325 cm

To predict multi-probe drug patterning, the simple best case scenario assumes the

brain as a homogeneous porous medium where radial bulk interstitial flow is driven by

the CED and R-CED probes in accordance with Darcy’s law, as used in our model for

R-CED alone and described by Morrison et al [16]. To further simplify the model, we

assume no fluid exchanges across the endothelial wall, so that none of the CED infused

fluid is lost into the blood vessels or to lymphatic drainage. We will consider that the
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only difference between R-CED and CED is the sign of the infusion flow rate; thus, all of
the fluid removed by R-CED comes from the interstitial space, and none comes from the
vasculature. Though this seems counterintuitive to the goal of R-CED, we selected this
simplifying assumption to visualize the maximum interaction between the CED and
R-CED driven fluid flow. These simplifying assumptions were applied to the equations
described by Morrison et al [16] for a high flow microinfusion using the initial conditions
he described:

1. the pressure gradient far from the probe is zero

P 0 Eq. 5a
or|,_.

2. the bulk flow in the tissue is equal to the infusion rate q

q=4m’du Eq. 5b
where

¢ = Extracellular space fraction
Thus, the velocity can be determined by rearranging Eq. 5b. In combination with Eq. 1b,

the equation for pressure is also easily defined:

q
= Eq. 6a
P= g mghr a
q
u= PP Eq. 6b

For the model, it was assumed that the effect on pressure and subsequently fluid flow

velocity caused by R-CED and CED are additive when calculating the cumulative effect.
The complete set of parameter values are detailed in Table 2. Parameter values

primarily remained the same as detailed in Table 1. Some variables, such as L, have

different values because the simplifying assumptions are different. As in Table 1, the
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third column lists the species the value was measured in, as described in the reference

listed in the right column.

Table 2.

Parameter values used in model predictions for multi-probe calculations

Parameter Animal species Ref

L,  Hydraulic conductivity By assumption 0 [16]
across b.v. wall

K Hydraulic conductivity Human brain 6.7 x 10° cm*/mmHg-sec  [14]
through interstitium, normal  (theory)
Hydraulic conductivity Athymic mouse 6.5 x 107 ecm’/mmHg-sec  [23]
through interstitium, tumor U&7 tumor s.c.

S/V  Ratio of vessel surface area SCID mouse 250 cm’™ [26]
to volume, normal and tumor

¢ ECS fraction Rat cerebellum 0.2 [28]

Pe Interstitial pressure yielding  Theory only 0 mm Hg [12]

zero net flux out of the
vasculature, normal

Interstitial pressure yielding  SCID mouse 9.5 mm Hg [27]
zero net flux out of the U87 tumor s.c.
vasculature

A Catheter membrane area Probe parameter 7 x 10 cm”

Rn  Catheter radius, CED Probe parameter 0.0025 cm

Rn  Catheter radius, R-CED Probe parameter 0.0325 cm

b.v. blood vessel
s.c. subcutaneous

IV.3. Materials and methods
IV.3.1. Computer simulation
All calculations were done in Matlab v.6 Release 12, running on a Windows virtual

machine from a MacBook, using the code attached in Appendix A.

1V.3.2. R-CED procedure: in vitro
R-CED was completed following the protocol described by Huynh et al. [18].
Briefly, microdialysis probes (CMA/12, 8309562, CMA Microdialysis; North

Chelmsford, MA) employed a 20 kDa molecular weight cutoff polycarbonate membrane
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with a 0.5 mm diameter and a nominal length of 2 mm. Probes were inserted into a 0.5%
agarose gel, prepared immediately before use, approximately 8 mm below the surface of
the agarose. An external syringe pump (Bioanalytical Systems Inc; West Lafayette, IN)
was used to drive the perfusate, a 10 mM 40kD dextran, through the microdialysis probe
to the external waste reservoir at 1 pl/min for one hour. The microdialysis outflow,
consisting of the fluid pumped through the R-CED probe and the fluid removed from the

agarose phantom, was collected and weighed to calculate the volume of fluid removed

from the agarose phantom. After one hour of R-CED, the probe was removed slowly

over 1 minute.

1V.3.3. CED procedure: in vitro

CED was completed as described for an acute stereotactic infusion [9,29,30]. Briefly, a
narrow cannula was prepared from fused silica tubing with an outer diameter of 0.16 mm
(Polymicro Technologies, Phoenix, AZ), extending 1-2 mm from the tip of a 24 gauge
needle used for support [31]. This cannula was inserted into the 0.5% agarose gel,
prepared immediately before use, approximately 8 mm below the surface of the gel. An
external syringe pump (Bioanalytical Systems Inc; West Lafayette, IN) was used to drive
the infusion at an increasing flow rate as follows: 0.1 uL /min for 5 min, 0.2 uL /min for
5 min, 0.5 uL /min for 5 min, and 0.8 uL /min for 30 min for a total volume of 28 uL
infused over 45 min. Following the infusion, the probe was removed slowly over 1
minute. In the case of simultaneous R-CED and CED, trypan blue was infused.
Photographs were taken using a Sony CyberShot DSC-P50. In the case of simultaneous

CED infusion, either albumin-Alexa Fluor 647 or Texas Red-dextran was infused.
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Photographs were taken by slicing the agarose phantom and imaging on a Kodak
Imagestation 4000. The Alexa Fluor 647 was visualized using the 625 nm excitation
filter and the 700 nm emission filter. Texas Red was visualized using the 535 nm

excitation filter and the 600 nm emission filter.

IV.4. Results
IV.4.1. R-CED alone

Using the parameter values in Table 1 with Eq. 1-3, we can predict the steady
state interstitial pressure, interstitial velocity, and transendothelial velocity from the blood
into the tissue following R-CED in normal and tumor brain. Figure 1A-C shows that the
region where pressure is decreased due to R-CED is primarily within 0.5 mm of the
probe. A cutoff pressure threshold of 3 mmHg was selected based on other studies
correlating changes in vascular permeability with changes in tumor pressure as small as 3
mmHg [32]. Using this pressure cutoff, the affected region in the tumor compared to
normal tissue is approximately 3.5 times larger in radius. For comparison, our in vivo
data [18] shows that the increase in radius from normal to tumor brain for EB-albumin
movement into the tissue is about 1.7 (1 mm radius, normal compared to 1.6 mm radius,
tumor [17 mm’ volume]). A possible reason why our in vivo data shows a smaller
increase could be because it includes a higher background level caused by introduction of

the probe into the tissue [33].
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Figure 1. Computed distribution pattern of interstitial pressure, interstitial velocity,
velocity across the endothelial wall, and the size of the R-CED effect. A-C. Using
the parameters in Table 1 and 2, the pressure, interstitial velocity, and velocity
across the endothelial wall in normal brain and tumor brain. D-F. The size of the
R-CED affected tissue depends on the rate of fluid removal, interstitial (K) and

vascular (Lp) hydraulic conductivity.
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As shown in Figure 1A-C, R-CED induces a larger negative pressure and affects a
larger tissue region in the tumor compared to normal brain. This is principally because
the tumor has a lower interstitial hydraulic conductivity and a greater amount of fluid is
removed from the tumor.

The main determining factors that contribute to the size of the affected region are
the interstitial and vascular resistance to flow. These parameters may vary significantly
among tissue types, pathological tissues, and are likely to be anisotropic and change with
time. Measurements that can estimate accurately the correct order of magnitude of these
parameters will substantially contribute to better model predictions of the drug
distribution following R-CED.

