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Abstract

Background: Previous studies have shown significant anti-tumefiects of hyperbaric oxygen
(HBO) treatment on chemically induced mammary tureohus, to answer whether HBO has a
general anti-tumour effect on mammary tumours, shely had three aimg. Establish two new
mammary tumour models using eGFP (Green Fluoredtreéin) expressing immunodeficient mice
and dsRed transfected tumour cells (4T1 and MCE®lucidate possible effects of HBO treatment

on tumour growth and angiogenedisAnalyze the effect of HBO on the tumour intersiti.

Methods: DsRed transfected cells were injected s.c. intartimunodeficient eGFP mice in the groin-
area. All mice received oestrogen treatment poanfection. After tumour development (~3mm) the
mice were divided into three groups. One group waposed to repeated HBO treatments (3
exposures), one to a single HBO treatment (both3dar, 100% ¢ a 90min) and controls to normal
atmosphere (1 bar, 21%)OLight microscopy, as well as multiphoton confocecroscopy, enabled
investigation of the tumour-host interactionsitu. Treatment effects were determined by assessment
of tumour growth (with calliper) and angiogene<i®@1 staining). Moreover, tumour stromal factors
such as P (with the wick-in-needle technique), collagen @mit(by hydroxyproline quantification)

together with drug uptake®f]-5FU, using microdialysis) were measured.

Results: Three million 4T1 dsRed cells injected in the eGhiPe induced tumours. The tumour cells
invaded the stromal cells and a number of vas@l&nents were founih situ. Five million MCF7
cells injected in conjunction with matrigel did @l;hduce tumours, although this model has to be
further elucidated. In the 4T1 mammary model, tumgnowth and angiogenesis were significantly
reduced after repeated HBO treatment comparedrtsatoHowever, no change in collagen density
was found. A significant reduction in ®as found in both HBO treated groups. Nevertheliss did

not affect the drug uptake.

Conclusion: We have successfully established a dsRed traesfeff1l mammary tumour in eGFP
expressing mice. We also developed MCF7 human mayntoanours, although this model needs
further refinement. The reduction in 4T1 tumourwgtto found after HBO treatment can, to some
extent, be explained by the reduction in angiogend@$e collagen density was unchanged after HBO
treatment, possibly due to the short treatmentoderA reduction in P was found after HBO
treatment, thus without inducing enhanced drugkgt@he mechanisms behind these effects need to

be further elucidated.
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Introduction

“ The scientist is not a person who gives the right

answers, he's one who asks the right questions”.

~Claude Lévi-Strauss, Le Cru et le cuit, 1964

1 Introduction

Tumour is the name of a swelling or lesion formgdah abnormal growth of cells. Tumour is
not synonymous with cancer as a tumour is classégebeing benign or malignant. In the latter
case the tumour is a cancer. In this thesis welynase the term tumour when referring to

cancer, as this is common in the literature.

1.1 Cancer biology

Cancer (medical term: malignant neoplasm) is a mrad diseases characterized by
uncontrolled cell growth, invasion and growth indmjacent tissue, as well as creating
secondary tumours in other parts of the body (netes. The different types of cancers are
characterised based on their tissue of origin. €anccurring in epithelial cells are classified
as carcinomas, cancers from mesodermal cells diexl garcomas and cancers of glandular

tissues are called adenocarcinomas [1].

The different types of cancer differ widely in theauses and biology. However, Hanahan and

Weinberg [2] have defined six characteristic hatksaof most cancers:

1. Growth signal autonomy:
Cancer cells do not depend on external growth fadty their cell growth.
2. Invasion of growth inhibitory signals:
Cancer cells do not respond to growth inhibitagnals.
3. Evasion of apoptosis:
Cancer cells evade apoptotic signals, and thigitames to maintain mutations.
4. Unlimited replicative potential:
Cancer cells can regulate telomere length, whishltén unlimited replicative potential

for the cancer cells.
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5. Angiogenesis:
Cancer cells induce growth of new vessels in ofalethem to survive and expand.
6. Invasion and metastasis:
The cancer cells have the ability to move to offeets of the body and create secondary

tumours. Metastasis is the major cause of canathde

These hallmarks allow the cancer cells to grow iandde healthy tissue. In addition to these
six common tumour properties, there are also tbtker very important properties, and these

will be the focus of this thesis:

* hypoxia (a factor that influences all the abovérhatks) [3]
* interstitial hypertension [4]
» fibrosis [5]

1.2 Breast Cancer

Breast cancer is a malignant, metastasizing caotéhe mammary gland, and classifies,
therefore, as an adenocarcinoma. The female bieasade up of lobules, ducts and stroma.
Most breast cancers origin from the cells that time ducts, some from the cells that line the

lobules, while a small number origin from othestiss of the breast [6].

Breast cancer is the most frequent neoplasm in Bigiam women with 2761 new reported
cases in 2007. According to calculations done ly Morwegian cancer registry 1 of 12
Norwegian women will develop breast cancer befeaching the age of 75 [7]. In 2006, 679
persons died from breast cancer in Norway [7],pitesof receiving treatment forms such as
surgery, drugs (hormones and chemotherapy) andtiaali

1.3 An immunodeficient mouse model

It is important to better understand how the camedis progress and how they communicate
with their microenvironment in order to find moréeetive and specific treatment options in

the future [8]. It is well established that the &elour of cancer cells are strongly influenced by
their healthy surrounding environment [4]. Tradiadly, cancer treatment has focused on
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targeting the tumour cells directly. More recerge@ch shows that tumour cells interact with
and are dependent on surrounding normal cell typethe tumour [8, 9]. Targeting non-
malignant cell types, in addition to targeting tumocells show promising results in

combination with the traditional use of chemotherg agents [5, 10-12].

We used non-obese diabetic/severe combined imméinigehe (NOD/Scid) mice expressing
enhanced-Green Fluorescent Protein (eGFP) in tintysThe NOD/Scid mice are genetically
modified to express eGFP in all nucleated cellssepk for the blood-cells [13]. GFP is
originally a protein found in the jelly fishequorea Victoriaand it absorbs blue light and
emits green fluorescence when exposed to UV lighé eGFP is an artificial variant of GFP.
The presence of GFP can be monitored in eGFP esipgedlOD/Scid mice when they are
exposed to appropriate UV illumination [14]. To d&ae to potentiate the benefits of the eGFP
mouse-model a tumour is needed that can easilyiffereshtiated from the green cells in the
mice. This is commonly done by transfecting thedumcells with a contrasting fluorescent to
the green fluorescent expressed by the nmceivo. We have chosen the red fluorescent
protein, dsRed, as previous research with this aoatibon have demonstrated good results
[13]. Thus, the tumour-host interaction can be igwidothin situ andex vivo Moreover, by
using fluorescence-activated cell sorting (FACS) wikk be able to completely separate the
host cells from tumour cells. This provides a gystr detailed cellular and molecular

analysis of tumour-stroma interactions both on gerprotein levels (see Further Studies).

1.4 The normal interstitium

The interstitium is defined as the extracellulardlcompartment outside the cells, vascular and
lymphatic system [15], and it provides mechaniaad atructural support within and between
different tissues. It plays a central role in tlomtcol of cell proliferation, differentiation and
migration, mediating cell adhesion and cell commation [15]. Further, it is the space where
water and it's dissolved constituents, moves fréva blood plasma to the lymphatics. All
organs have an interstitium and even though thetitoants and architecture are the same, the

relative amounts may differ from organ to organ|[15
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The interstitium contains two major components (Eig

1. Structural components

e Collagen fibre bundles
* Glycosaminoglycans (GAGS)
* Cells .g fibroblasts)

2. Fluid compartment

Proteoglycan Capillary K.c
4
@ \ Q/ Capillary hydrostatic

P, _i,, pressure

Interstitial fluid
pressure

Plasma colloid
osmotic pressure

T COPy Interstitial fluid
\ coIIoid osmotic pressure

P

COPJ_

Cell-collagen

attachment . ==
integrin o, }. q Y Net capillary filtration
t
Collagen
bundles Hyaluronan

Figure 1: Schematic drawing of the constituents of the nbrnmarstitium and the transcapillary-
interstitial fluid exchange system. With permissjaf].

1.4.1 Structural components

Collagen is synthesized by fibroblasts. They are a grouprofeins with molecules consisting
of three separate left-handed coiled polypeptidaingh each containing about 1000 amino
acids [15]. Each of these coils are again coile® ia superhelix structure. The collagen

molecules are organized in fibrils and subsequetiiy form fibres. The collagen fibre
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bundles allow a certain flexibility, but are reaist to elongation and are, therefore, important
in stabilizing normal tissue fluid volume by oppagitissue expansion [17].

Glycosaminoglycans (GAGS)
The GAGs are long polymers of aminosugars. Theysgnghesized and extruded through the
plasma membrane of fibroblasts. They function as:

* water-attracting expansion elements

» determinants of the hydraulic conductivity of théerstitium [18].

The GAGs can be grouped into hyaluronan (HYA) aratgoglycans. When covalently bound
to a protein backbone, they are called proteoglycahese molecules are immobilised in the
interstitium while HYA has never shown to be immaad. HYA differs from the
proteoglycans by not making a bond with the prateamd this is the reason they are not bound
in the interstitium. [15].

Multiple proteoglycans are anchored to each HYAirct{a8]. The HYA molecules attract
water to cause tissue swelling and are an impodanstituent of the extracellular matrix [5].
The interstitial fluid is trapped mainly in the mie spaces among the proteoglycan filaments.
This combination gives the interstitial fluid a gi#de substance making it difficult for fluid to

flow easily through the interstitial tissue [17].

Cells

The fibroblasts are the main cell type in connectigssue, and demonstrate both morphological
and functional features closely related to theaealiular matrix (ECM). The fibroblasts are as
mentioned earlier, responsible for synthesis ofesvcomponents of the ECM, including
collagen and HYA. The fibroblasts are able to exertsion on the collagen microfibrillar
network through collagen binding integrins (Figardd 4). This collagen network restrains the
intrinsic swelling pressure of HYA and proteoglysan the matrix [19].
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1.4.2 Fluid compartment

In an average adult male weighing 70 kg about 60%he total body weight is water. This
adds up to 42 litres of fluid with 28 of thesed#drfound inside the cells, while 14 litres are
found outside the cells and are referred to agsntial fluid [20]. The interstitial fluid serves
as a transport medium for nutrients and waste mtsdoetween cells and capillary blood. It
contains almost the same constituents as plasma&pexor 40-50% lower protein
concentration, because the proteins cannot pas®fotite capillaries with ease [21]. The
transport of fluid and solute molecules in the nistidum is governed by the biological and
physiochemical properties of the interstitium adlvas the physiochemical properties of the
molecule [22]. Transport of materials across theseewall is mainly governed by diffusion,

and the factors influencing diffusion over the dlapy wall are summarized in Fick’s law [18].

Equation 1: Fick’s law

Js = -DA(AC/ AX)

Js= The mass of solute transferred by diffusionypet time

AC=  The concentration difference across the capiliall

Ax= Distance (thickness of the capillary wall)
A= Surface area
D= The diffusion coefficient (inversely relateddolute size)

1.5 The Starling forces in normal tissue (transendothel transport)

The fluid volumes are being kept fairly constantdsveral buffering mechanisms including
adjustment of forces across the capillary wall ). The forces that determine the
transcapillary fluid balance are the propertiesh® capillary membrane and the transmural
hydrostatic and colloid osmotic pressures across#pillary. Ernest H. Starling described this
relationship in 1896 [23], and the transcapillalyid flux is often described according to

Starling’s hypothesis as presented in Equation 2:
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Equation 2: The Starling equation.

3~ LpS [ (P+-Py)- o (COP-COPRy) | =L ;S X4P

Jv = transcapillary fluid flux

L, = hydraulic conductance

S = surface area of the capillary wall

c = reflection coefficient

P. = capillary hydrostatic pressure

Pi = hydrostatic pressure of the interstitium

COP, = colloid osmotic pressure of the capillary
COPy = colloid osmotic pressure of the interstital fluid
AP = the net capillary filtration pressure

The filtration is highly dependent on the produttie hydraulic conductance flLas well as
the surface area of the capillary wall (S). Theleatfon coefficient §) describes the
permeability of proteins across the vessel walthwi=1 for impermeable vessels and0

when the membrane is freely permeable for protdibk

Colloid osmotic pressure is built up by the tendent water to diffuse through the semi-
permeable vessel wall, into the fluid compartmettihthe higher concentration of proteins [5].
The quantity of proteins found in the fluid compaent determines the colloid osmotic
pressure in the interstitium. As mentioned eatiner proteins do not cross the capillary wall
with ease. This results in a higher colloid osmetiessure in the capillary (C@Rhan in the
interstitium (COR), thus maintaining normal fluid levels within thapillaries (Fig. 3).

