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ABSTRACT ) o - C

L2

The inhibiting effect of the activation. of

hematoporphyrin derivative (HpD), by an Argon>ion dye
» . . .

laserh(wavelength 630 nanometeré), was investigated in

<

three differenﬁ labdratory rats bearing three different‘

typés of tumor. 1In ali.cases laser phototherapy with

HpD significantly interrupted the growth of . all

neoplasms and prolonged the survival all rats bearing
. k’ . -

these tumors.

To -further understand the behaviour of malignant‘

neoplasms to this type of phototherapy the 9L-glioma in
tissue culture was exposed_ uto HpD in various
concentration§ and different intensities, wavelength
and dose of 1light. The results confirm the thé
wavelenéth dependent nature of HpD phototherap&-and the
importance of -incident light intensity when consideéing
dosimetry.

The findings of this study showed that 650
nanometers 1is the optimal wavelength for‘fiber optiéal

deiivery of light to the site of deep seated tumors
b

where optical attenuation is significantly greater for-

shorter wavelenghts.

rd
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CHAPTER 1

INTRODUCTION

1.1 HISTORY OF HEMATOPORPHYRIN

nThe photosensitizing activity of porphyrins is now
well kndwn énd has been the subject of many studies.

In 1898, Oscar Raab“ob;erved that~low concentration
dyes proméf;d rapid killing of paramecium upon
illumination . The photo&Yﬁapic properties of these
ayes could not be exploited in thése experiments
without the presence of oxygen. . The use of

.

hematoporphyrin in the study of photdﬁynamics came soon

after the original studies'by Raab. The first study

was “by . Hausmann in 1908, " he reported the .

dga&yuction of paramécigm and red blood cells. He also
\ . -

" described in some detail, the symptoms  of

hematoporphyrin sensitized mice upon exposure to light.

The first human experiment using hematoporphyrin was

in 1913. This was the famous seifTexperiment of .

—l\T "
/

@
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3
Meyer-Betz, in which 200 milligrams of hemétbporphyrin

was injected intravenoﬁsly; this resulted in marked
erythema and edema qf’exposed parts.of the body.

The majority of these early stugies were performed
to further the understanding of the group of diseases
called "porphyrias" ' . These ‘were diseases .which
affected the porphyrin metabolism of'certain mammals
and in some caées, caused photosensitivity or excretion
of red urine ("wine urine" ). It was in the early
twentieth éentury tﬂat researchers realized that some
porphyrins ,ad "photodynamic action" on certain exposed
parts of tge body. The affinity of porPhyrins for
malignant tissue was reported by Auler and Bayer, and
by Figge and his co-workers in independent repérts in
1942,

In 1948, Figge and Weiland injected mice with
porphyrins and noted red fluorscence in a sarcoma and
mammary carcinoma upon exposure to ultraviolet light.
One year later they reported observations of -
fluo;escence in areas  of trauma, in the greater
omentum,  and in-the lymph nodes éf mice injected with
hematopprphyrins. In 1955 Rassmussen-Taxdal"ahd his
co-workers" used intravenous doses of 500 and 1000

milligrams and studied ten cases of malignant neoplasm.



'."f

Eight of the ten malignant lesiogs demonstrated red
fluoresence qnder _the activatiné lig ﬁk The two
lesions that did mnot : fluoresce under appropriate
conditiéﬁs were an ependymoma of the cervical spinal
cord and an adenocarcinom; of the prostate gland. They
noted maximum differentiation of the neo-plastic tissue
from surrounding normal tissue, occurring between 24 to
L8 hoursvafter injection of hematoporphyrin derivative.
It was after these findings that researchers began to
investigate the tendency of fluorescent compounds to
accumulate in neoplastic tissue and thus provide a
method for the detéction of malignancy.'

Lipsom , Baldes and Olsen (1961) , in a serieé of
reports expanded on thi usefulness of hematoporphyrin
with reépect to their affinity for malignant neoplasm.
Onévof their main findings was that smaller doses could
be used. This was significant because hematoporphyrin

derivative did have some side effects. These series of
a
reports are the first which examined the absorption and

fluorescence spectra of HpD (hematorporphyrin
derivative)  clearly illustrating its superior
fluorescent properties over crude hematoporphyrin.

The rnext report Lipsom , et al. wrote was the first

of several clinical reports dealiné with the use of HpD

/
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in Humans. Lipsom used .hematdporphyrin primarily in
endoscopic work, attempting to find‘fluoreseence in%
neoplasms of the esophagus and tracheo-bronchial tree.
This report contains several photogtaphs demonstrating
red fluorescencé , which is typical of hematoporphyrin

ffluorespence séen in malignant tissue. The most
significant contribution in this report was that
apparently,. ali eﬁithelial neoplasms will fluoresce
after intravenous administration of HpD, if the
ultraviolet 1light is delivered in sufficient quantity.
A'lafef report b§ Lipsom , gave further clinical
experience with the same HpD, and again the results
were identié;l in that ail epithelial neoplasmsb
appeared to have an affinityqur HpD and the typical
'fluorescence occurs if the ultraviolei‘light source 1is
stroﬂg enough.