Figure 1D-F shows how the size of the affected region depends on the rate of
fluid removal from the brain, the hydraulic conductivity across the blood vessel wall L,
and the hydraulic conductivity through the interstitium, K. As shown in Figure 1D, there
is an optimal combination of the vascular hydraulic permeability and the interstitial
hydraulic conductivity which maximizes the radius of the affected tissue region. At
interstitial hydraulic conductivities typical of that seen in the U87 tumor tissue (~107
cm’/mmHg-sec [25]), a vascular hydraulic permeability on the order of 10 cm/mmHg-
sec increases the radius of the R-CED affected region to nearly 1 cm. At a given
interstitial hydraulic conductivity, a very high vascular hydraulic permeability allows for
all of the R-CED removed fluid to come from local vascular sources, limiting the
influenced tissue region; conversely, a very low vascular hydraulic permeability forces all
removed fluid to come from a large region of interstitial space, but the region having a

pressure difference > 3 mmHg is decreased. These predictions indicate that R-CED may
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be more useful in combination with therapies that can modulate the vascular and
interstitial hydraulic conductivities, such as infusion of matrix degrading enzymes [34-

36] or angiogenic modulators [37,38].

1V.4.2. Multi-probe drug patterning: simultaneous R-CED and CED

By combining R-CED and CED, it is possible to increase the fluid velocity
between the probes if the fluid flow rate pumped in by CED and removed by R-CED are
comparable (Figure 2). The probes must be sufficiently close to each other that they have
a non-zero effect on the fluid velocity in the tissue space between the probes. Given that
our current fluid removal rate by R-CED is 10 ul/hr (~0.17 ul/min) in vitro, it is

necessary to compare this to a CED infusion rate of 0.2 ul/min.
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Figure 2. The steady state velocity and pressure distribution during combination CED
and R-CED. The CED probe is centered at (0,0) and the R-CED probe at (0.3, 0).

A-D. Velocity and pressure distribution following CED infusion at 0.2 ul/min and
R-CED fluid removal at 0.17 ul/min. E-H. Velocity and pressure distribution following
CED infusion at 0.8 ul/min and R-CED fluid removal at 0.17 ul/min. In D and H, the
velocity map, the arrow size represents the relative magnitude of the velocity and the
arrow points in the direction of the velocity vector. Curves represent decreasing speed
from red to blue. In A, B, D, E, CED only (pink), R-CED only (blue) and combination
R-CED and CED (black).
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We tested this hypothesis in a
0.5% agarose gel brain phantom, which
Bankiewicz and colleagues [31] also
used to visualize the CED fluid
distribution. In this case, the probes are
3 mm apart, the closest that it was

technically possible to position the

probes accurately. Trypan blue is

Figure 3. In vitro example of

combination R-CED (left probe) and infused by CED at an increasing rate
CED (right probe) during CED infusion

of 0.4% trypan blue into a 0.5% agarose  that stabilizes at 0.8 ul/min, a rate that
gel. Probes were situated 3 mm apart.

After a 45 min step up infusion where ensures the CED probe will
the maximum CED infusion rate is 0.8
ul/min, the trypan blue has distributed substantially influence the tissue

approximately spherically from the CED
probe. pressure and fluid velocity in the region

between the two probes. R-CED removed interstitial fluid at a rate of 0.17 ul/min, a rate
that has been tested previously in animal experiments. In our experimental case, the
effect of the R-CED probe on the CED distribution profile is not easily visualized (Figure
3); it is apparent that the combination effect is small given the 3 mm separation distance.
The limited interaction between the two probes is partly caused by the slow rate
of fluid withdrawal compared to the faster rate of infusion; as described before, higher
fluid removal rates increase the R-CED affected region. Further, the hydraulic
conductivity of the 0.5% agarose gel brain phantom, ~9.8 x 10~ cm*’mmHg-sec [39], is
higher than that observed in normal or tumor tissue; in a system where the matrix water

constitutes over 99% of the volume, a high matrix hydraulic conductivity does not favor
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large negative pressures or large pressure gradients, further reducing the size of the
region influenced by R-CED or CED. The effect in the overlapping region can be
increased by maximizing the size of the region affected individually by R-CED and CED,

using techniques described above.

1V.4.3. Multi-probe drug patterning: simultaneous CED infusion via two probes

Multi-probe CED has previously been described as a means to achieve a larger
drug distribution within the brain [40]. To minimize the number of skull holes required,
catheters have been designed whereby multiple CED probes could be deployed to various
brain regions via a single central catheter [40].

Figure 4A-B shows the model prediction that multi-probe CED results in isolation
of each infusion if the probes are positioned such that their predicted single probe radii of
distribution overlap. This occurs because there is a point on the line directly connecting
the two probes where the velocity from each probe is equal in magnitude but opposite in
direction, resulting in zero net velocity. By this same reasoning, a surface exists between
the two probes where the velocity towards the other probe cancels out, but a net velocity
remains in the perpendicular direction. Thus, no convection mediated overlap exists
between the infused material from the two probes (Figure 4A-B). This was confirmed in
an agarose phantom, where the probes are situated 2 mm apart.

In Figure 4C-E,the left CED probe infuses albumin-Alexa Fluor 647 while the
right CED probe infuses Texas Red-dextran. The close positioning of the two probes
during the simultaneous CED results in a hemispherical distribution of each fluorophore

(Figure 4C-D), as predicted by the model (Figure 4B). Further, the composite fluorescent
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Figure 4. Dual probe CED, model and in vitro example. A-B. Fluid velocity
and wavefront pattern. CED probe 1 is centered at (0,0) and CED probe 2 is
centered at (0.2, 0). A. Velocity distribution following CED infusions at 0.8
ul/min. The arrow size represents the relative magnitude of the velocity and the
arrow points in the direction of the velocity vector. Curves represent
decreasing speed from red to blue. Note a point of zero velocity exists directly
between the two probes at (0.1, 0). B. Wavefront of both CED infusions,
probe 1 (blue) and probe 2 (pink), at 5 minute intervals.. Note that the
infusions are spatially separated and no overlap of the two infusions occurs. C-
E. In vitro dual probe CED into an 0.5% agarose gel brain phantom of
albumin-Alexa Fluor 647 (left probe) and Texas Red-dextran (right probe).
The close positioning of the two probes, 2 mm apart, results in the
hemispherical distribution of each fluorophore. C. Albumin-Alexa Fluor 647
fluorescence. D. Texas Red-dextran fluorescence. E. Combined fluorescent
image.
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image (Figure 4E) shows that there is a small overlap between the two fluorophores at the
surface separating the two infusions. This is likely a result of diffusion of the two
fluorophores in combination with inhomogenities associated with probe construction
such that the velocity at the surface between the probes is not exactly equal and opposite.

Multi-probe CED is particularly useful for drug patterning in the brain because
the region of distribution is highly delineated by the presence of the other probes. Thus,
the infusion distribution is no longer necessarily spherical but can be altered by infusion
of physiological saline or other drugs by adjacent CED probes. Further, this type of drug
patterning could be useful in a situation where drug should be distributed through an
entire brain region while sparing critical tissues within that region. This could be done by
infusing a non-toxic saline solution into the critical area while simultaneously infusing
the drug into the larger regional space. In order to enable such combination therapy, it
will be necessary to know the tissue properties in advance of patterning planning or to
use real time imaging [41,42] such that the infusion flow rates could be altered based on
the distribution of the ongoing infusion.

Lastly, the model also suggests a strategy whereby a rapidly eliminated BBB
permeable drug could be administered systemically and a saline solution could be infused
into the tumor. The pressure of the saline infusion would reduce the drug extravasation
into the tumor but would have no effect on the drug extravasation into normal tissue.