Hydrostatic pressure is the pressure exerted bybtbed, or the interstitial fluid on the
capillary wall. The primary force for driving filition is capillary blood pressureJPThe
filtration is, however, opposed by the CQ¥].

The interstitial fluid pressure ¢Pis the pressure exerted by the interstitium, aodnally
varies between 0 and -2 mmHg in skin [15].i$crucial in controlling a stable fluid volume in
the interstitium and is mainly determined by thpikary fluid filtration and the lymph flow. In
addition, the forces governed by the structuralvodt of the interstitium are, probably, a

contributing factor in the regulation o§.P
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Net capillary filtration pressureAP) is the pressure created from the imbalance legtwe
hydrostatic and osmotic pressure, normally resgiltnfiltration of fluid from the capillaries

into the interstitium. This filtration adds up tppoximately 3 litres per 24 hours in a grown
adult weighing 70 kg. The filtered fluid will beatmsported away from the interstitium with the
lymphatic system, along with any filtered plasmadteins that have escaped from the
circulating blood to become part of the interstitiaid, and be returned to the blood circulation

again [17].

1.6 The tumour interstitium and surrounding microenviro nment

Although the normal interstitium and the tumourenstitium consist of the same components,
there are some major structural and organizatidifrences (Fig. 2). The tumour interstitial
compartment is characterized by a large interkfitidd volume, high collagen concentration,
low proteoyglycan and hyaluronan concentrationsagknce of an anatomically well-defined
functional lymphatic network [22]. Furthermore, toums contain an increased number of
fibroblasts, which bind to the collagen fibres miategrin-dependent manner and thus exerting
increased tension between the fibres [24]. Theyw aentain an increased number of
macrophages and other inflammatory cells that selegtokines and growth factors that act on
cells of blood vessels and stromal fibroblasts [&). summarize, the tumour interstitium is

denser and more rigid than normal loose connetiBsee.

Figure 2: Structural differences between normal (upper paared tumour tissue (lower panel). With
permission [5].
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Normal and healthy vasculature is well organized amenly distributed as well as being

selectively permeable and surrounded by suppogergytes. In comparison, the vasculature
in malignant tumours is formed by angiogenesis, ingakhem disorganized and chaotic, with

varying diameters of the lumen and frequent biftiocs (Fig. 2) [4]. The vessels have loops
and shunts resulting in long transit times and patigths. In addition they lack pericytes that
support the vessel walls [4, 10]. These featurelsentlae vasculature very permeable to water
and small proteins, resulting in a loss of bothtgrs and water into the interstitial space, thus

leading to a disturbance in the Starling balance.

1.7 The Starling forces in tumour tissue.

Interstitial hypertensionts) is a major difference in the Starling forces whemparing
tumour tissue to normal tissue (Fig. 3). The iR tumours, typically range between 10-30
mmHg, compared to the normal interstitial fluid ggere ofl]-1mm Hg (Fig. 3). Pis evenly
elevated throughout much of the central tumouramegind falls to near zero at the periphery
[25, 26].

a Mormal tissue b Tumour lissue
Blood vessol

© © ©o o © o ©o o o D'ﬂ-|0

mL e L

| W ooe; * Py
8 mm Hyg =3 mm Hg ?‘I}u“ m Hg Iw_nm‘rblv':j
Nt Ot Mt iward or
fibrslion prossung outward pressume
=TT H:J =182 mm |-¢_g!

Figure 3: The Starling forces in normal tissue and tumasue. With permission [5].
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The mechanisms behind the increasgthRumours, is not yet fully understood. Howevers

believed that elevated pressure in solid tumoucaused by:

1. High vascular permeability.
Due to leaky tumour vessels, fluid accumulateshim interstitium, causing;Pto
rise [5].

2. lrregular vascular architecture.
Irregular vascular architecture as well as vasculampression caused by
proliferating cancer cells, contributes to highranascular pressure, which is

reflected in the interstitial pressure [27].

3. Non-functional tumour lymphatics.
The lymphatic vessels in the tumour are often maléxl and compressed and,
therefore, unable to drain free interstitial flumhck into the central venous

circulation. This causes a further increaseiifidp.

4. High collagen content.
It seems that volume changes in tumour tissue anme mestricted than in normal
tissue, probably because of the denser connedseet molecules that characterize
tumour stroma. The formation or development of egcdéibrous connective
(collagen) tissue will increase the tumouy. Fhis is likely to contribute to the

persistence of the increasedi® some tumours [5].

5. Increased contractility of fibroblasts
Fibroblasts play a pivotal role in the developmeafitigh R: values. The fibroblasts
are able to exert tension on the collagen micridsornetwork through collagen
binding integrins (Fig. 1 and 4), thus making thenbur environment more rigid
[19].
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Figure 4: A proposed mechanism for dynamic control of irtteas fluid pressure. Modified from Reed
[24].

It is well established that an increasgdmerferes with the uptake of chemotherapeutiatge
[5, 28]. Drugs move from the vasculature into the interstitiand then through the interstitium
either by diffusion along a concentration gradi@nby convection along a hydrostatic pressure
gradient [4, 11].

To make the systemic distribution of a chemothetiaagent efficient, there are two main
demands:
1. The drug must reach the target cells by crossiagépillaries, and

diffuse through the interstitial matrix.
2. The drug must be effective in the tumour microemwinent.

Multiple strategies to reduce; Rare associated with increased drug levels in tusand

greater chemotherapy effectiveness [4, 28-31]. Phtentiated effect of theiPreducing

treatment has been observed on both tumour grasténdation as well as changes in tumour
morphology [28]. In addition, interstitial transpors determined by the structure and
composition of the interstitial compartment. Theref the ECM itself may contribute to the
drug resistance of a solid tumour, by preventing genetration of macromolecules like
chemotherapeutic agents into the tumour cells. Télswing that altered and denser collagen
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organization, characteristic for the tumour intétsn, influence the tissue resistance to
macromolecule transport. This is possibly due te finding and stabilizing of the GAG
component of the ECM [32].

If the chemotheraputic agents have managed to tnessapillaries and reach the cancer cells,
different properties of the tumour microenvironmetit affect the efficiency and uptake of the
drug. One of these factorstismour hypoxiaa trait that is well established in all types olico
tumours [33-35].

1.8 Tumour hypoxia

A cell cannot survive without being provided witlutnents and having waste products
removed by a functional vessel system in close ipribx. Tumours do not exhibit a

homogenous and functional vascular network, thestral parts of the tumours develop
hypoxia [26]. While normal, healthy tissue can cemgate for oxygen deficiencies by
increasing blood flow to the deprived area, lang@durs are not able to compensate for the
lack of oxygen, and develop hypoxia. Thus, the primdeterminant that governs the

progression of the tumour is its proximity to aaaar supply.

The new tumour blood vessels develop from pre-exgstasculature, by angiogenesis. The
induction of angiogenesis is a consequence of dralence between multiple inhibitor and
stimulator molecules, referred to as the “angiogeswitch” [36]. One of the precursors of
angiogenesis is the hypoxic trait of tumours. Rnsteactivate angiogenic programs in
endothelial cells that signal a number of biolobresponses, including directional migration,
invasion, cell division, proteolysis, expressionantti-apoptopic proteins, and ultimately, new
capillary formation [8, 37, 38]. It is somehow pdoaical that the tumour tissue is hypoxic due
to abnormal and non-functional tumour vasculatuas, the hypoxic tumour tissue was

responsible for inducing angiogenesis in the fitate [39].

There are different types of hypoxia in tumoursiodiic and acute. The original concept of
hypoxia in tumours was proposed by Thomlinson analyGn 1955, and refers to diffusion-
related hypoxia [39, 40]. Diffusion-related hypoXa&aronic) is a consequence of tumour cells

that are distant from the vascular supply, andlresuan inadequate Osupply for cells far
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away from the nutritive blood vessels. In ordegtow a solid tumour, the tumour is dependent
on angiogenesis to be able to expand [10]. Ldtercdoncept of perfusion-limited hypoxia
(acute) emerged [41], meaning that too little oxygeas delivered to the tumour. The
microvasculature in tumours has severe structun@ifanctional abnormalities as well as being
surrounded by a high density of tumour cells corsgirgy the blood vessel. These two factors
cause inadequate blood flow in the tissue. Studliddood flow and oxygen levels in animal
tumours have established that perfusion of blooskels can change dynamically in time,

leading to rapid but transient episodes of sevgp@xia in the tumour cells [39].

Since tumour oxygenation can fluctuate over timemdur cells most likely shift between
levels of hypoxia and more oxygenated states. hrclogion, regions of both acute and chronic

states for hypoxia contribute to the overall lesehypoxia in different tumours.

Over the last decade it has become clear that tumgaoxia plays an important part in tumour
progression, growth and invasion and in the devatag of a more aggressive phenotype [3,
35, 39, 42].0ur hypothesis is therefore that a reduction in the hypoxic state of the tumour
might have an inhibitory effect on tumour growth per sein addition to enhancing the uptake
of chemotherapy. Thus, one way of enhancing the p@ the tumour tissue is the use of

hyperbaric oxygen treatment.

1.9 Hyperbaric oxygen treatment (HBO)

HBO therapy is defined as the administration of%0fAhaled oxygen at increased atmospheric
pressure [43]. At normal atmospheric pressure {1=b@a60 mmHg), haemoglobin is around

97% saturated with oxygen. Thus, a further increasexygen pressure or concentration has
little or no impact on the total haemoglobin oxygamcentration. Approximately 0.31 ml of

oxygen is dissolved in plasma as can be seen fralpieTL. However, the ability to enhance the
transport of physiologically dissolved oxygen canrbarkedly elevated by HBO as indicated

in Table 1. When oxygen is dissolved in plasmaaih more easily reach tissue areas where
oxygen supply is diffusion limited. Further, disgadl oxygen can enable tissue oxygenation
despite impaired haemoglobin carriage capacitysTHIBO treatments can cause up to a four-
fold increase in the distance that oxygen can siéfun tissue, by elevating the partial oxygenic
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pressure (pg) in arterial blood. According to Henry’'s law (gasvla “a gas is dissolved by a
liquid in direct proportion to its partial pressyras illustrated in Table 1.

Table 1: Theoretical arterial oxygen tension and oxygen tloontent when exposed to different
oxygen (%) levels under varying pressure valueg.(ba

Oxygen % level Bar | Arterial oxygen tension (mmHg | ahoxygen physically

dissolved in plasma

21 1 100 0.31
100 1 760 2.0
100 2 1400 4.3
100 3 2200 6.8

The Undersea and Hyperbaric Medical Society (UHM&) a list of 13 approved indications
for hyperbaric oxygen therapy (Appendix A). Thu®&®ias a treatment, has been shown to be
used safely, without side effects, in humans uf.8&bar (18msw), for 9énin each time and

over a period of several days (continuous) [44].

1.10 HBO and cancer

In the 1960’s there were several studies evaluatiB@ as a tumour promoter, in order to
elucidate whether the accepted HBO therapies (UHMS&3$ contradictory when treating
patients with malignant tumours. Nevertheless, inedew by Feldmeier et al [45] they
conclude that HBO does not potentiate tumour grov@hrprisingly, recent studies at our
laboratory have concluded that HBO has a signifigambitory effect on the growth of DMBA
(chemically) induced mammary tumoupsr se[46-48] as well as gliomas [49]. These studies
have, contrary to earlier studies, gone beyondsiimple study on the growth of tumours and
the number of metastasis, and gone into more detaiterning changes in morphology,
histology, physiology and in gene expression. Farrtiore, others have shown that mouse
MT7 mammary carcinoma xenografts had reduced nusnifemetastatic lung colonies after 3
weeks of exposure to 70% (50, 51]. A study on oral mucosal carcinomas in&yHamsters
and one on S-180 sarcomas in mice have also sHwtiHBO attenuated tumour growth [52,
53].
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The main background for the present study is thek\vey Stuhret al. [47] Raaet al. [46] as
well as Moenret al [48], on DMBA induced mammary tumours. They showleat increasing
the oxygen content in the mammary tumour, by nommcband hyperbaric hyperoxic
treatment, induced significant changes in tumowsjatogy, anatomy and gene expression as,

shown in Fig 4.

ﬁ PO,

— ﬁ Drug uptake

\Hlstologlcal changes

*
Anti anglogene5|s* Metabolic change
(from glycolytic to aerobic)

Apopt05|s*
Anti-fibrotic effect *

A DMBA-induced
mammary tumour

Tumour grovvth*

ﬂ Proliferation* Less agressive*

Shift of a whol
(reduced collagen content) (Shift of a whole gene program)

ﬂ Interstitial fluid pressure

* Gene expression changes corresponded to the histologidindings

Figure 5: Schematic drawing of the effects of hyperoxia bon DMBA-induced mammary tumours
in rats.

The study by Stuhet al. 2004 also showed that 7 HBO exposures over agef@3 days,

kept the tumour size considerably below day 1 kwsld that the effect reached a maximum
after 4 exposures [47]. Tumour growth was also dbtobe suppressed for at least 12 days
after HBO completion [47]. This implies that HBOpmsure actually reduces the tumour to a

certain size and thereafter prevents it from growurther.

On this background, we wanted to add two new mammary tumour models (one murine and
one human) to verify if HBO has a general anti-tumour effect on mammary tumours.
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1.11 Aims of the study

The three aims of this study were to:

1. Establish two new mammary models by using eGffPessing immunodeficient mice and

dsRed transfected tumour cells.

2. Elucidate the possible effect of HBO treatmentwmour growth and angiogenesis.

3. Analyse the effect of HBO treatment on the tumaterstitium (B and collagen content) as

well as the effect of drug uptake (chemotherapeaftect).
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2 Materials and methods

2.1 Cell lines and culture conditions

The present study includes two different dsRedsfeanted adenocarcinoma cell lines; the
murine mammary cell-line (4T1) and the human mamyneatl-line (MCF7). Both cell-lines
were obtained from the American Type Culture Coitet (Rockville, MD, USA) The cell-

lines were pre-transfected with the red fluoresegedsRed.

The murine mammary cell-line, 4T1, was originaléplated from a spontaneously arising
mammary tumour in BALB/cfC3H mice [54]. The 4T1 nseumammary tumour cell line is
one of a few breast cancer models with the abibtynetastasize to sites affected in human
breast cancer, making it a good model of human stedta breast cancer [55]. It metastasizes
via the haematogenous route to liver, lungs, bawebaain, [54].

The MCF7 cell-line originates from a 69 year oldu€asian female, and was derived from a
pleural perfusion procedure. The MCF7 cell line aapable of forming tumours in
immunodeficient mice and the growth has been shtowvbe strongly oestrogen dependent
[56].

All cell culture work was performed in a sterileveonment using a laminar flow bench with
a HEPA filter (Thermo Scientific, USA). The cellsere cultured in standard plastic tissue
culture flasks 75 ci(NUNC, Roskilde, Denmark) with RPMI-1640 mediumidBVhittaker,
Verviers, Belgium) supplemented with 10% FoetalfGarum (Sigma-Aldrich, Steinheim,
Germany), 100 units/ml penicillin, 100 pg/ml st@ptycin, 2% L-glutamine (all from Bio-
Whittaker). The cells were amplified as a monolayer at 37° mumidified incubator with
5% CQ and 95% air and were seeded until about 80% cemdke.

When not in need of the cells, they were frozen gladedin a liquid nitrogen container and
thawed when needed again (Appendix B). This proeeckduced the number of passages.
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When observed through a microsc¢pe&iolmager 2, Carl Zeiss Microlmaging, GmbH, Jena,
Germany) we confirmed that both the 4T1 cells ahd MCF7 cells in culture were

successfully transfected with dsRed, as they dysplaed fluorescence (Fig. 6).

Figure 6: Fluorescence microscopy pictures of the 4T1 ¢kdf) and MCF-7 cells (right).
Magnification (x4). Scalebar indicates 50pum.

2.2 Animals

A total of 60female NOD/Scid mice with a minimum weight of 18vgre used in this study
37 of the 60 NOD/Scid mice expressed eGFP in alaated cells. The eGFP protein absorbs

blue light and emits green fluorescence withoutgexmus substrates or cofactors (Fig. 7).

Figure 7: Mice expressing enhanced green fluorescent pr@&fP) under UV illumination (with
courtesy from Lene Nybg).
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The transgenic mice were produced by using the Gbéding sequence ligated with the
chicken beta-actin promoter, and were bred at tmvessity of Bergen by crossing
NOD.CB17.Prkd¥“ mice (stock no. 003291) with C57BL/6-Tg (ActB eGFfice (stock no.
001303) (Jackson Laboratory, Bar Harbour, ME, USAirther, the breeding was performed
between heterozygous eGFP and homozygous NOD.CBKHE™ genotyped by
polymerase chain reaction (PCR) analysis, and @agdrby the technical staff at the animal
facility at the Department of Biomedicij&3]. The green fluorescence from the eGFP was
later observed in muscle, pancreas, kidney, heattadher organs of the mice, confirming

that the procedures were successful [57, 58].

We did not use eGFP expressing mice when measByirmgnd performing microdialysis, as
we did not need to separate the tumour tissue thenimost cells. Furthermore, the eGFP mice

are difficult to breed and expensive. Instead wedlydain NOD/Scid mice.

The mice were housed in individually ventilated eagMakrolon IV, Techniplast Gazzada
S.a.r.l., Buggugiate, lItalia). They had accessaodf(Rat and mouse nr.1, Special Diet
Service, Witham Essex, UK) and wasgat libitum and the temperature in the animal facility
was kept at a constant temperature of 21°C, théhamidity between 40-60%, and the
light/dark cycle was 12/12 hours. The mice weraiified by labelling the base of their tales

using a permanent marker.

All the experiments in this Master Thesis were garnfed in accordance to the Norwegian
Committee for Animal Research. The number of ansnmmeds minimized to comply with the
guidelines from the Ethical Committee. So whengessible, we injected the mice with cells
in each side of the groin to obtain two tumours éach mouse. This was done when
measuring the interstitial pressure, as well asnatmlecting tumour tissue and measuring
growth.

2.3 Anaesthesia

All the animal procedures were performed under artshsoflurane (Rhone-Puolenc
Chemicals, France) and,@ gas-anaesthesia. The only exception being theodialysis
protocol, which was performed with a subcutaneajection of Midazolam (Dormicum, F.
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Hoffmann-La Roche AG, Basel, Sveits) in combinatwith Fentanyl/Fluanison (Hypnorm,
Janssen Pharmaceutical, Beerse, Belgium) (Hypnosrmi2um) due to the substantial

duration and need for immobilization of the anirdafing the procedure.

During gas-anaesthesia the mice were placed imxagths anaesthetic chamber, flushed with
O; (1.0 I/min), together with compressed air (1.0ilmlisoflurane was added at a dose of 3
I/min. When the mouse was satisfactorily anaextbet we reduced the dose of Isoflurane to

1.5-2.0 I/min and continued the anaesthesia suppl/nozzle to the nose/mouth area.

When administering Hypnorm-Dormicum, both anaesthajents were mixed individually
with NaCl (1:1), before being mixed together (1.Ahd administered to the mouse
subcutaneously. The Hypnorm-Dormicum was admirestext a dose of 30mg/kg, with an

initial volume of[M.2 ml, and with an addition a.1 ml after one hour.

We tested the contraction reflex as a sign of cieffit anaesthesia by pinching the sole of the
back foot with a set of tweezers.

An artificial heating source was utilized duringgigal and experimental procedures, keeping

the mouse rectal temperature at approximately &4l times.

2.4 Establishing tumours

To be able to identify the number of cells/ml smnt the cells were trypsinized into a single
cell suspension. The cells were then counted bgmgusthe cell nucleocounter (Bergman-
Nucleocounter-chemometech, Allergd, Denmark). lecoetance with the manufacturer’s
instructions, 200 pl of both buffer A and B (Bergwiducleocounter-chemometech, Allergd,
Denmark) was added to 200 ul of the single celpsnsion. The lysis Reagent A has a pH of
about 1.25 and is added to disrupt the plasma neambrof the cells, leaving the nuclei
susceptible to staining with the fluorescent dyepptium iodide (PI1) (at a later step in the
process). The Reagent A also contributes to disgagde cell clusters. The stabilizing Reagent
B was added following Reagent A, in order to rdieepH value, as the increased pH enables
the PI to stain the DNA of the cells more efficigntThe solution was then centrifuged
(LABINCO L46, Breda, Netherland) before being loddeito the nuclecassette. The
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nucleocassette (Bergman-Nucleocounter-chemometsitdrgd, Denmark) is a disposable
cassette filled with Pl. The cassette automaticalfds 50 pl of the cell solution. Here it is
dissolved and mixed with the PI. This step stasriuclei of the cell, and makes it possible
for the cell nucleocounter to count the numberediscpr ml. The amount of cells/ml has to be

multiplied by three due to the dilution caused vy &dded buffers.

Before injecting the cells they were centrifugedef&tus instruments, Megafuge 1,0 R,
Hanau, Germany) and the RPMI-1640 medium was reglagth Phosphate Buffered Saline
(PBS) (Sigma-Aldrich-Company, Steinheim, Germany).

We initially injected 2 mice (for each cell-line)tiv approximately 2x10cells in 0.2 ml PBS.
This was performed as a pilot study to see if weldmbtain tumours. If so the tumours

would be frozen and used as a stock for later use.

All the mice were given J¥estradiol in the form of a pellet (0.18 mg/pellé@ day release,
Innovative Research of America, Sarasota, FL, USFAg pellet was inserted under the skin
in the interscapular area so as to stimulate turgoawth. The pellets provided a continuous

release of estradiol at serum concentrations of2ZB&8DpM.

4T1

The injected 4T1 cell line developed tumours in thiee in approximately 10 days. The
tumours were quickly dissected out, placed in aiHgsh and cut into small pieces of
approximately 2 x 2 mm. The tissue samples were thaced in a special freezer medium
(Appendix C) in small eppendorf tubes, and plagea ibox filled with isopropanol (Arcus

kiemi AS, Pnr 2204, Vestby, Norway). The isoprodamx was left in the -80°C freezer for
16-24 hours. The samples were then transferredctmtiner filled with liquid nitrogen and

subsequently put in the -85°c freezer, marked aady for later use.

From the frozen stock of 4T1 tumours, minced tunpaces mixed with PBS was injected in
the fat pad. Each mouse received approximatelynbtu piece (~2x2 mm). After monitoring
the mice over a period of 8 weeks, we concluded tthea attempt was unsuccessful, as no
tumour was detectable. Thus, we decided to contiyuserting the cell lines directly, as
done initially. The number of 4T1 cells injectedsaiacreased from 2x£@ells to 3x168 cells

in an attempt to speed up the latency period {the it took for the tumour to develop).
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MCF7

As the MCF7 cell line did not develop tumours whejecting 2x16 cells (followed for 8
weeks) we increased the amount of MCF7 cells td0%xd quantity supported in literature
[59]. However, this still did not result in tumourBherefore, we attempted to suspend the
cells in 0.2 ml BD Matrigel (BD Matrigll! Basement Membrane Matrix High
Concentration, Phenol Red Free, BD Bioscences,dedfJSA) before injecting them into
the fat-pad of the mouse. BD Matrigel Matrix (mgél) has previously shown to be effective

for the attachment and differentiation of the hurhanour cells in the mouse tissue [56].
All the mice were checked for tumour growth thrieeets per week by palpating the area of

injection. Once the tumours reached a diameter ®fmm, mice were randomized into three

groups as described in chapter 2.5.

2.5 Experimental groups

Three separate groups of mice were studied asrdbesl in Table 2.

Table 2: An overview of the different experimental groups.

Experimental Ambient Number of Exposure
groups Gas pressure pO, exposures time
Control air 1 bar 0,2 - -

Repeated HBO Oz 2.5 bar 2.5 3* 90 min

treatment
Single HBO O, 2.5 bar 2.5 1x* 90 min
treatment

* Exposure days: 1, 4 and 7, **Exposure day
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2.6 HBO treatment

The Hyperbaric Animal Research Chamber OXYCOM 25RCA(HYPCOMOY, Tampere,
Finland) was used (Fig. 8). This pressure chambeylindrical with an inner diameter of 25
cm, and an inner length of 55 cm, and a volume7diittes. The chamber is equipped with a

gas in-and out-let, and a manometer for chambesspre monitoring.