This could have many potential applications, including the infusion of known radiation
protectants [43], whereby the neuroprotectant would accumulate in the normal tissue but

the tumor would remain susceptible to radiation therapy.
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IV.5. Summary

In considering the use of CED and R-CED, it is useful to have a simple model to
predict the size of the affected region. We have shown that the size of the affected region
is highly dependent on the hydraulic conductivity across the blood vessel wall, the
hydraulic conductivity through the interstitium, and the rate of fluid removal from the
brain. R-CED and CED will influence a larger tissue region in tissues where the
combination of the interstitial and vascular resistance to flow are optimized to fall on the
local maximum predicted by the model. To use R-CED to treat large tumors, a
significantly larger tissue region can be influenced by reducing the vascular hydraulic
permeability two orders of magnitude using anti-angiogenic agents such as VEGF.
Alternatively, the interstitial hydraulic conductivity can be altered using enzymatic means
to degrade or build up the extracellular resistance.

By increasing the affected tissue region individually for the R-CED and CED
probes, it will become technically possible to place the probes farther apart (on the order
of 1 cm) and achieve a substantial non-zero effect on the tissue pressure and fluid
velocity in the space between the probes. This enables the development of combination
CED and R-CED therapy, allowing for strict control of the interstitial bulk flow and
delivery of particulates and macromolecules within the interstitial space. Further, multi-
probe CED therapy enables the possibility of drug patterning within the tissue space and
the potential for sparing of critical regions within an area of drug infusion. /n vivo
monitoring and detailed knowledge of the tissue properties will enable more accurate
predictions of the drug distribution and the development of multiprobe CED/R-CED for

controlled drug patterning within the brain.
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Appendix A: Multi-probe drug patterning: simultaneous CED infusion via two
probes in vivo

A.1. Introduction

In Chapter 1V, I have established the possibility of multi-probe drug patterning in the
brain using a simple model prediction and an illustration of this concept in an agarose gel
brain phantom. To further investigate the feasibility of multi-probe drug patterning, I
completed a preliminary experiment in the normal rat brain. Because CED is already
used in patients, I tested the simultaneous CED infusion via two probes spaced 2 mm
apart, the closest it was technically feasible to position the probes. The prediction for the
infusion distribution of both probes is illustrated in Figure 4A-B in Chapter 1V, showing
isolation of the two infusions. Our preliminary in vivo data show non-zero overlap
between the infusions from the two probes, likely due to inhomogeneity in the tissue
extracellular space between the two probes. The predicted hemispherical distribution is
not easily visualized in the in vivo preliminary data. This example highlights the
limitation of the model described in Chapter IV, which assumes the tissue to be a rigid

homogenous porous medium with no vasculature and no cell uptake.

A.2. Results and Discussion

Simultaneous CED via two probes spaced 2 mm apart was performed in the
normal rat brain. The probes were situated 3 mm to the right and + 1 mm anterior and
posterior of the bregma and inserted 5 mm below the top of the skull, with the intent to
insert both probes into the caudate putamen. The anterior probe was loaded with 1 mg/ml

Albumin-Alexa Fluor 647 in PBS; the posterior probe was loaded with 1 mg/ml FITC-
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dextran in PBS. Both infusions were carried out using the step up flow protocol
described by Bankiewicz and coworkers to reduce backflow along the probe track [4].

Following the infusion, animals were immediately euthanized.

Figure 1. Axial sections of rat brain where FITC dextran (green) and Albumin-
Alexa Fluor 647 (blue) have been infused by simultaneous CED via probes spaced
2 mm apart in the anterior-posterior direction. Axial sections, 1 mm thick, are
positioned from superior to inferior of the brain as the slices go from left to right,
top to bottom. Green and blue outlines delineate the region that has a five times
greater fluorescence than background. Overlap between the green and blue regions
is most apparent in the sixth and seventh slice from the top.

The fluorescence in 1 mm axial sections is shown in Figure 1. Inspection of this
image shows that in practice, the posterior FITC-dextran infusion was primarily within
the thalamus. Because this structure is intimately connected to the caudate putamen, an
interface could be located where the Albumin-Alexa Fluor 647 and FITC-dextran
infusions interacted (visualized in slice 6 and 7 from the top of the brain). Further, unlike
the results of the model and the agarose phantom experiments, significant overlap is

apparent between the two CED infusions, particularly in slice 6 and 7 from the top of the
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brain. This result is counter to the model calculation, which predicts that because both
CED infusions theoretically have the same velocity distribution, a surface exists between
the two probes where the velocities cancel out, resulting in isolation of each infusion.

It is possible that the apparent overlap between the two infusions occurs because
our images of the thick sections contain fluorescence from both the surface of the slice
and from deeper within the slice. If the boundary between the two infusions is not
perfectly perpendicular to the surface of the slice, the apparent position of the boundary
varies with the depth in the slice. Thus, our image of the thick section would show a
blurred boundary that would appear to be overlap between the two infusions. To
determine if this is the case, slices were further imaged by confocal microscopy.

Confocal images of slice 7 from the top of the brain are shown Figure 2. It is
clear that the overlap between the Albumin-Alexa Fluor 647 and the FITC-dextran is not
simply an artifact of imaging thick sections. The region having five times greater
fluorescence than the background is outlined, with the overlapping region ranging in
width from 0 to 0.5 mm. This overlap is too large to be simply explained by diffusion of

the fluorescent markers.
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Figure 2. Confocal section of overlapping
region in slice 7 of Figure 1. Outlines
delineate the region which has five times
greater fluorescence than background.

A. Albumin - Alexa647 fluorescence.

B. FITC- dextran fluorescence.

C. Overlay of Albumin-Alexa647 and
FITC-dextran fluorescence. Note that
there is substantial overlap of the green
and blue fluorescence.

This preliminary experiment does not clearly explain the reason why an overlap
between the two simultaneous CED infusions was observed. However, there are a few
major parameters which violate the assumptions of our model that are likely contributors
to the observed distribution. Most importantly, the assumption that the two CED probes
infuse into a homogenous porous medium is not satisfied in the brain infusion. Nicholson
and colleagues have shown that the extracellular space may contain nearly 40%

microdomains, such as dead end pores or lakes, which have inhomogenous physiological
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characteristics and alter the ability for convectively driven flow to move through the
tissue [2]. Further, because the rat caudate putamen is not very large, positioning the two
probes 2 mm apart was still insufficient to insure that both probes were inserted into the
same brain structure. In our case, the FITC-dextran CED probe was inserted into the
thalamus, which has significant projections to the caudate putamen. Preferential directed
flow along these projections could contribute to the apparent overlap in the distribution of
the two infusions.

The confocal images also do not definitively elucidate the potential role of tracer
movement through the brain via cell uptake or by active transport to the vasculature and
back into the brain at different locations. As shown in Figure 2, the FITC-dextran
appears to have a more punctate appearance compared to the Albumin-Alexa Fluor 647.
This preliminary data does not clearly show which cells are taking up the FITC-dextran
and if there is any preferential transport through cells which uptake the fluorescent tracer.
It is less likely that the fluorophore distribution is highly affected by active transport to
the vasculature and back into the brain. The albumin transporter, gp60, which actively
transcytoses albumin across the endothelial wall in non-CNS tissues, is nearly completely
absent at the blood brain barrier [7,9]. FITC-dextran is also generally not considered to
be a substrate for active transcytosis across the blood brain barrier, as its movement
across intact vasculature is primarily size and charge dependent.