TORBUORN NEDREBG 55973975
3
Lnoa sTukr VEDBBB *

Figure 8: The hyperbaric oxygen chamber.

A pure Q environment can cause fire. The chamber was therditter and oil free. The
chamber was flushed with pure (nedical quality). After reaching 100%;,@fter 15 min,
the pressure was raised over a period of approglgn&tmin to 2.5 bar (corresponding to 15
msw). The 2.5 bar pure oxygen atmosphere was nmaactafor a period of 90 min to
complete treatment according to protocol. To ens®&%6 Q atmosphere, the chamber was
flushed with pure oxygen for 3-5 min every 10-3(hrdepending on the number of mice in
the chamber. After completion of the 90 min treaimehe chamber was decompressed

slowly over a period of 10 minutes.
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2.7 Measurement of tumour growth

The tumours were measured externally with a callggeday 1 fre HBO exposure), day 4
and 8 postHBO exposure). The location of the tumour exclud&ternal measurements in
more than two dimension§umour volume was therefore calculated assumingliadrical

form of the tumour according tbe equation:

Equation 3: Tumour volume equation.

no .2
Tumour volume i a-b

where a is the shortest and b is the longest texgsaldiameter.

On day 1 the tumour position and shape was drawa schematic mouse, to ensure that the

tumour was measured in the same position at dayl8a

2.8 Ex-vivo andin-vivo imaging

When finishing the tumour growth measurements, rthiee were sacrificed by injecting
saturated KCI into the heart under anaesthasdhthe tumour excised. The excised tumours
were then cut in two. One half was fixed in formgi%) and later embedded in paraffin for
immunohistochemical analysis. The other half wasdn in liquid nitrogen and stored at
-80°c until further use. A third group of tumoursere fixed in paraformaldehyd (PFA), prior
to freezing, and the frozen sections were lateremded in Prolong Gold (Invitrogen,
California, USA). This was done to be able to bériegm the fluorescent traits of the tumour

when visualized under the microscope (Leica TCS, $R&zlar Germany).

In addition, some of the tumours were used forngkn situ microscopy pictures, by
anesthetizing the mouse and removing the skin #8appsing tumour and surrounding tissue
to appropriate UV-illumination. The tumours weresualized using a Nikon C-DSD230

(Nikon, Japan). Further, flowcytometri was perfodmweith dissociated tumours resuspended
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in PBS. The dissociated cells were sorted on adkaence-activated cell sorter (FACS Aria
SORP, BD Biosciences, Erembodegem, Belgium) orb#isgs of single-cell viability and the

presence of eGFP and dsRed.

2.9 Immunohistochemistry-staining for CD31

The frozen tumour tissue was embedded in Tissue {[®kkura Finetek Europe,
Zoeterwounde, Holland) and cut into 20 pm slicemigi® cryostat (Leica CM 3050 S-
Cryostat, Nussloch, Germany).

Rat anti-mouse CD31 (AbD serotec, Morphosys UK I@xford, UK) is commonly used
when staining for blood vessels in mouse tissu¢ @@ used the Two-Step indirect staining
method with a monoclonal antibody. This is a staddgrotocol utilized in

Immunohistochemistry [61].

A monoclonal antibody is an immunohistochemicatlgntical antibody produced by a clone
of plasma cells, and they react with a specificcag@ on a given antigen. The primary
antibody needs to be specific to the species Hsaiei is collected from. We chose Rat anti-
Mouse (AbD serotec, Morphosys UK Ltd, Oxford, UK we wanted to stain mouse tissue.
The secondary antibody needs to be specific forgbecies that produced the primary
antibody and we used Rabbit Anti-Rat, as the ardudé antibody was produced in a rat
(Vectastatin nABC kit, peroxidase Rat IgG PK 40@ioteam AS, Trondheim, Norway).

Since the secondary antibody was produced in rabkitadded a rabbit blocker prior to the
secondary antibody so that the epitopes were $atlemnd the antibody could only attach to
the antigens we were interested in. This blockitep sprevented us from getting cross

reactions. Between each step the slices were washed

To be able to recognise the secondary antibodyysed an ABC kit (Vectastatin, Peroxidase
Rat IgG PK 4004, Bioteam AS, Trondheim, Norway).eTéecondary antibody was pre-
tagged with biotin by the manufacturer, and whediragithe Avidin-Biotin complex it bound

to the biotin tag. To achieve colour we added Dravhenzidine tetrahydrochloride (3.3
DAB, Sigma-Aldrich, Germany) which is an electroondr. This step oxidized the complex
and resulted in a dark brown colour. We achievablaur reaction after 90 seconds. The
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reaction was then stopped by rinsing with PBS. 8agbsntly we stained the tissue section
with Richardson stain and the tissue turned blueoimrast to the dark brown blood vessels

(Fig. 9).

Figure 9: An example of CD-31 stained tumour tissue fromdtrol group. Blood vessels are
stained dark brown, while the tumour tissue isngdiblue.

All sections were examined using a (THP Eclipse &60ikon Corporation, Tokyo, Japan),

and six to nine images were captured covering thelevtumour area (Nikon Digital Camera
DXM 1200F, Nikon Corporation, Tokyo, Japan). Allobd vessels were counted manually
and the average number (vesselsfinwas then calculated for each tumour. This proredu

was performed blindly
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2.10 The wick-in-needle (WIN) technique

The interstitial fluid pressure (Pwas measured by the wick-in-needle (WIN) techai{f?,
63].

In the WIN technique a multiflamentous nylon thiteaas placed within a fine hypodermic
needle (23g, outer diameter: 0.6mm). Initially, wsed a needle with a 2 to 4 mm long side
hole, but since the tumours were very small inriee we had difficulty placing the two
holes in the middle of the tumour, and startedgisistandard 23g treaded needle. The needle
was connected to a transducer dome through a P&ab@ter(Fig. 10). Two, three-way
stopcocks were placed on each side of the pressursducer. One of the stopcocks was used
for the possibility of flushing if bubbles were &ppear in the system. The second stop cock
was used to calibrate the system to air and watkmm (13.6 cm BHO=10mmHg). The
system was filled with saline, and we ensured thate were no leakages or air bubbles
throughout the system, as this could affect thellte3he transducer was connected to
pressure-measurement software (PowerLAb/ssp ARimsints, PowerLab chart 5, version
5.11).

Figure 10: The pressure transducer dome (A) connected toitleinrneedle (B).
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The system was calibrated as follows: The transduaes levelled with the tumour. The
normal air pressure was measured by opening thiersyte air and setting the powerlab-level
to 0 mmHg. A 27,2 cm water column was connectetiearansducer, and the pressure of the
column was measured and regulated to 20 mmHg oRdherLab.

The needle was inserted into the middle of the wnamd left in place without fixation (Fig.
11).

Figure 11: Wick-in-needle placed in tumour.

The fluid communication between the interstitiund dhe measuring system was ensured by
compressing and decompressing the catheter (clagnpihis caused a transient rise and fall
in pressure. To get a valig lheasurement the pressure had to return to prepolaine

(£ 1 mmHg).

Due to initial problems with Pmeasurements, we modified the protocol slightly mvhe
measuring > We added heparin (50001E/a.e./ml, Heparin LEOQLBharma AS, Ballerup,
Denmark) to the NaCl (8 drops heparin in 50 ml NaChis was performed to prevent the

needle from clogging when being placed in whatedrout to be very angiogenic tumours.
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2.11 Hydroxyproline analysis (collagen content quantiication)

To determine the amount of collagen in the tumowss,used the hydroxyproline analysis

[64]. The tumours were free of fat and freeze-dhetbre the analysis started.

The tumour tissue was finely crushed and weighefbréebeing hydrolysed. This was
performed in sealed glass test tubes together@&hml HCI 37%, premixed in a solution of
0.5 ml double distilled water (dgB), and left overnight at 120°C. The content wéaswsd
to reach room temperature before rinsing and diduivith ddHO to a total volume of 4 ml.

Samples were further diluted with additional d@H The volumes of dd}© we added,
depended on the amount of freeze dried tissue antélt tube (mg), and were calculated
according to the equation:

Equation 4: Dilution of samples for hydroxyproline analysis

(225 / X mg freeze dried tissue / 4mL) x 5

All test tubes now contained a total volume of @l5and a final tissue concentration of

0.25 pg/pL. Five hundred pl of this solution waagald in a soft plastic test tube for later use.
The standard reagents were made by adding a knomoura of hydroxyproline stock
(Appendix)and each standard solution (containing increasnguat of hydroxyproline) was
later pipetted (500 pl) into soft plastic tube2b0 pl Chloramine-T was added to all samples,
both standards and tumour tissue. Twenty min |&80, ul Perchloric acid was added and
mixed uniformly with the solutions. This was leftrf5 min before adding the p-DABA (250
ul). After mixing, the tubes were placed in a watath keeping 60 + 1°C, for 20 min. In

order to stop the reactions, the test tubes wereeglin ice cold water for 5 min.
Sample sizes of 250uL were dispensed in duplicates microplates with 96 wells

(MaxiSorp, NUNC, Denmark). The absorbance of thmgas was read at 557 nm using a

spectrophotometrical microplate reader (Moleculavibes SpectraMAx Plus 384, GMI Inc.,
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USA). The results were displayed through a comp(Rentium Processor with Windows
XP), using software Softmax PRO (Molecular DevidgSA).

A standard curve was made that correlated wittatheunt of hydroxyproline in
125 ug of the sample tissue. Total collagen comagah was correlated to hydroxyproline by
a factor of 6.94 (ug collagen / ug hydroxyproline).

2.12 Microdialysis

To determine the uptake of radioactive labelled S{tH]-5FU) (Nycomed Amersham,
Buckinghamshire, UK) into the tumour tissue, wedusee microdialysis technique [65],

which is further modified in our laboratory [66].

The mouse was anaesthetized with Hypnorm-Dormicsnpraviously described (Chapter
2.3). An intravenous cannula was inserted in tiev&n for administration of the’H]-5FU.

Microdialysis probes were inserted in the jugulainA) and another in the tumour (B) (Fig.
12), so we could sample dialysate from both plasmd the central tumour throughout the

protocol.

Figure 12: The microdialysis probe placed in the jugular V@ihand in the tumour (B). A cannula
was inserted in the tail vein (C) for drug admirasbn.

32



Materials and methods

Prior to insertion, the probes were placed in 70é6lel for 10 min in order to dissolve
protective fat from the probe membrane. Both prolese connected to a pump (CMA-100,
Microdialysis AB, Stockholm, Sweden). In the figstmin the probes were perfused with 30
ul NaCl, thus removing possible bubbles from thebprcatheters. The perfusion was then
reduced to 5 pl/min for 5 min, and then furtherueet to 1 pl/min for the final 5 min. The
[*H]-5FU was injected immediately after the completiaf the equilibration phase and the

saline rate was kept at 1 pl/min.

The sampling of dialysate started immediately atfterinjection of the®H]-5FU through the

intravenous catheter, and samples were collecteyéen min for a total of 70 min (Fig. 13).

Catheterization 15 25 35 45 55 & 75 85

v

|
Insertion of probes FHISFU

ooooonao

Sampling of dialysate eve@yriin

Stabilization period 1 D N O O

Figure 13: Protocol for the microdialysis experiments aftgyeat hyperbaric oxygenation (HBO)
treatment.

One ml of counting cocktail (High Flash-point LScktail, Ultima Gold, Packard,
Groningen, Holland) was added to all samples ireotd be able to count radioactivity.
Radioactivity was measured with a R-counter (Quamiat for the TriCarb liquid
scintillation). The area under the curve (AUC) lmth plasma and tumour was calculated as
the products of counts per 10 min (cpm) for a tateasurement period of 70 min. Transport
of [*H]-5FU was expressed as AUC tumour/AUC plasma.

The group of mice receiving 1 single treatment dCHwas prepared for sampling by

inserting the probes prior to entering the hypadbelnamber. This was done due to the fact
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that the fH]-5FU had to be administered immediately after ptating the HBO treatment
together with the sampling of plasma, while the; p@@s still high in the tumour tissue (Fig.
14).

Catheterzation stahilization +
l O min  10Amin115 125 135 145 155 1BR 17A

+ HBO exposue 0

Insertion of probes [FH}5F U

0o0oooodl

Sampling of dialysate every 10 min

Figure 14: Protocol for the microdialysis experiments afiegke hyperbaric oxygenation (HBO)
treatment.

2.13 Statistics

We used the two-tailed unpaired t-test (normaliztada) or one-way ANOVA (non-

normalized data) for testing the statistical déferes between groups. Differences were
accepted as statistically significant at p<0.0%&n8ard deviations or standard errors of mean
are indicated in Figures and Tables. The softwapgram SPSS for Windows was used for

statistical analysis.
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3 Results

3.1 Establishing mammary-tumours

One of our main goals was to establish two new dstRansfected mammary tumours in
eGFP expressing mice. This required that diffespyroaches to the testing were applied,

before ending up with a protocol that was bothtiwasthy and functional.

A pilot study was initiated by injecting 2xi@ells in two mice for each cell line so as to
evaluate if this number of cells was sufficientdstablish tumours. Both cell lines were
counted and dissolved in PBS before being injeatethe mouse fat pad, as described in
chapter 2.1 and 2.4.

When injecting 2x194T1 cells in the mice had a 100% take rate (nhurobetice obtaining a
tumour), within a latency period of 10 days (TaB)eThe latency period indicate the number
of days passed until the tumour was palpable (mme@su-3mm in diameter). A similar
amount of MCF7 cells in the mice had no take rasble 3).

Table 3: The effect of injecting two different cell lines take rate and latency period.

Cell lines Amount of cells Take rate | Latency
Injected (0,2 ml) period
MCF7 2 million 0/2 -*
4T1 2 million 2/2 10 days

* followed for 8 weeks
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A tumour stock was obtained by freezing 4T1 tumtssue for later use, as described in
chapter 2.4. The tissue (2x2mm) was minced andtets@to the fat-pad of 5 mice. None of
the mice developed tumours as shown in Table 4.tWésefore, decided to proceed with the

cell lines as stock, and not the tumour tissuegsiem order to ensure tumour growth.

Table 4: The effect of tumour tissue injected in mice oretakte and latency period.

Tumour tissue Take rate Latency
(2x2 mm) period
4T1 0/5 -*

*followed férweeks

The number of 4T1 cells was increased from 2°x203x10 cells in the eGFP mice, in an
attempt to reduce the latency period. This wasessfal as we had a 100 % take rate within 5
days after injections (Table 5). Thus, in all coltdwing experiments we injected 3 ¥14T1
cells, and Table 5 illustrates the reliability bétmodel.

Table 5: The effect of 4T1 cells injected in mice on tak&erand latency period.

Cell line Amount of cell§  Take rate Latency period
injected
(0.15ml)
4T1 3 million 52/52 5 days
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Due to the lack of take when inserting 2 million ML cells, the amount of cells was
increased to 5 xf(cells. However, as this did not result in tumorovgh (Table 6) the cell
line was injected in combination with Matrigel. $htombination resulted in tumour take in

[B0% of the mice as illustrated in Table 6.

Table 6: The effect of MCF7 cells injected in mice, with amhout Matrigel, on the take rate and
latency period.

Cell line Matrigel Amount of cells Take rate | Latency
injected (0.25 ml) period
Not given 5 million 0/2 -*

MCF7 0.25 ml 5 million 4/5 10 days

* followed for 8 weeks

However, as the cells grew both in conjunction veitid also underneath the Matrigel “plug”,
it was difficult to distinguish the tumour cellofn the Matrigel by both palpating (not able to
use calliper in a correct way) and visualizatiorormMstudies and time are needed to develop

this model to its full potential.

Due to time limitations we abandoned the MCF7 tumour model at this stage. Therefore,

only the 4T1 model isincluded when elucidating the effect of HBO on mammary tumours.
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3.2 Fluorescent imaging

To verify that the dsRed transfected cells had lbgesl a tumour in the eGFP mice, we used
a fluorescence dissection microscope with UV-filtptics for dsRed and eGFP. As shown in
Fig. 15, a detailed red tumour is seen within tiieainding green host tissue. Thus, we had
successfully established dsRed transfected 4T1 naayntumours subcutaneously (sc) in the
eGFP mice. The overall tumour surface architeoiae visualized, and blood tumours within

the tumour bed appeared darker. We could alsolgleae the vasculature in the skin flap as

well as the transition areas between tumour tissigehost tissue.

Figure 15: An in situ picture of a 4T1 dsRed tumour growindpsutaneously in the NOD/Scid eGFP
expressing mouse after removing the skin flap (sgmification).
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To visualize the tumour content (tumour cells vsthaells) we used a confocal microscope
(Leica TCS SP5, Wetzlar, Germany). Pictures wekkertaf PFA fixated cryostat slides,
covered with prolong gold. We showed that the turs@ontained both pure red tumours

cells as well as infiltrating eGFP expressing luesis (Fig. 16).

Figure 16: Example of a confocal microscopy picture of 4T1 maary tumour cells growing in an
eGFP expressing mouse ( from the control grougleBar indicates 250 pm (A) and 50 pum (B).

Dissociation of the 4T1 mammary tumour into a senggll suspension consisting of tumour
cells (red) and host cells (green) (Fig. 17), wasgymed with a collagenase cocktail prior to
flowcytometry. Flowcytometry enables us to separsdet and quantify the red and green
cells (performed by Linda Stuhr and Jian Wang). fitlew up of this line of investigation is

beyond the scope of this thesis (see further stiidie

Figure 17: The dissociated 4T1 mammary tumour showing thaethee single green host cells
together with single ds Red transfected tumousdgllO magnification).

39



Results

3.3 Effect of hyperoxia on the 4T1 mammary tumours

3.3.1 Tumour growth

A total of 19 controls and 24 repeated HBO treat®@@ mammary tumours were measured

with a calliper as described in chapter 2.7.

On day 1 tumour size averaged 80 ifhe control tumours increased in size with ~800 %
within the first 8 days of tumour development, sirywery aggressive behaviour (Fig. 18).
Due to the rapid tumour growth rate in the congup, we decided to end the protocol at

this point, as further tumour growth would not eieal.

Exposing the mice to.2 bar pure oxygen, 3 times each for 90 min, sigairftly reduced
tumour growth compared to control during the saime period (Fig. 18).

1000 ~ —e— Repeated HBO treatme

—O— Controls

=3

800 A

600 -

400 A

200

Tumor growth (% of initial volume)

Days

Figure 18:4T1 mammary tumour growth (% of initial volume)dantrol (n=19) and repeated
hyperbaric oxygen (HBO) treated tumours (n=24)myan 8 day period. Treatments were given day
1, 4 and 7. Mean + SEM. * p<0.001 compared to abntr
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3.3.2 Tumour blood vessels

Angiogenesis is pivotal for tumour growth, and nh@ya strong contributor to the differences
in size found in the 4T1 mammary tumours betweartrots and the repeated HBO treated.
We therefore wanted to elucidate the average nunobetumour blood vessels (blood

vessels/mr) by using rat anti-mouse CD31 as primary antib@dydescribed in chapter 2.9.

The 4T1 cells had a dense vasculature. Howeverplihad vessel density in the repeated
HBO treated tumours was significantly decreasedpaoed to control (Fig.19).

Thus, repeated HBO treatments (only 3 exposures) ha anti-angiogenic effect on the 4T1

mammary tumours.

100 ~

80

60

40 -

20

Blood vessel density (vessels/nfjn

Control Repeated HBO

Figure 19: The average blood vessel density from 6-9 reptatea cross section pictures from 5
controls and 5 repeated hyperbaric oxygen (HB@téxek4T1 mammary tumours. Mean +SEM.
* p<0.001 compared to control.
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3.3.3 Histology

Two 20 pm paraffin embedded 4T1 mammary tumourigest from both control and

repeated HBO exposed tumours, were stained witmagxylin-eosin (Fig. 20). This was

performed so as to be able to elucidate any mdjanges in the histology, as previously
found in DMBA-induced mammary tumours after HBOgafed treatment.

There were some changes between the control turaodrthe repeated HBO treated tumours
as we found indications of more necrosis in the twatrol slides compared to the HBO
treated. However, to be able to draw a conclusienneed to stain more tumours and
correlate the histological findings with proliferag and apoptotic measurements using

Immunohistochemistry.

Figure 20: Examples of haematoxylin-eosin stained tumoun&ss the peripheral (A and B) and
central (C and D) parts of the 4T1 mammary tumouwantrol (left) and repeated hyperbaric oxygen
(HBO) treated (right). The images are scaled testirae magnification (x4).
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3.3.4 |Interstitial fluid pressure (Pj) in the tumours

P¢ was measured in the centre of the 4T1 mammary tumath the WIN technique, as

described in chapter 2.10.

The R: is usually high in solid tumours. This was alsoetrior the 4T1 control tumours
measuring an average of 7.2 mmHg = 1.3 mmHg. Howdhe average fin the repeated

HBO treated group was 3.7 mmHg + 1.0 mmHg.
Thus, this shows a significant 50% reduction ni® the repeated HBO treated tumours

compared to the control group. A similar reductias found in the single HBO treatment

group, 3.8 mmHg + 0.7.

16

14 4 ® * *
=)
I 124 [ J
S
E
9 10_ .
? 8
[%)]
S o
T 6 ’ [
>
= o
o 4 ! [} |
7
g - ‘ . '
= $
04
[}
T

2 .
Control Repeated HBO  Acute HBO

Figure 21: Interstitial fluid pressure measurements in cdr{tre11), repeated hyperbaric oxygen
(HBO) treated (n=11) and single HBO treated (n=B) snammary tumours. Average values are
indicated as small, horizontal lines. Mean + SERI €0.05 compared to control.
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3.3.5 Hydroxyproline quantification
To quantify the collagen content in the tumours, wged the hydroxyproline method as

described in chapter 2.11.

The results show no statistically significant diffieces in the collagen content between the
two groups after 8 days. Thus, 3 repeated HBO mreat did not change the density of
collagen fibrils in the interstitium.

NS

% collagen of dry weight
N

Control Repeated HBO

Figure 22: The average collagen content after 8 days in cbfrt=) and in repeated hyperbaric
oxygen (HBO) treated 4T1 mammary tumours (n=8). Me&SEM.
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3.3.6 Uptake of [PH]-5FU

The uptake of the radioactive labelled chemothertiperug PH]-5FU into the tumour tissue

was measured with microdialysis, as described aptehr 2.12.

We started with 6 mice in each group, but due fficdities (probably anaesthetics), 2 mice
in the repeated HBO treated group and 1 in theeagnatup died during measurements. Due to
time limits for the thesis work, we did not havedi to compensate for this.

The result showed no increase in the uptakélE5FU into the tumour tissue neither after

long term nor single HBO treatment group compaeecbhtrol.
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Figure 23: Uptake of radioactive labelled 5-fluor uracitf]-5FU) in control (n=6), in repeated
hyperbaric oxygen (HBO) treated (n=4) and in sitgO treated (n=5) 4T1 mammary tumours.
Average values are indicated by small, horizorited.
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4 Discussion

The strengths and potential weaknesses of theamppiethods used in this present study are
discussed first. Then, a general discussion ofdhelts is presented before being summarized

into a conclusion.

4.1 Methodological aspects

4.1.1 Cell lines

We wanted to establish two new mammary tumour nsodeltry to verify the tumour
attenuation found in the DMBA mammary tumours aH&O exposure [47]. The dsRed 4T1
murine breast carcinoma cell-line and the dsRed KRnan adenocarcinoma cell-line were

used to establish tumours in an eGFP-expressingimodeficient mouse model.

The 4T1 cell line is one of very few mammary tumaetl lines that have the ability to
metastasize to sites affected in human breast gamten injected into immunodeficient
mice. This includes metastasis to liver, lungs,eband brain [54], making it a good model
mimicking human breast cancer and metastasis fo8]rther step in this direction is the use
of the MCF7 mammary tumour cell line which has pasly been shown to form tumours in
immunodeficient mice [56]. The combined use of ¢heso models will enable us to better

understand the human disease and, thereby, imptouent treatment options.

4.1.2 Culture conditions

Our choice of media was the complex medium called/R1640, a choice supported in the
literature when nurturing the 4T1 and MCF7 celeBr{54, 56, 67]. It is originally derived for
human leukemic cells, but it supports a wide raofgsmammalian cells making it a suitable

option for our two adenocarcinoma cell lines [68].

All cell culture work was performed in a sterileveonment taking the necessary precautions

to avoid contamination of the cell culture. PotahSources of contamination were avoided
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throughout the project, like other cell lines, leddory conditions and human errors. Thus, we
experienced no such major problems in our cellucalivork. Due to increased cell passages
over time, the cells were regularly screened fagoression of dsRed. A strong fluorescent

dsRed expression was found at all times.