Thus, these initial studies show that there is significant variability in the rat tissue
physiological properties compared to the homogenous agarose brain phantom. In
combination with the small size of the rat brain structures, the small infusion volumes

and the technical challenges of placing the two CED probes very close together should be
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considered to understand how the in vivo distribution will be different from our idealized
model prediction. An in vivo demonstration of the simultaneous CED drug patterning
effect may be more easily visualized in larger animals where brain structures are larger

and close positioning of the probes would target a more homogenous tissue region.

A.3. Materials and Methods
A.3.1. CED procedure: in vivo

CED was completed as described for an acute stereotactic infusion [1,6,8].
Briefly, a narrow cannula was prepared from fused silica tubing with an outer diameter of
0.16 mm (Polymicro Technologies, Phoenix, AZ), extending 1-2 mm from the tip of a 24
gauge needle used for support [4]. A hole was drilled 3 mm to the right of the bregma and
+ 1 mm anterior/posterior of the bregma. Either a lysine fixable FITC-dextran
(MolecularProbes; Carlsbad, CA) or Albumin-Alexa Fluor 647 (Molecular Probes;
Carlsbad, CA) was infused. Probes were implanted 5 mm below the top of the skull. An
external syringe pump (Bioanalytical Systems Inc; West Lafayette, IN) was used to drive
the infusion in both probes at an increasing flowrate as follows: 0.1 uL /min for 5 min,
0.2 uL /min for 5 min, 0.5 uL. /min for 5 min, and 0.8 uL /min for 30 min for a total
volume of 28 uL infused over 45 min. Following the infusion, the probe was removed
slowly and the animal euthanized by perfusion fixation with 350 ml of phosphate-
buffered saline (PBS: 100 mM phosphate, 150 mM NaCl, pH 7.4) and 350 ml of 4%
paraformaldehyde in PBS. Brains were removed and fixed overnight in 4%

paraformaldehyde at room temperature.
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A.3.2. Macroscopic imaging and analysis

Macroscopic images were obtained using a Kodak Imagestation In Vivo FX (New
Haven, CT). Albumin-Alexa Fluor 647 was acquired using excitation through a 625 nm
filter and emission through a 700 nm filter. FITC-dextran was acquired using excitation
through a 485 nm filter and emission through a 535 nm filter. White light images were
acquired using no excitation or emission filters. A threshold was applied to visualize the
volume where the intensity is five times greater than background to identify the

wavefront of the CED infusion [3,5].

A.3.3. Confocal fluorescence microscopy and analysis

Confocal images were obtained to visualize the distribution of CED infused material. All
images were taken using LaserSharp Software on a Biorad 1024 Confocal Scanning
Laser Microscope (Hercules, CA) mounted on a Nikon Diaphot 200 microscope.
Albumin-Alexa Fluor 647 was acquired in photomultiplier 3 with excitation from the 633
nm line of a helium-neon laser. FITC-dextran was acquired in photomultiplier 2 with
excitation from the 488 nm line of a krypton-argon laser. One millimeter brain sections
were imaged using a 4x objective lens at a resolution of 2.5 um per pixel. A threshold
was applied to visualize the volume where the intensity is five times greater than

background to identify the wavefront of the CED infusion.
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Appendix B: Model code to implement equations in Chapter 1V

B.1. Introduction

All code was written in Matlab v.6 Release 12, running on a Windows virtual machine
from a MacBook, using the following code. The code for figure 1 and 2 were saved as .m
files and called from the main Matlab window.

B.2. Code
B.2.1. Code for Figure 1.

%Grace Huynh

%2.6.07

Y%Figure 1

%calculate the pressure profile, interstitial and transendothelial velocity profile
%using Equation 3

Y%for figure 1A-C

%initialize
clear all;
close all;

%Define the modeling space

R=1; %cm, total tissue radius from R-CED probe where model will be calculated
rinit = 0.03;

r=rinit:0.01:R; %cm, increment within the modeling space

%Tissue definitions
SoverV = 250; %cm-1 Ratio of blood vessel surface area to volume of tissue
BP = 120; %mmHg, blood pressure

%Probe parameters

Rm = 0.065/2; %cm catheter radius

rhat = Rm/R; %no units, ratio of probe radius to total modeling space radius
A = 2*pi*Rm*0.2; %cm2 membrane area

%NORMAL BRAIN

%tissue parameters specific to normal brain

Lp = 9.5e-10; %cm/mmHg-sec, hydraulic conductivity across bv wall

K =6.7e-6; %cm2/mmHg-sec, hydraulic conductivity through ECS

alpha = R*sqrt(Lp*SoverV/K); %dimensionless measure of interstitial and vascular resistance to
flow, see Eq. 1

ptissue = 0; %mmHg, pressure of normal surrounding tissue

pe = 0; %mmHg, pressure of normal nearby tissue

%fluid removal rate from normal brain

gm = 5.3/60; %ul/min, volumetric flow rate of removing fluid
um = -gm*107-3/A;  %cm/min, flow velocity at membrane
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%Calculate c1 and c2 before calculating the pressure in Eq. 3

c2num = -(um*Rm*Rm/K) - R*(ptissue - pe)*(alpha*rhat*sinh(alpha*rhat) - cosh(alpha*rhat)) /
cosh(alpha);

c2denom = alpha*rhat*cosh(alpha*rhat) - sinh(alpha*rhat) -
alpha*rhat*sinh(alpha*rhat)*sinh(alpha) / cosh(alpha) + cosh(alpha*rhat)*sinh(alpha)/cosh(alpha);
c2 = c2num/c2denom;

c1 = (R*(ptissue - pe) - c2*sinh(alpha))/cosh(alpha);

pnormalRCED = (c1*cosh(alpha.*r/R)) ./ r + (c2*sinh(alpha.*r/R)) ./ r + pe;

%Calculate pressure with zero flow using Eq. 3
gm = 0; Y%ul/min, volumetric flow rate of removing fluid
um = gm*107-3/A; %cm/min, flow velocity at membrane

%Calculate c1 and c2 to calculate the pressure with zero flow using Eq. 3

c2num = -(um*Rm*Rm/K) - R*(ptissue - pe)*(alpha*rhat*sinh(alpha*rhat) - cosh(alpha*rhat)) /
cosh(alpha);

c2denom = alpha*rhat*cosh(alpha*rhat) - sinh(alpha*rhat) -
alpha*rhat*sinh(alpha*rhat)*sinh(alpha) / cosh(alpha) + cosh(alpha*rhat)*sinh(alpha)/cosh(alpha);
c2 = c2num/c2denom;

c1 = (R*(ptissue - pe) - c2*sinh(alpha))/cosh(alpha);

pnormal = (c1.*cosh(alpha.*r./R)) ./ r + (c2.*sinh(alpha.*r./R)) ./ r + pe;

%Determine the radius where we have reached pressure threshold (3 mmHg)
pdiff = pnormal-pnormalRCED;
if find(pdiff < 3) == isempty(find(pdiff < 3))
counter = length(r);
else
counter = min(find(pdiff < 3));
end
distancenormal = counter*0.01;

%Calculate flow velocity distribution profile
unormalRCED = -K*diff(pnormalRCED)/0.01; %0.01 radial step cm

%Calculate proportion of flow from blood, blood to tissue is positive, cm/sec
gbloodnormal = Lp*(BP-pnormal);
gbloodnormalRCED = Lp*(BP-pnormalRCED)-gbloodnormal;