4.1.3 Animals and tumour establishment

Cancer research is highly dependent on reliablen@nmodels, which allow us to study
different aspects of cancer initiation and progmss vivo [13]. In vitro studies will not

allow us to elucidate the complex tumour —hostratBons. When establishing a xeno-
transplantation tumour model in a living organisinh,is desirable that the animal is
immunodeficient so that it will not reject foreignaterial. Immunodeficient mice, such as
nude mice, and NOD/Scid mice, are therefore comynoséd asn vivo cancer models [69].

In this study we used NOD/Scid eGFP-expressing haitdred at University of Bergen. The

strain is well characterized and breeds well [13].

The immunological profile of the eGFP mice was camaple to the non-transgenic parental
line, the NOD/Scid mice. Tumour take and prograssiere also similar between the two

mice lines [13], making it acceptable to includehbsirains in our experiments.

One of the advantages of using eGFP as a markiee guick and simple detection procedure,
since GFP expression was detectable by observatitre tail or fingers under a fluorescent

microscope immediately after birth.

The eGFP mice must be used within 3 months aftén,kas the fluorescent trait of the eGFP
declines after this age, and their immune systemduglly recovers. Therefore, all the mice

used in this study were under 3 months of age.

In order to develop tumours, a certain number ¢t @@e needed. However, the number of
cells required varies substantially in the literajboth between different cell lines as well as
within a certain cell line [54, 56]. We thereforbBose to do a series of pilot studies before

planning and conducting the present study. In amich, injection of 5x1OMCF7 cells in
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combination with matrigel and 3x1@T1 cells were adequate for initiating tumour gifovin
addition to being reproducible.

Oestrogens (oestradiol and oestrone) appear to haevmicial role in the initiation and
progression of breast cancer [1]. Oestrogen supgpl&snare, therefore, often given to the
experimental animals in order to establish tumawwgh and progression [1, 56]. In the
present study, 1B estradiol was therefore administered to the mpc®yr to injecting both

cell lines [59].

It has been claimed that matrigel is necessarystone cell lines to develop into a solid
tumour. Matrigel has shown to be effective for titégachment and differentiation of the
human tumour cells (MCF7) when injected in the neotissue [56, 67, 70]. Thus, when
tumours did not develop after injecting 5%10ACF7 cells, we injected matrigel in
combination with the cells. Although tumours dey&ld when using matrigel, the MCF7cells
grew both in conjunction with and also underneathrmatrigel “plug”. This made it difficult
to distinguish the tumour cells from the matriggldmth palpation (not able to use calliper in
a correct way) and visualization. A previous stuths shown that the histology of the
tumours induced by injection of cells in the preseof either matrigel or culture medium was
similar [56]. Despite this knowledge, we need t&etanto consideration the presence of
matrigel when dissociating the tumour to perforowitytometry, as the matrigel might affect
our results. Reducing the amount of matrigel toiaimmum would probably be the best way
to achieve a successful model. By doing so, it W easier to palpate, thus measuring
growth with a calliper. The possibility of genergjiartefacts (matrigel) in flowcytometry
would also be minimized. Thus, we need to do furthgeriments to develop this model to
its full potential. Due to time limitations for thmaster thesis we, therefore, abandoned the
MCF7 tumour model at this stage. The model willfokowed up in Further Studies, (see

chapter 4.4) as a human cell line makes the expatsrmore clinically relevant.

4.1.4 Anaesthesia

Two different types of anaesthesia were used, usmle combined with D (gas
anaesthesia) and Hypnorm-Dormicum (conventionalesthasia). Gas anaesthesia is the

preferred option and is therefore commonly used rgmeeterinarians. Furthermore, gas
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anaesthesia was chosen because most experimeasttatgds and procedures were short, and
was utilized when performing injection of cellssantion of (3-estradiol pellets as well as
when measuring tumour size angd We assume that the Isoflurane does not affectethats

in this study, since it is not distributed systeafiic

Hypnorm-Dormicum was used during the microdialysiecedure as this was a procedure
that extended over a longer time period, and intaadrequired full immobilization of the
animal. Physical movement and transportation ofahienal under gas anaesthesia was not
recommended, as the mouth nozzle can easily barloest, thus risking recovery of the
animal during the procedure. Since the animals tbalde moved during the microdialysis
procedure Hypnorm-Dormicum was chosen. The subeotan injection of Hypnorm-
Dormicum could, in theory, cause local inflammatiainthe injection point, due to a high
concentration of alcohol and alkaline pH. Howevkis is not likely since the injection point

was kept in distance of the sampling points.

The mice loose their ability to maintain their badynperature when undergoing anaesthesia.
Thus, an artificial heating source was utilizedigrsurgical and experimental procedures,
keeping the rectal body temperature of the mousp@ioximately 37°C at all times.

We do not believe that the anaesthesia used irstady affected our results. And if so, all

groups received the same amount of anaesthesiaa@uld therefore be equally affected.

4.1.5 HBO treatment

A pure oxygen atmosphere in the hyperbaric charoaercause fire if adequate precautions

are not taken. The chamber was therefore kept-ldted oil-free.

A previous study showed that, 2 bar purg dave a clear attenuation in DMBA induced-
tumour growth [47]. Further studies showed that tleeluction in tumour size was
significantly higher at 2 bar than after 1 and ia® hyperoxia treatments [46]. Thus, a 2.5 bar

ambient pressure was chosen in this study to paterd possible effect.
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Toxic effects of oxygen have been observed in #rgral nervous system and in the lungs at
high doses (>2.5 bar) or over prolonged exposutasy(exposures for several weeks). The
central nervous system and pulmonary toxicity idelth seizures, visual changes, sweating,
muscle twitching, coughing, pulmonary fibrosis aslortness of breath [34]. However,
moderate pressure up to 2.5 bar purew@s both safe and clinically relevant (used in
different treatment regimes UHMS, as shown in tippéndix A) [71, 72]. Thus, the ambient
pressure, oxygen concentration and number of expssthosen in this thesis made the risk
of toxicity remote. We did not observe any symptomigoxicity during our experiments,

indicating that the treatment protocol was safe.

We initially set up an experimental protocol of fpaach of 90 min HBO exposures, over a
period of 11 days, as this protocol had previosslgwn to give maximum effect on DMBA
induced tumour growth [47]. However, as the 4T1 mmeary tumours grew substantially, the
control mice had to be sacrificed on day 8 and ackto modify the initial protocol to include

only three, exposures of 90 min, over a 7 day perio

4.1.6 Tumour growth

The tumour growth was measured externally withlgpea. This was performed to follow the
effect of the HBO treatments and to elucidate ifiad an effect on the 4T1 tumour growth
over time, as shown previously in the DMBA induckdnours in rats [47]. Tumour
development is commonly measured externally witdalaper [54, 67]. However, some have
claimed that this method might be subjective andl bareproduce [73]. To justify the use of
this method, the same investigator performed dlipea measurements in the present study.
All post-treatment measurements were performed With mice in non-numerical order.
Furthermore, any subjective inaccuracy in the measants would most likely apply for both

groups, giving a correct ratio and acceptable tesul

An alternative growth measurement procedure is éighv the tumours at the end of the
experiment. This would not clarify the differenaegrowth rate, as the tumour can only be
dissected out when terminating the experiment. Heweas we had difficulties dissecting out
the whole tumour, due to its aggressive behaviowdt mvasive character, this was not

considered to be a satisfactory option.
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We calculated the tumour size assuming a cylintfaan. The shape of the tumours is not,
however, the shape of a perfect cylinder, and thld affect the results. Also, the
measurements were performed externally making fiossible to determine the definite
shape of the tumour, as some of them would prognedsnvade internal tissue. However, we
chose two dimensions on every tumour and the velatimour growth would therefore be

comparable between the two groups.

4.1.7 Immunohistochemistry

CD 31 has long been considered a good and reliad@eker for blood vessels, and is

extensively used in the literature [60]. It is deal marker for microscopic imaging studies as
it has several desirable features: It is expressiyg on the cell type of interest, it is absent
from other cells, and it has a good signal-to-naiggo with surrounding tissue [74].

However, only recently has it been realized thahgiatic endothelial cells share many
markers in common with vascular endothelial céllB. 31 is an endothelial marker, present
in both blood vessels and lymphatics, althoughlaher level of expression on the lymphatic
endothelial cells [74]. Thus, since tumours contany few lymphatics, compared to other

tissues [22], CD31 is considered the best choioenvdtaining for blood vessels in tumours.

Background staining is one of the most common pmisl in immunohistochemistry, and it
can seriously affect the interpretation of the inmmlogic reaction. A common cause of
background is the hydrophobic interactions of preteWhen blocking is not performed, the
primary antibody can bind unrelated antigens in tiesue section, producing background
staining. Adding a blocking protein prior to inctipg with the primary antibody normally

prevents background staining. It is normally perfed with the same species to the
secondary antibody, but it can also be done byngddovine serum albumin, fish gelatine,
foetal calf serum, non-fat dry milk and casein [6lh] the present experiments we blocked
background staining by adding rabbit serum.

The antigen-antibody reaction cannot be visualingthout labelling. Labels need to be

attached to the final antibody (primary or secogygroviding a detection system that allows
imaging of the immune-reaction. The detection systare classified as direct or indirect
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methods. The direct method is the simplest oneséosince it only involves one-step; namely
detection of primary antibody. The indirect methodolves two-steps, adding both primary

and secondary antibodies, and allows for a morsits&m and specific reaction than the direct
method. The sensitivity of this method is highaarthhe direct method because the primary
antibody is not labelled, resulting in a retainetivaty and strong signal. Thus, we chose the

indirect method when staining for CD31.

Further, we used the common avidin-biotin compl&BC) method. One of the main
disadvantages of using the avidin-biotin systemthe possibility of producing high
background. Avidin can produce background by bigdm lectins in the tissue through its
carbohydrate groups and also through electrogbatiting [61]. We used DAB to colour the
antigen-antibody reaction. It is the most commamdgd chromogen, giving a brown colour,
and it is insoluble in organic solvents. The chaf&ounterstain will mainly depend on the
colour of the immune reaction. The counterstaindeet® produce enough colour so as to
avoid confusion with the DAB precipitate. We themef used the Richardson stain as it stains

the tissue lightly, without interfering with thegmipitate of the DAB.

It is important to verify the result of the staigiby always including a negative control slide.
To the negative control slide only secondary amtybes added. The control slide should,
therefore, come out unstained since the seconddilyoay is only supposed to bind to the

lacking primary antibody.

After staining with CD 31, the tumour sections wevesualized and prepared for
quantification. All stained vessels were encirdigchand, and this could be a potential source
of subjective error in our experiments. All vessdlsat were counted, exhibited certain
predetermined traits (e.g. a clear lumen). Thus, bgbeve that by being consistent in
counting all vessels in the same matter, the ridkuman error could be minimized. Further,
the quantification was performed blindly, by intemoging between the control and HBO

treated group, reducing the risk of being subjectiv
The sections used for fluorescent imaging weredfixePFA prior to freezing. Since GFP is

very soluble in water, special considerations waken when handling frozen sections. Even

after fixation with acetone, the rinsing with wateade the GFP dissolve very rapidly and
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diffuse. For this reason the tumours were fixechWAEA before being frozen, maintaining the
fluorescent properties of the eGFP machine [58].

4.1.8 The wick-in-needle technique

P: was measured by the WIN technique. The pressusemeasured in a saline line brought
into contact with the interstitium through a neewégh a nylon wick inside. The WIN
technique was developed by Fadnes and coworketsif6an attempt to combine desirable
features from two older pressure-measurement tquksj the needle method and the wick
method. The goal for developing this technique wasncrease the contact area with the
interstitium, while maintaining the simple introdion into the tumour made possible by the
needle method [63].

There were several criteria that had to be fullilie order to accept the measurements. The
pressure in the system rose after insertion ohtedle into the tumour, until it equilibrated
with the tumour pressure. It was, therefore, imgrarthat the fluid in the interstitium and the
saline in the measuring device had sufficient ttmequilibrate. The time required for thg P
pressure recordings to stabilize with needle-basedsurements is approximately 1 min, but
can be as short as 10 s or as long as 5 min [4puinprocedures equilibration time was

between 1-5 min.