%TUMOR

Y%tissue parameters specific to tumor brain

Lp=1.11e-7; %cm/mmHg-sec tumor conductivity across capillary wall
K =6.5e-7; %cm2/mmHg-sec conductivity through tumor ECS

alpha = R*sqrt(Lp*SoverV/K); %dimensionless measure of interstitial and vascular resistance to
flow, see Eq. 1

ptissue = 0; %mmHg pressure of normal tissue
pe = 9.5; %mmHg pressure of U87 tumor
gm = 8.3/60; Y%ul/min, volumetric flow rate of removing fluid

um = -gm*10°-3/A; %cm/min, flow velocity at membrane
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%Calculate c1 and c2 before calculating the pressure in Eq. 3

c2num = -(um*Rm*Rm/K) - R*(ptissue - pe)*(alpha*rhat*sinh(alpha*rhat) - cosh(alpha*rhat)) /
cosh(alpha);

c2denom = alpha*rhat*cosh(alpha*rhat) - sinh(alpha*rhat) -
alpha*rhat*sinh(alpha*rhat)*sinh(alpha) / cosh(alpha) + cosh(alpha*rhat)*sinh(alpha)/cosh(alpha);
c2 = c2num/c2denom;

c1 = (R*(ptissue - pe) - c2*sinh(alpha))/cosh(alpha);

ptumorRCED = (c1*cosh(alpha.*r/R)) ./ r + (c2*sinh(alpha.*r/R)) ./ r + pe;

%draw the original tumor pressure profile before RCED

%Calculate pressure profile with zero flow using Eq. 3

gm = 0; Y%ul/min, volumetric flow rate of removing fluid

um = gm*107-3/A; %cm/min, flow velocity at membrane

c2num = -(um*Rm*Rm/K) - R*(ptissue - pe)*(alpha*rhat*sinh(alpha*rhat) - cosh(alpha*rhat)) /
cosh(alpha);

c2denom = alpha*rhat*cosh(alpha*rhat) - sinh(alpha*rhat) -
alpha*rhat*sinh(alpha*rhat)*sinh(alpha) / cosh(alpha) + cosh(alpha*rhat)*sinh(alpha)/cosh(alpha);
c2 = c2num/c2denom;

c1 = (R*(ptissue - pe) - c2*sinh(alpha))/cosh(alpha);

ptumor = (c1*cosh(alpha.*r/R)) ./ r + (c2*sinh(alpha.*r/R)) ./ r + pe;

%Determine the radius where we have reached pressure threshold (3 mmHg)
pdiff = ptumor-ptumorRCED;
if find(pdiff < 3) == isempty(find(pdiff < 3))
counter = length(r);
else
counter = min(find(pdiff < 3));
end
distancetumor = counter*0.01;

%Calculate flow velocity distribution profile

utumor = -K*diff(ptumor)/0.01; % subtract off the apparent velocity due to the initial condition of
the pressure profile

utumorRCED = -K*diff(ptumorRCED)/0.01 - utumor; %0.01 radial step, cm

%Calculate proportion from blood, from blood to tissue is positive, cm/sec
gbloodtumor = Lp*(BP-ptumor);
gbloodtumorRCED = Lp*(BP-ptumorRCED)-gbloodtumor;

% % % % % % %

% % % % % % %

%Draw the figures

set(0, 'defaultaxesfontsize', 10, 'defaultlineLineWidth', 2);

%Draw the pressure profiles for normal and tumor brain

close all; figure;

axes('position’, [0.13 0.72 0.33 0.25]); plot(r,pnormalRCED, 'LineWidth', 3);

hold on; line2 = plot(r,pnormal,'r', 'LineWidth', 3);

hold on; plot(r,ptumorRCED, 'k-., 'LineWidth', 3);

hold on; plot(r,ptumor,'m--', 'LineWidth', 3);

xlabel('Radius cm'); ylabel('Pressure mmHg"); title('Pressure profile surrounding RCED probe');
axis([0 1 -80 10]);

legend (‘'normal brain, RCED', 'normal brain’, 'tumor brain, RCED', 'tumor brain', 4)
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%Draw the flow velocity profiles for normal and tumor brain

ru = rinit+0.005:0.01:R; %radius position as average btwn the steps, cm
axes('position’, [0.54 0.72 0.33 0.25]); plot(ru, unormalRCED*10*1000*-1);

hold on; plot(ru, utumorRCED*10*1000*-1, 'k-.");

title("Velocity towards RCED probe'); ylabel('Velocity, \mum/s'); xlabel('Radius, cm');
legend('normal brain, RCED', 'tumor brain, RCED', 1);

%Draw the flow velocity from the blood into the tissue

axes('position’, [0.13 0.38 0.33 0.25]); semilogy(r, gbloodnormalRCED*10%4);

hold on; semilogy(r, gbloodtumorRCED*10/4, 'k-.");

title('Velocity across endothelial wall due to R-CED'); ylabel('Flux velocity, \mum/s');
xlabel('Radius, cm');

Yaxis([0 1 0 0.1]);

legend('normal brain, RCED', 'tumor brain, RCED', 1);

% % % % %

Y%for figure 1D

%Calculate the size of the R-CED affected region for varying

%Lp (vascular hydraulic conductivity) and K (interstitial hydraulic conductivity)
%using Equation 3

%initialize
clear all;

%Define the modeling space

R=1; %cm, total tissue radius from R-CED probe where model will be calculated
r=0.05:0.01:R; %cm, increment within the modeling space

%Tissue definitions
SoverV = 250; %cm-1 Ratio of blood vessel surface area to volume of tissue

BP = 120; %mmHg, blood pressure
ptissue = 0; %mmHg pressure of normal tissue
pe = 9.5; %mmHg pressure of tumor

%Probe parameters

Rm = 0.065/2; %cm catheter radius
rhat = Rm/R; %no units, ratio of probe radius to total modeling space radius
A = 2*pi*Rm*0.2; %cm2 membrane area

%Calculate Equation 3 for varying gm and Lp

Lpcounter = 1;

for Lp = logspace(-11, -7, 100) %defines the range of Lp
Kcounter = 1;

for K = logspace(-8, -5, 100);
alpha = R*sqrt(Lp*SoverV/K); %dimensionless measure of interstitial and
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vascular resistance to flow, see Eq. 1

%Calculate R-CED pressure distribution at given K and Lp
gm = 8.3/60; Yul/min, volumetric flow rate of removing fluid
um = -gm*10”-3/A;  %cm/min, flow velocity at membrane

%Calculate ¢c1 and c2 before calculating the pressure in Eq. 3
c2num = -(um*Rm*Rm/K) - R*(ptissue - pe)*(alpha*rhat*sinh(alpha*rhat) -
cosh(alpha*rhat)) / cosh(alpha);
c2denom = alpha*rhat*cosh(alpha*rhat) - sinh(alpha*rhat) -
alpha*rhat*sinh(alpha*rhat)*sinh(alpha) / cosh(alpha) + cosh(alpha*rhat)*sinh(alpha)/cosh(alpha);
c2 = c2num/c2denom;
c1 = (R*(ptissue - pe) - c2*sinh(alpha))/cosh(alpha);
pRCED = (c1*cosh(alpha.*r/R)) ./ r + (c2*sinh(alpha.*r/R)) ./ r + pe;