P can be measured in tumours as small as 7-8 mriameder, which applies to the size of
the 4T1 tumours on day 8. However, when the tumisusmall you have to take extra
precautions. You have to ensure that the needlettk is placed near the centre of the
tumour where thePis relatively uniform and not near the periphenyene there is a region
of a low R gradient [4]. As we had difficulties ensuring tlilaé side-hole was placed in the
middle of the tumour, we decided to make needlésowi the side-hole. This ensured that we
measured Pin the centre of the tumour. This alteration did maluce any problems for;;P
measurements, as it only reduced the surface darees.

Inserting a needle into a tumour may damage blasdels. This was easily recognized by a

continuous rise in the interstitial pressure, amchsresults were discarded. The 4T1 tumours
proved to be very angiogenic and we had to distarwburs due to clogging (continuous rise
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in measurements). We therefore decided to further the protocol by adding Heparin to the
NaCl in the system (8drops/50ml), in order to mamtfluid communication between the
interstitial fluid and the saline in the WIN-systeirhe alternative was to remove the needle
from the tumour and flush it, and subsequentlyaeplit in the tumour. However, multiple
measurements over minutes or hours in the sameutumay falsely lower the fPreadings,
because of vascular and interstitial damage asagdfluid leakage from the needle puncture
site [4]. Thus, instead of flushing the needle wideal the heparin to prevent clotting at the

needle point.

The fluid communication in the WIN has to be aswedd with clamping and the

measurement has to return to pre-clamp values (tinHg). All accepted measurements
exhibited satisfactory fluid communication betwedéme needle and the surrounding
interstitium by being stable and returning to playg values. Therefore, we assume that the

measured pressures represent tipedRies.

Micropuncture is another well established technitpremeasuring Pand much used in our
laboratory. The reason for not using micropunctarthis study is as follows: Although this
technique is less traumatic and has a smaller pradevolume than the WIN, it only allows
pressure-measurements up to a few millimetrestirgdissue. The micropipette has therefore
commonly been used to measuseif® skin. To be able to use this technique in turaome
would have had to remove the skin flap and expbeetumour. Exposure of the tumour in
this way could induce inflammation, and would midstly affect the pressure measurements.
Furthermore, when accessing the tumour directlg, riicropipette would only reach the
peripheral part of the tumour, whereas we are ésted in measuring;Rat its highest in the
central part. Additionally, micropuncture measuratseequire a total immobilization of the

tissue, which is not possible due to the mousenaspy movements.

4.1.9 Collagen content-Hydroxyproline analysis

Total collagen content was analyzed according éontethod described by Woessner [64].
Hydroxyproline is widely used as to determine ayda content. The analysis is associated
with several pitfalls as it is a procedure highlgpdndent on precision and accuracy with

regards to volumes, reaction times and temperataraking it vulnerable to human errors.
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The hydroxyproline assay includes two differenttpeols depending on the amount of
hydroxyproline expected to be found in the respectissue (Method 1: for samples
containing >2% hydroxyproline; Method 2: for sangppt®ntaining <2% hydroxyproline). We

used method 2 for the tumour tissue, as this hadqusly been performed on tumours in our

lab, and shown to be satisfactory.

In our experiments, only 1/3 of the tumour wasasatle to perform this analysis, in order to
maxify the use of the tumour tissue and therebycied) the number of mice usedowever,

it would be of interest to measure the collagent@ainin relation to the weight of the whole
tumour, as the collagen content is not homogenbrmughout the tumour. This might be

examined in a future study.

4.1.10Microdialysis

The microdialysis technique was applied to deteentive uptake of H]5FU into the tumour
tissue. Microdialysis is the only technique thatowk continuous sampling of small
molecules over an extended period of time. Thividex us with the opportunity to study the
whole time course for the event of capillary-testie exchange. Microdialysis has the
advantage of being relatively a traumatic, an ingodrtrait, since inflammation in the tissue
could increase the extravasations of molecules fitmrblood vessels, and thereby affect the
result [66].

The principle for microdialysis is based on thetfdtat molecules diffuse across a semi-
permeable membrane as a consequence of a conimengeddient. In our mouse model this
phenomena will appear between the serum (jugulex) we extracellular fluid (tumour) and
the saline in the microdialysis probe. THelJBFU will diffuse towards the fluid with the

lowest concentratione. into the microdialysis probe, as described by F&kaw.

The pore size of the microdialysis probe can infiieethe result, as the pores determine the
size of the molecules that can equilibrate betwibersaline and the interstitial fluid. A cut off
of 100.000 Daltons, allows théH]5FU (~70 000 Daltons) to equilibrate and freelffudie
across the probe membrane, making it possiblertpleathrough the probes [66]. We have
modified the protocol slightly by shortening theugipration phase from 45 to 15 min in
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order to successfully complete measurements withisking the probability of the mouse
dying due to the combination of surgery and a langesthetic period. The fact that the
sampling site for microdialysis lies so close te tapillary wall, markedly reduces the time

required to obtain a steady state, and allows #®e af this technique also with shorter

equilibration time.

The perfusion rate will also influence the resal, higher perfusion rates will tend to dilute
the samples. The probes were perfused with 1ulfoima period of 70 min which gives the
fluids sufficient time to equilibrate, in additi@a obtaining more concentrated samples [66].

All the 3-countings were performed in the same t&uto minimize any possible error in

counting.
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4.2 Results

4.2.1 Tumour growth and angiogenesis

Hypoxia is a common feature in tumours, and it enegally accepted that it promotes
aggressive tumour behaviour, invasiveness and ta@tapotential [35, 48, 75] in addition to
angiogenesis. With this in mind, we wanted to itigege the effect of hyperoxic treatments

(“the flip of the coin”) on tumour growth and angenesis in the 4T1 mammary tumours.

The present study showed a significant reductiortumour growth after three, 2.5 bar,
repeated HBO treatments over a period of 8 daympaoed to control. This is in agreement
with the reduction found in DMBA-induced mammaryniours after both 1 bar and 1.5 bar
HBO treatments [46]. However, in the DMBA-inducedmmary tumours undergoing 2 bar
HBO treatments [47, 48] the tumour size on day assmaller than at day 1. This indicates
that the DMBA induced mammary tumours respond foehgxia in a dose-dependent matter.
For this reason we chose to treat the 4T1 mammanodrs with 2.5 bar, expecting a
potentiated effect. However, the 4T1 mammary turmalinl not respond to the same extent as
the DMBA tumours.

The difference in tumour growth response to the HB@atment was, however, not
unexpected since cancer is a group of diseaseslavge variation, and the effect of the
treatment depends on several factors, includingotumtype and -stage. Thus, this might
explain the discrepancy in the magnitude of respdmetween the two different mammary

tumour models.

Another explanation might be that there is a défee in oxygen response between the
different tumour types. Previours vitro studies show that some cell lines are oxygentesgis
[51]. This is reflected in the literature whereipats with head and neck cancers tend to be
most responsive to HBO therapy, and patients wetivical cancer least responsive [42]. As
we wanted to elucidate if HBO treatments had anbiting effect on mammary tumour
growth in general, we can conclude that HBO inkilotammary tumour growth, although to

a varying degree, in the two models studied urawnit will also be of interest to complete
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the MCF7 human mammary tumour model, to see whdtiese tumours are affected by
HBO treatment. This would bring us closer to detaemf HBO has a general and similar

effect on mammary tumours.

As mentioned earlier, angiogenesis is essentialuimour growth and has been shown to be
hypoxia-induced. We found a significant reductiodnamgiogenesis in the repeated HBO
treated 4T1 mammary tumours compared to controgrwgtaining for CD31. Two studies on
DMBA induced mammary tumours correspond to theselifigs by showing a marked
reduction in density of tumour blood vessels af&0O treatments [46, 48Moenet al.[48]
confirm these findings with gene expression analyshowing a down-regulation of pro-
angiogenic genes. Further, a similar anti-angiogeffect was found in transplanted gliomas
in rats after 2 bar repeated HBO treatment [49]is Tdnti-angiogenic effect most likely
explains, at least to some extent, the growth itibib of the HBO treated tumours in the
present study.

The reason for the anti-angiogenic effect of hygeromight be, at least in part, the
transcription factor hypoxia-inducible factor-1 fH1). HIF-1 mediates tumour survival and
growth in the hypoxic environment, and consists-0&ndp-subunits. HIF-1 is activated by
decreased oxygen tension and responds by indugprgssion of a set of genes involved in
angiogenesis [76, 77]. Vascular endothelial grofatttor (VEGF) is activated by HIFzln
response to hypoxia, and regulates endothelialpeellferation and blood vessel formation.
Since HIF-1 and VEGF are known to be oxygen depenf85], it is reasonable to assume
that the elevated pOnduced by HBO treatment will reduce HIF and VE@&wvdls. Gene
expression analysis, performed by Mao&nal. on 2 bar hyperoxic treated DMBA induced
mammary tumours, confirms this hypothesis by shgwansignificant down-regulation of
VEGEF [48]. To confirm this in our 4T1 mammary tunmsugene expression profiling will be
performed (see Further Studies).

Lately, a normalization hypothesis has been pwvdod stating that anti-angiogenesis therapy
may transiently normalize tumour vasculature [19)]. Several authors have shown that the
normalized vasculature after anti-angiogenic therapd less leaky tortuous vessels, with
more normal basement membranes and better pemoyterage, and that these structural
changes were accompanied by normalization of thetw microenvironment [78, 79]. Lext

al. [80] supports this by stating that it is the aiyabf the vascular organization and not just
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the quantity of the vessels that determines thseldanction. Since HBO treatment initiate
anti-angiogenesis in the present study, one migecwdate that the blood vessels have
become normalized and thus are functionally chanyéel therefore, believe that the 4T1
mammary tumours respond to hyperoxic treatmentsdiycing a decreased amount of blood

vessels as well as normalizing the remaining vessel

Other factors than angiogenesis are also likelypaoinvolved in 4T1 mammary tumour
growth inhibition. Apoptosis is one of these. A réfgcant increase in cell death was
previously found after repeated hyperoxic treatmanDMBA induced mammary tumours
[48]. They show that several factors in the apoptotachinery were influenced by HBO.
Among these were an increased number of TUNEL ipesitmour cells in the HBO treated
group. This corresponds with previous findings iIMBA induced mammary tumours after 1
and 1.5 bar hyperoxic treatment [46], as well agansplanted gliomas in nude rats after both
1 and 2 bar treatment [49].

Another important factor likely to contribute tomour growth inhibition is reduced tumour
cell proliferation. Decreasing tumour cell prold¢ion is a direct inhibition of dividing cells,
hence preventing tumour growth. Recent studies WABO treatment have shown to
significantly decrease tumour cell proliferation time DMBA-induced mammary tumours
(personal communication with Mo al). Granowitzet al [43] support this by showing that
HBO treatments inhibit both benign and malignantman  mammary epithelial cell

proliferationin vitro.

We therefore want to utilize the 4T1 mammary tumiissue that we already have collected,
to study both proliferation and apoptosis by udimg marker Ki67 and TUNEL staining (see

further studies). This enables us to further exptbe mechanisms behind the tumour growth
inhibition induced by HBO treatments in the 4T1 nmaany tumours.
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4.2.2 Uptake of chemotherapy and the microenvironment

4.2.2.1 Uptake of [*H]-5FU

One of the major challenges in cancer therapy & risistance to chemotherapy. As
mentioned previously, delivery of systemically adisiered chemotherapeutic agents to the
tumour tissue depends on the fact that the drug reash the target cells, and in addition be
effective in the tumour microenvironment. There doair main factors to take into

consideration when exploring the obstacles of clibarapeutic effect:

Hypoxia
Interstitial hypertensionf(Px)
Dense ECM 1 collagen fibrils)

A\

Angiogenesis

Hypoxia

Chemotherapy target rapidly proliferating cells.pdyic tumour cells are non-proliferating,
and therefore less susceptible to chemotherapwideie studies have shown that HBO
treatments potentiate the effect of chemotherapeggents like doxorubicin, alkylating agents
and 5-FU [34, 81, 82]. Stulet al [47] showed a significant growth reduction in DB
induced mammary tumours when administering 5-FU ediately before hyperoxic
treatments. Furthermore, personal communicatioh Wibenet al. shows an increase in the
uptake of fH]-5FU in DMBA induced mammary tumours, when adrsiaied immediately
after a single treatment of 2 bar hyperoxia of 98, mompared to control and repeated HBO
treatments. This indicates that the drug uptalstimsulated by pQ thus HBO was expected
to potentiate chemotherapy, also in the preseulystaurprisingly, we did not find increased
uptake of fH]-5FU in neither the single nor repeated HBO &dadT1 mammary tumours

when compared to control. The reason for this tsypbelucidated.
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Interstitial hypertension

Since R was decreased in both repeated as well as singl® H8ated 4T1 mammary
tumours, there is reason to believe that the résludéh B is caused both by an increase in
pO, (single treatments) as well as by long term vascahanges in the tumour (repeated
treatments). Solid tumours commonly exhibit intiéedt hypertension. Several investigators
have shown increased uptake of chemotherapeutitsagéier a decrease in tumow|[®, 5,
28, 83]. Due to the decrease ip, Rn increase in the uptake GH[-5FU would also be

expected in the present study. Surprisingly, thas wot the case in the present study.