%Calculate pressure with zero flow using Eq. 3
gm = 0; Y%ul/min, volumetric flow rate of removing fluid
um = -gqm*107-3/A; %cm/min, flow velocity at membrane
%Calculate ¢c1 and c2 before calculating the pressure
c2num = -(um*Rm*Rm/K) - R*(ptissue - pe)*(alpha*rhat*sinh(alpha*rhat) -
cosh(alpha*rhat)) / cosh(alpha);
c2denom = alpha*rhat*cosh(alpha*rhat) - sinh(alpha*rhat) -
alpha*rhat*sinh(alpha*rhat)*sinh(alpha) / cosh(alpha) + cosh(alpha*rhat)*sinh(alpha)/cosh(alpha);
c2 = ¢c2num/c2denom;
c1 = (R*(ptissue - pe) - c2*sinh(alpha))/cosh(alpha);
ptumor = (c1*cosh(alpha.*r/R)) ./ r + (c2*sinh(alpha.*r/R)) ./ r + pe;

%Determine the radius where we have reached pressure threshold (3 mmHg)
pdiff = ptumor-pRCED;
if find(pdiff < 3) == isempty(find(pdiff < 3))
counter = length(r);
else
counter = min(find(pdiff < 3));
end
distance = counter*0.01;

%Save the threshold distance in the matrix d
d(Lpcounter, Kcounter)=distance;
Kcounter = Kcounter + 1;

end

Lpcounter = Lpcounter + 1;
end

%plot

axes('position’, [0.56 0.39 0.31 0.25]);

[x,y] = meshgrid(logspace(-8, -5, 100), logspace(-11, -7, 100));
surf(x,y,d,'LineStyle', 'none');

axis tight; colorbar('vert')

view(0, 90);

title ({' Size of R-CED affected tissue, cm'});

xlabel('Interst. cond. k, cm*2/mmHg-sec  ");

ylabel({'Vasc. cond. Lp, cm/mmHg-sec'});

zlabel('Radius of tissue with P < 3 mmHg, cm');
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% % % % % %

Yfor figure 1E

%Calculate the size of the R-CED affected region for varying

%K (interstitial hydraulic conductivity) and R-CED fluid removal rate
%using Equation 3

%initialize
clear all;
%Define the modeling space

R=1; %cm, total tissue radius from R-CED probe where model will be calculated
r=0.05:0.01:R; %cm, increment within the modeling space

%Tissue definitions
SoverV = 250; %cm-1 Ratio of blood vessel surface area to volume of tissue

BP = 120; %mmHg, blood pressure
ptissue = 0; %mmHg pressure of normal tissue
pe = 9.5; %mmHg pressure of tumor

Lp=1.11e-7;  %vascular hydraulic permeability

%Probe parameters

Rm = 0.065/2; %cm catheter radius
rhat = Rm/R; %no units, ratio of probe radius to total modeling space radius
A = 2*pi*Rm*0.2; %cm2 membrane area

%Calculate Equation 3 for varying gm and K
Kcounter = 1;
for K = logspace(-8, -5, 200) %defines the range of K
alpha = R*sqrt(Lp*SoverV/K); %dimensionless measure of interstitial and vascular resistance
to flow, see Eq. 1

%Calculate pressure with zero flow using Eq. 3
%We will use this in combination with the pressure at a given flow to determine the radius
where we reach the pressure thereshold
gm = 0; %zero flux
um = -gm*10%-3/A; %cm/mincalculate flow velocity at membrane
%Calculate c1 and c2 before calculating the pressure in Eq. 3
c2num = -(um*Rm*Rm/K) - R*(ptissue - pe)*(alpha*rhat*sinh(alpha*rhat) -
cosh(alpha*rhat)) / cosh(alpha);
c2denom = alpha*rhat*cosh(alpha*rhat) - sinh(alpha*rhat) -
alpha*rhat*sinh(alpha*rhat)*sinh(alpha) / cosh(alpha) + cosh(alpha*rhat)*sinh(alpha)/cosh(alpha);
c2 = ¢c2num/c2denom;
c1 = (R*(ptissue - pe) - c2*sinh(alpha))/cosh(alpha);
ptumor = (c1*cosh(alpha.*r/R)) ./ r + (c2*sinh(alpha.*r/R)) ./ r + pe;

%Calculate pressure with increasing flow of removing fluid using Eq. 3
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gmcounter = 1;
for gm = 0.01:0.005:0.2; %ul/min, defines range of fluid removal
um = -gm*10”-3/A; Y%cm/min, flow velocity at membrane

%Calculate c1 and c2 before calculating the pressure
c2num = -(um*Rm*Rm/K) - R*(ptissue - pe)*(alpha*rhat*sinh(alpha*rhat) -
cosh(alpha*rhat)) / cosh(alpha);
c2denom = alpha*rhat*cosh(alpha*rhat) - sinh(alpha*rhat) -
alpha*rhat*sinh(alpha*rhat)*sinh(alpha) / cosh(alpha) + cosh(alpha*rhat)*sinh(alpha)/cosh(alpha);
c2 = c2num/c2denom;
c1 = (R*(ptissue - pe) - c2*sinh(alpha))/cosh(alpha);
pRCED = (c1*cosh(alpha.*r/R)) ./ r + (c2*sinh(alpha.*r/R)) ./ r + pe;

%Determine the radius where we have reached pressure threshold (3 mmHg)
pdiff = ptumor-pRCED;
if find(pdiff < 3) == isempty(find(pdiff < 3))
counter = length(r);
else
counter = min(find(pdiff < 3));
end
distance = counter*0.01;

%Save the threshold distance in the matrix d
d(Kcounter, gmcounter)=distance;
gmcounter = gmcounter + 1; %repeat

end

Kcounter = Kcounter + 1;
end

%plot

[x,y] = meshgrid(0.01:0.005:0.2, logspace(-8, -5, 200));
axes('position’, [0.13 0.05 0.31 0.24)]);

surf(x,y,d, 'LineStyle', 'none');

axis tight; colorbar('vert')

view(0, 90);

title (' Size of R-CED affected tissue, cm');
xlabel('Flow out of brain \mul/min");

ylabel('Interst. cond. k, cm”"2/mmHg-sec');
zlabel('Radius of tissue with P < 3 mmHg, cm');

% % % % % % %

Y%for figure 1F

%Calculate the size of the R-CED affected region for varying

%Lp (vascular hydraulic conductivity) and R-CED fluid removal rate
%using Equation 3

134



%intialize
clear all;

%Define the modeling space
R=1; %cm, total tissue radius from R-CED probe where model will be calculated
r=0.05:0.01:R; %cm, increment within the modeling space

%Tissue definitions
SoverV = 250; %cm-1 Ratio of blood vessel surface area to volume of tissue

BP = 120; %mmHg, blood pressure
ptissue = 0; %mmHg pressure of normal tissue
pe = 9.5; %mmHg pressure of tumor

K =6.5e-7; %cm2/mmHg-sec, hydraulic permeability

%Probe parameters

Rm = 0.065/2; %cm catheter radius
rhat = Rm/R; %no units, ratio of probe radius to total modeling space radius
A = 2*pi*Rm*0.2; %cm2 membrane area

%Calculate Equation 3 for varying gm and Lp
Lpcounter = 1;
for Lp = logspace(-11, -7, 100) %defines the range of Lp
alpha = R*sqrt(Lp*SoverV/K); %dimensionless measure of interstitial and vascular resistance
to flow, see Eq. 1

%Calculate pressure with zero flow using Eq. 3
%We will use this in combination with the pressure at a given flow to determine the radius
where we reach the pressure threshold
gm = 0; %zero flux
um = -gm*10%-3/A; %cm/min calculate flow velocity at membrane
%Calculate c1 and c2 before calculating the pressure in Eq. 3
c2num = -(um*Rm*Rm/K) - R*(ptissue - pe)*(alpha*rhat*sinh(alpha*rhat) -
cosh(alpha*rhat)) / cosh(alpha);
c2denom = alpha*rhat*cosh(alpha*rhat) - sinh(alpha*rhat) -
alpha*rhat*sinh(alpha*rhat)*sinh(alpha) / cosh(alpha) + cosh(alpha*rhat)*sinh(alpha)/cosh(alpha);
c2 = ¢c2num/c2denom;
c1 = (R*(ptissue - pe) - c2*sinh(alpha))/cosh(alpha);
ptumor = (c1*cosh(alpha.*r/R)) ./ r + (c2*sinh(alpha.*r/R)) ./ r + pe;