As mentioned earlier, small molecules are primadistributed through diffusion and are
much less affected by an enhanced HRowever, macromolecules, such as monoclonal
antibodies and large molecule chemotherapeutic taga@ccumulate through convectional
trans-capillary transport, which is counteractedtty increased #{12]. 5-FU being one of
the smaller chemotherapeutic agents, might moveliffiysion, and therefore remain less
affected by the decrease in. However, previous studies have shown an enhamgedke of
[*H]-5FU in combination with HBO treatment, indicagithat fH]-5FU moves by convection
[47, 81] Still, we plan to perform microdialysistWia large molecule chemotherapeutic agent
in the future to elucidate any differences compai@dhe uptake of*H]-5FU (Further
Studies).

The normalization of the tumour vasculature migiwenan effect on tumoursPby reducing
the leakiness of the vessélsis has been shown in both preclinical and clinidals. This
implicates that normalization of the tumour vastwi@ is probably, at least partly,
responsible for the reduction in tumouf duced by repeated HBO exposure. However,
anti-angiogenic therapy can decrease the overalrilgition of large molecules in the
interstitium [84, 85], and decrease blood perfudi®®]. Since hyperoxic treatment has an
anti-angiogenic effect on the 4T1 mammary tumotinss will together with a possible
reduced permeability, impede trans-endothelial spart of PH]-5FU even though Pis
lowered. This could explain why the uptake SHJF5FU was not increased in the 4T1

mammary tumours.
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Dense ECM

After a drug molecule has been filtered out of bl@od vessels and into the interstitium, the
drug transport and penetration are dependent orcdhgosition and conductivity of the
interstitium [87]. Nettiet al. [32] showed that tumours with a more extended gelta
network was more penetration-resistant. Furthermarstudy degrading collagen enhanced
the interstitial diffusion rate and intra-tumoudglivery of drugs [88]. Our 4T1 mammary
tumours showed no statistical significant differenon the amount of collagen content
between the groups, possibly explaining why theas wo difference in the uptake JH]J-
5FU. Thus, the finding of the present study coroesis with the findings of previous studies
[32, 88], that a rich collagen network counteralrtgy uptake.

However, previous studies on DMBA induced mammamdurs show that repeated HBO
exposures decrease the collagen content in theunsnjd8]. These findings are paradoxical
since HBO treatment of normal tissue induces tihe#&bion of collagendg.g.wound healing)
[34]. Although the HBO treated 4T1 mammary tumoulis not show a statistically
significant decrease in collagen content, they stbw tendency toward a reduction in the
HBO treated group compared to controls. As mentoearlier, we had to modify our
treatment protocol to include 3 instead of 4 hyga&réreatments. Thus, one might speculate if
there were too few treatments in the study, ancdeao little time to induce a change in
collagen content. Further studies involving a totiaht least 4 treatments in the HBO treated
group will be performed to conclude whether a samitesponse is obtained in the 4T1
mammary tumours (see Further Studies). Therefoceeasing the number of treatments is an
attempt to clarify if HBO, over an extended timeipé, could reduce the collagen content in

the 4T1 mammary tumours, and thereby increasefitake of fH]-5FU.

Furthermore, Eikenest al. show that a reduction in collagen content is aased¢ with a
reduced tumour P[88] and thus, supports the view that changeseénstructural network of
the tumour interstitium affects the tumow[P2, 89]. Our findings in the 4T1 tumours do not
support this, as the differences of collagen cdnterthe two groups were not statistically

significant despite significant differences in P
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Angiogenesis

Tumour anti-angiogenic therapy was a promising peoswhen first introduced by Folkman
et al.[90] in the early 70es. Their view was that tumsurvival depended upon a functional
vascular system and by inhibiting the tumour vesttuwe, the tumour cells would die.
However, a major concern regarding anti-angiogémecapy was its contraindications when
combined with the more traditional treatment forohg€hemotherapy and radiotherapy. Since
chemotherapy is distributed systemically it needarectional vascular system to be able to
reach the targeted tumour cells. Radiotherapypagh not distributed systemically, also need
a vascularised and oxygenated tumour to be suete3sius, clinical trials combining anti-
angiogenic therapy together with chemotherapegents and radiotherapy were conducted.
Surprisingly, the trials showed improved anti-tumoutcomes when using anti-angiogenic
therapy in combination with chemotherapy and rdwticdapy [78, 91]. The suggestion is that
the tumour microenvironment becomes normalizedyimgathe tumour cells to be more
effectively inhibited by chemotherapeutics or reledemore sensitive to radiotherapy [10].
The findings of our study do not support this vieldespite a significant decrease in
angiogenesis and thus assuming normalized bloogelgswe did not measure increased
uptake of fH]-5FU in the HBO treated group. Thus, it is proleathat the normalization of
the vasculature, resulting in less leaky vesselanieracts the delivery ofH]-5FU to the

4T1 mammary tumours.

63



Discussion

4.3 Conclusion

We had 3 main aims in this study, and these haga hddressed:

1. Establish two new mammary tumour models by using eBEP expressing
immunodeficient mice and dsRed transfected tumourells

* We established a reliable and reproducible 4T1 mamriumour model successfully.
This model is invaluable in our long term scopstoidying tumour host interactions.

« We also established a MCF7 mammary tumour modelths model needs to be
further refined to reach its full potential. Duettme limitations the MCF7 model was

abandoned at this stage.

2. Elucidate the possible effect of hyperbaric oxygetreatment on tumour growth
and angiogenesis.

* Repeated HBO treatments significantly inhibitedvgitoand angiogenesis in the 4T1
mammary tumours. The HBO induced anti-angiogenessis to some extent, explain

the tumour growth inhibition, since angiogenesigiv®tal for tumour growth.

3. Analyse the effect of HBO on the tumour interstitiun (P; and collagen content)
as well as the effect of drug uptake (chemotherapéa effect).

* The R in the 4T1 mammary tumours was significantly restuafter both single and
repeated HBO treatment, compared to control. Thus,reduced Pis probably a
response to both an increase in,3 well as long term vascular changes in the
tumour tissue.

» Surprisingly, repeated HBO treatment did not rediheecollagen content in the 4T1
mammary tumour model. However, it is possible ttheg relative short treatment
period (8 days) was not sufficient to induce suchange.

+ Despite the decrease in tumoyrwe found no increase in the uptake ¥]f5FU in
neither the repeated nor the single HBO treatedmgwhen compared to control. This
was unexpected and contradictory to findings in IMBA induced tumours where

the PH]-5FU increased after a single HBO treatment.
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4.4 Further Studies

The present study is the initial part of a largardg, focusing on the tumour micro-
environment. The eGFP mice with the dsRed transfiectammary tumours present us with a
model that allows us to completely separate the pumour cells (red) from the stromal cells
(green). This provides us with the opportunity talgse differences in each of the cellular
compartments, before and after treatment, on bethe gand protein level. The normal
surrounding cells are of special interest, as wee that they contribute to the aggressive
behaviour of tumours. Our ultimate goal id®able to elucidate and target leading molecular
pathways Further, we can study tumour-host cell interactibothin situ andex vivoon a

detailed cellular level.

The fluorescent model further provides us withdpgortunity to detect circulating metastatic
cells [13], as it has been reported that 4T1 tunmoetastasizes to liver and lungs as early as 8
days post tumour transplant [54]. This is a trattwould be of interest for us to study in a
future HBO experiment, questioning if HBO can hindeetastasis.

The present study showed that our MCF7 mammary tummdel needs to be refined. One
approach is to reduce the Matrigel volume needed tanimum, thus making the tumours
easier to palpate and measure. The risk of conttmm during flowcytometry is also

probably reduced when using smaller amounts of ilyilirand might even be abolished if the

volume is so small that the Matrigel have time igrdegrate within the experimental period.
In the future, we would like to increase the numbéitreatments over an extended time
period, and elucidate how this affects the tumoumsaddition we want to study post-

treatment effects.

We will also combine HBO therapy with other cheneavdpeutic agent than the 5-FU, to
analyze any differences in the uptake and effewtdsen the drugs.

Last but not least we will further, elucidate thliuence of apoptosis (TUNEL staining) and
proliferation (with Ki67) on tumour growth.
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Appendix

6 Appendix

Appendix A

UHMS approved indications for Hyperbaric Oxygen &g/

» Air or gas embolism

« Carbon monoxide poisoning, cyanide poisoning, smiokalation
e Clostridial myostitis and myonecrosis (gas gangrene

* Crush injuries, compartment syndromes and acutienagic peripheral ischemias
» Decompression sickness

* Enhancement of healing in selected problem wounds

* Exceptional blood loss anaemia

* Intracranial abscess

* Necrotizing soft tissue infections

* Refractory osteomyelitis

e Skin flaps and grafts (compromised)

* Delayed radiation injury (soft tissue and bony nei3)

« Thermal burns



Appendix

Appendix B

Cell freezing protocol:

1) Grow cells in a 600ml (big) culture-flask to ~70% onfluence.
2) Withdraw and discard the medium.

3) Expose the cells briefly to Trypsin. Use ~3mlI°€ Trypsin/ 25 cnf, make sure to
cover the cells completely! Leave for a few secondsad then withdraw the Trypsin.
Make sure the monolayer has not yet detached!

4) Trypsinize the cells for 5 -10 min, until the cellgletach and round up. Loosen the
cells from the bottom by gently knocking the bottleagainst the table or the palm of
your hand. NOTE: Be carefulnot to leave the cells in Trypsin longer than necessary
and do not force the cells to detach before they are ready o so. Carefully watch
the ongoing process by using a compound microscope.

5) Add 5ml. medium to inhibit the trypsin activity. Disperse cells by pipetting over the
bottom surface, and then pipette the suspension giéynup and down sufficiently to
disperse the cells into a uniform single cell suspsion.

6) Spin down the suspension in a table top centrifug®00 RPM, 5 min. Discard the
supernatant.

7) Resuspend the pellet in 2ml. Freezing-medium, coritang:
1700ul Medium
100ul FCS
50ul DMSO

8) Dispense cell suspension intivo 2ml prelabeled plastic ampules and seal carefully.
NOTE: The ampules should carry a label with the celstrain designation, passage
number, the date of freezing and the user’s initia.

9) Place the ampules on a proper rack and chill at -2@ o/n.

10)Transfer the cells to a -70C freezer o/n.

11)Finally transfer the cells to permanent storage ira liquid nitrogen freezer.

12)When ampules are safely located in the (I) Nank, make sure that the appropriate
entries are made in the Freezer-Index. Records shimlicontain the exact position on

the different boxes in the tank, as well as the céents in each box; cell line and
passage number, and the date of freezing.

Last, but not least; Make sure there is enough Nitsgen in the tank at all times!!



Appendix

Appendix C

The cells were trypsinized and added more median tellsuspension.
Pipette up in centrifuge-tubes.

Centrifuger at 900 rpm for 4 min.

Make solution 1 and 2.

Solution 1:

9 ml DMEM Alt (with 10% calf serum)
+1 ml calf serum.
=10 ml DMEM Alt med 20% FCS

Solution 2:
DMSO (Dimethylsulfoksyd, 200 mg/ml (20%), 10 miqiin Haukeland Hospital pharmacy).
Draw 10 ml DMSO up into the centrifuge-tube withugimn 1.

This corresponds to a 10% DMSO with 10% calf semum@MEM Alt-medium. This is the
freeze medium.

After thawing the medium from the centrifuged celtsl 1-2 ml freeze medium to each cryo-
tube.

Place the samples in an Isopropanol container kgepom temperature.
Place the container in an -80 freezer for 16-24 hours.
Transfer the samples than to liquid nitrogen.