%Calculate pressure with increasing flow of removing fluid using Eq. 3
gmcounter = 1;
for gm = 0.01:0.005:0.2; %ul/min, defines range of fluid removal
um =-gm*10”-3/A;  %cm/min, flow velocity at membrane

%Calculate ¢c1 and c2 before calculating the pressure
c2num = -(um*Rm*Rm/K) - R*(ptissue - pe)*(alpha*rhat*sinh(alpha*rhat) -
cosh(alpha*rhat)) / cosh(alpha);
c2denom = alpha*rhat*cosh(alpha*rhat) - sinh(alpha*rhat) -
alpha*rhat*sinh(alpha*rhat)*sinh(alpha) / cosh(alpha) + cosh(alpha*rhat)*sinh(alpha)/cosh(alpha);
c2 = c2num/c2denom;
c1 = (R*(ptissue - pe) - c2*sinh(alpha))/cosh(alpha);
pRCED = (c1*cosh(alpha.*r/R)) ./ r + (c2*sinh(alpha.*r/R)) ./ r + pe;
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%Determine the radius where we have reached pressure threshold (3 mmHg)
pdiff = ptumor-pRCED;
if find(pdiff < 3) == isempty(find(pdiff < 3))
counter = length(r);
else
counter = min(find(pdiff < 3));
end
distance = counter*0.01;

%Save the threshold distance in the matrix d
d(Lpcounter, gmcounter)=distance;
gmcounter = gmcounter + 1; % repeat

end

Lpcounter = Lpcounter + 1;
end

%plot

axes('position’, [0.56 0.05 0.31 0.25]);

[x,y] = meshgrid(0.01:0.005:0.2, logspace(-11, -7, 100));
surf(x,y,d, 'LineStyle', 'none');

view(0, 90); axis tight; colorbar('vert')

title (' Size of R-CED affected tissue, cm');

xlabel('Flow out of brain \mul/min");

ylabel('Vasc. cond. Lp, cm/mmHg-sec’);

zlabel('Radius of tissue with P < 3 mmHg, cm');
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B.2.2. Code for Figure 2 and 4

%Grace Huynh

%2.6.07

%RCED and CED flow diagram

%using the velocity equations given by Baxter and Jain

Y%for Figure 2 and 4

%send the function the CED infusion velocity and the R-CED fluid removal velocity in ul/min
Y%For figure 4, set [x,y] = meshgrid(-0.40:0.02:0.6, -0.40:0.02:0.4) on line 90

Y%For figure 2, set [x,y] = meshgrid(-0.205:0.01:0.4, -0.305:0.01:0.3) on line 90

%Tissue properties

%k = hydraulic permeability, cm2/mmHg-sec
%ECSfraction = extracellular volume fraction
%qCED = flow rate in by CED

%qRCED = flow rate out by R-CED
%radiusCED = radius of CED probe
%radiusRCED = radius of RCED probe

%
%EQUATIONS

%DARCY'S LAW

%By Darcy's law for axisymmetric flow through a porous medium
Y%velocity (u) is proportional to the change in pressure dp/dr
%by the proportionality constant, the hydraulic permeability

%u = -k * dp/dr

%DARCY'S LAW + CONTINUITY FOR FLUID

%As shown by Morrison et al., combination of Darcy's law with the fluid continuity gives the
following eqn:

%where the hydraulic conductivity across the blood vessel wall is not included

%p = pCSF + qCED/(4*pi*ECSfraction*k*r)

Y%or in cartesian coordinates

%p = pCSF + qCED/(4*pi*ECSfraction*k*(x*2+y*2)

%VELOCITY DEFINITION

%so combination of these 2 equations gives

%u = qCED/(4*pi*ECSfraction*r*2)

%or in cartesian coordinates

%ux = (qCED / 4*pi*ECS fraction) * x / (x*2 + y*2)*.5
%uy = (qCED / 4*pi*ECS fraction) * y / (x*2 + y*2)*.5

function [] = RCEDandCEDvelocity(QqCEDulmin, gqRCEDulmin)
Y%initialize

close all;
set(0, 'defaultlineLineWidth', 3);

%Tissue definitions
k=6.7e-7; Y%hydraulic permeability, cm2/mmHg-sec
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ECSfraction = 0.2; %Extracellular space fraction
pCSF = 0; %mmHg

%CED probe properties
qCED = qCEDulmin/(60*1000); %ml/sec, note 1ul/min = 1.7e-5 ml/sec flow in by CED
radiusCED = 0.0025; %cm, radius of CED probe

%R-CED probe properties
gqRCED = gqRCEDulmin/(60*1000);% ml/sec note 1ul/min = 1.7e-5 ml/sec flow out by R-CED
radiusRCED = 0.065/2; %cm, radius of R-CED probe

%Define modeling space

R=1; %cm, total tissue radius from CED probe where model will be calculated
r=0.03:0.01:R;  %cm, increment within the modeling space
d=0.2 %cm, distance between RCED and CED probe

%Calculate pressure distribution

%Assume the CED and R-CED pressure distribution is additive

pCED = qCED./(4*pi*ECSfraction*k.*r); Y%pressure distribution due to CED probe
pRCED = qRCED./(4*pi*ECSfraction*k.*(abs(r-d))); %pressure distribution due to R-CED probe
p = pCSF + pCED + pRCED; %Add CED and R-CED effect to background
(pCSF)

axes('position', [0.07 0.57 0.4 0.4]); axis tight; plot(r,p,'k’, r,pCED,'m', r,pRCED,'c") %plot
legend('R-CED + CED', 'CED alone', 'R-CED alone');

title('CED ', num2str(qCEDulmin), "\mul/min, R-CED ', num2str(qRCEDulmin), \mul/min']);
ylabel('Pressure, mmHg'); xlabel('Distance, cm');

%Calculate velocity distribution

%Assume the CED and R-CED velocity distribution is additive

uCED = -k*gradient(pCED); %velocity due to CED

uRCED = -k*gradient(pRCED); %velocity due to R-CED

u = uCED + uRCED; %add to determine combined effect

axes('position', [0.07 0.07 0.4 0.4]); axis tight; plot(r,u,'k’, r,uCED,'m', r,uRCED,'c")
legend('R-CED + CED', 'CED alone', 'R-CED alone');

title('Velocity distribution'); xlabel('Distance, cm'); ylabel('Velocity, cm/s');

%Calculate pressure and velocity distribution in cartesian coordinates
%This enables us to draw a 2D graph

%Calculate pressure distribution

[x,y] = meshgrid(-0.205:0.01:0.4, -0.305:0.01:0.3); %define the modeling space
pCED2D = qCED./(4*pi*ECSfraction*k.*(sqrt(x.*2+y.?2))); %pressure distribution due to
CED

pRCED2D = qRCED./(4*pi*ECSfraction*k.*(sqrt((x-d).*2+y.*2))); %pressure distributio due to R-
CED

p2D = pCED2D + pRCED2D + pCSF; %Add CED and R-CED effect to
background (pCSF)

axes('position’, [0.55 0.57 0.4 0.4]);

contourlines = linspace(-100,200,25);

contour(x,y,p2D,contourlines);

title('Pressure map, mmHg'); xlabel('Distance, cm'); ylabel('Distance, cm');

%Calculate velocity distribution, separate x and y velocities

%Xx velocity
uCED2Dx = (x .* qCED ./(4*pi*ECSfraction)) ./ (x.2 + y.72).A.5;
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uRCED2Dx = ((x-d) .* qRCED ./(4*pi*ECSfraction)) ./ ((x-d).*2 + y.A2).*.5;
u2Dx = uCED2Dx + uRCED2Dx;

%y velocity

uCED2Dy = (y .* qCED ./(4*pi*ECSfraction)) ./ (x.A2 + y.A2).M 5;
uRCED2Dy = (y .* qRCED ./(4*pi*ECSfraction)) ./ ((x-d).*2 + y.A2).7M.5;
u2Dy = uCED2Dy + uRCED2Dy;

%Total velocity (combine x and y direction

u2D = sqrt(u2Dx.*2 + u2Dy.*2);

%get rid of the very large values caused by dividing by nearly 0
[maxx,maxy] = find(abs(u2Dx) > 0.3);

u2Dx(maxx, maxy) = 0;

clear maxx maxy;

[maxx,maxy] = find(abs(u2Dy) > 0.3);

u2Dy(maxx,maxy) = 0;

%plot the velocity map with contours and arrows

axes('position’, [0.55 0.07 0.4 0.4]);

set(0, 'defaultlineLineWidth', 1)

contourlines = logspace(-5, -3, 15);

contour(x,y, u2D, contourlines); hold on;

quiver(x, y, u2Dx, u2Dy);

title('Velocity map, cm/s'); xlabel('Distance, cm'); ylabel('Distance, cm')

%Pressure surface map

Y%figure; surf(x,y,p2D, 'LineStyle', 'none')

Y%view(0, 90); caxis([-100 100]); colorbar('vert')

Ytitle('Pressure'); xlabel('Distance, cm'); ylabel('Distance, cm'); zlabel('Pressure, mmHg')

if gCEDulmin > 0 & qRCEDulmin > 0

%plot the velocity map with contours and arrows

figure;

axes('position', [0.07 0.12 0.4 0.8]);

set(0, 'defaultlineLineWidth', 1)

contourlines = logspace(-5, -3, 15);

contour(x,y, u2D, contourlines); hold on;

quiver(x, y, u2Dx, u2Dy);

title('Velocity map, cm/s'); xlabel('Distance, cm'); ylabel('Distance, cm')

% %%

%Display the wavefront in the case of two positive pressure infusions

%define the concentration with time

%march along the wavefront with each timestep to see how the equivolumetric
%line moves in each direction

Y%start with the wave profile at time 0, which is the radius of the probe
%Define the probe radius circle of points by parametric method

t = 0:pi/15:2*pi;

position = [0.005*cos(t); 0.005*sin(t); 0.005*cos(t)+d; 0.005*sin(t)];
%in this position matrix, the rows represent as follows:

%1st row: x values CED infusion

%2nd row, y values CED infusion
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%3rd row: x values probe 2 (RCED) infusion
%4th row, y values, probe 2 infusion

%plot the initial probe radius

axes('position’, [0.55 0.12 0.4 0.8]); plot(position(1,:), position(2,:));

hold on; plot(position(3,:), position(4,:), 'm'); %2nd probe in pink

legend('CED, probe 1', 'CED, probe 2"); title("Wavefront from dual probe CED probes, every 5
min'); xlabel('Distance, cm'); ylabel('Distance, cm');

%Solve for the velocity in cartesian coordinates

%We have already solved the velocity map in 2D for equally spaced points

%The velocity matrix will hold the information for the velocity at the wavefront - these coordinates
are described by the position matrix

%The velocity at a particlar point is the sum of the velocity caused by CED (probe 1) and the
velocity caused by R-CED (probe 2)

velocity(1,:) = (position(1,:) .* qCED ./(4*pi*ECSfraction)) ./ (position(1,:)."2 + position(2,:).#2).*1.5
+ ((position(1,:)-d) .* qRCED ./(4*pi*ECSfraction)) ./ ((position(1,:)-d).*2 + position(2,:).#2).*.5;
velocity(2,:) = (position(2,:) .* qCED ./(4*pi*ECSfraction)) ./ (position(1,:)."2 + position(2,:).#2).*1.5
+ (position(2,:) .* qRCED ./(4*pi*ECSfraction)) ./ ((position(1,:)-d).*2 + position(2,:).#2).*.5;
velocity(3,:) = (position(3,:) .* qCED ./(4*pi*ECSfraction)) ./ (position(3,:)."2 + position(4,:).*2).*1.5
+ ((position(3,:)-d) .* qRCED ./(4*pi*ECSfraction)) ./ ((position(3,:)-d).*2 + position(4,:).%2).*.5;
velocity(4,:) = (position(4,:) .* qCED ./(4*pi*ECSfraction)) ./ (position(3,:)."2 + position(4,:).*2).*1.5
+ (position(4,:) .* qRCED ./(4*pi*ECSfraction)) ./ ((position(3,:)-d).*2 + position(4,:).%2).*.5;

%Now that we have the velocity at the wavefront, we can move each point in the wavefront
forwards with time

%Then recalculate the velocity, and continue to move the wavefront forwards with each timestep.
timestep = 0.05;

for time = timestep:timestep:3000; %count to 3000s = 50 min

%move the wavefront forwards
position = position + velocity * timestep;

Y%calculate the velocity at the wavefront

velocity(1,:) = (position(1,:) .* qCED ./(4*pi*ECSfraction)) ./ (position(1,:).*2 +
position(2,:).#2).*.5 + ((position(1,:)-d) .* qRCED ./(4*pi*ECSfraction)) ./ ((position(1,:)-d).*2 +
position(2,:).#2).*.5;

velocity(2,:) = (position(2,:) .* qCED ./(4*pi*ECSfraction)) ./ (position(1,:).*2 +
position(2,:).#2).*.5 + (position(2,:) .* qRCED ./(4*pi*ECSfraction)) ./ ((position(1,:)-d).*2 +
position(2,:).#2).*.5;

velocity(3,:) = (position(3,:) .* qCED ./(4*pi*ECSfraction)) ./ (position(3,:).*2 +
position(4,:).72).".5 + ((position(3,:)-d) .* gqRCED ./(4*pi*ECSfraction)) ./ ((position(3,:)-d).*2 +
position(4,:).#2).*.5;

velocity(4,:) = (position(4,:) .* qCED ./(4*pi*ECSfraction)) ./ (position(3,:).*2 +
position(4,:).72).".5 + (position(4,:) .* qRCED ./(4*pi*ECSfraction)) ./ ((position(3,:)-d).*2 +
position(4,:).#2).*.5;

%plot the wavefront every 5 minutes (300 seconds)
if rem(time,300) ==
hold on;
plot(position(1,:), position(2,:));
plot(position(3,:), position(4,:), 'm');
end
end
end

140



Publishing Agreement

It is the policy of the University to encourage the distribution of all theses and
dissertations. Copies of all UCSF theses and dissertations will be routed to the library
via the Graduate Division. The library will make all theses and dissertations accessible
to the public and will preserve these to the best of their abilities, in perpetuity.

I hereby grant permission to the Graduate Division of the University of California, San
Francisco to release copies of my thesis or dissertation to the Campus Library to provide
access and preservation, in whole or in part, in perpetuity.

o % 2 12.0%

Author Signature s Date

141