There are certain clinical drawbacks to the -
diagnostic use of HpD. Since RpD is injecte&
intravenocusly, there are certain 4side{neffects which
result. Some of these symptoms are commSn with certain
types of abnormal porphyrin metabolism: As_ stated
before, experimental porphyrin photosensi-
tization in man was ;first ‘established in 1913 ° by

Meyer-Betz, who injected himself with 200 milligrams.

a



of HpD. Most symptoms disappear after a period of
several days with erythema lasting longer with

~ continuous exposure to sunlight.

1.2 THE USE OF FLUORESCENT DYES IN THE DETECTION OF

.

MALIGNANT NEOPLASMS s
: 4 raNis

Ever since Héusmann discovered the

o ij

R

~

"photodynamic effects". of hematoporphyrin, the search
for photosensitive dyes with similar properties was
also being considered. Dougherty (1974), demonstrated
that fluorescein behaved similar to HpD and two years
later, Thompson, et al. (1974) reported the use of
acridine orange and an  argon laser to‘ treat
mouse epithelial tumors. . In eve?y ‘case, the
investigator demonstréted a certain degree of
localization of the dye in tumor tissues. Several dyes
such as fluoresceiné (Moor 1953), tetracyclings (Rall
1957,.Phillip; 1960, Vassar 1960, Sandlow 1963, Sherman
1963), and be;berine suifate (Mello;s 1952) have been

similarly studied and shown to be preferentially

retained in neoplastic tissue as compared to normal

§

tissue. Hematoporphyrin has been widely studied and ~
has been known to accumulate in a variety of animal an&‘/

human tumors.



Rassmussen-Taxdal, gglgi. studied the iocalization
and distribution of hematoporphyrin in réts,using a
Walker 256 cafcinosarcoma. Their results showed the
tumors to retain 10 milligrams dye per gram of tissue
but with no retention in control mﬁscle' tisﬁue, 24
hours after the 6peratidn. These results were obtained
using an intraperitoneal injection of 80 milligrams dye
per gram of body weight. Detection in other tissues
was checked for by fluorescent techniques and they were
found to be negative. 1In a study by Gﬁegorie,_gg al.,
it was found that out of 226‘ patients with various
types :of ‘tumors, i6$ of those tumors which were
malignant (classified histologicaliy) had _ positive

hematoporphyrin fluorescence .

1.3 PROPERTIES OF HPD

After the discovery of the - ~“'-i.y of certain
neoplasms for HpD, the mecha 2f selectivity
remained to be elucidated. Jsir fluorescent

miproscopy technique, Sanderzon (79 - ~cts3d that HpD

localizes in or on malignant celis, de “on cneir
viability. Living tumor cellis showed .uoresc:. e
confined to the cytoplasm, whereas non- _zb. cells

exhibited diffuse fluorestence resulting from . - =:rence



ofcﬁpD to the cell membrane . Accumulation of HpD 1in
viable cells was time and dose dependent, with optimal
fluorescence'demonstrabyg 3 to 5 hours after addition
of HpD to tumor cell cultures. This showed that the
réspose of a malignant cell to HpD had two phases. The
initial phase’ is characterized by the
granular cytoplasmic fluorescence . This initial phase
is then followed by a diffuse cytoplasmic fluqrescence.
The fluorescence of both phases depended directly on
the concentration of HpD and the time of exposure.
Normal tissue had little affinity for HpD and any
.fluorescence present was found to be similar to the
fluorescence found by Hugheé (1960). The real reasons
as to why HpD is selective for neoplasms in situ is not
completely understood. There -have been many
suggestions thét it might be in some way selective to
the membrane. This was thought after Fleischer (1966)
and Swchothorst (1970)  found essentially all
cellular potassium was released from erythrocyte ‘cells
exposed to - hematoporphyrin before hemolysis occurred.
This suggests early daﬁage to the membrane. ‘Mammalian
erythrocytes have been a common experimential cell to
studyvcellular levels of photodynamic actioﬁ because

the photodynamic action appears to be a pure membrane



effect.

The amount of research that has beéﬁ conducted in
the  field of phototherapy since 1970\ is quite
extensive. This thesis will deal with the therapeutic
aspects of hematoporphyrin defivative in three animal

tumor models and how those results will further

understanding of this treatment modality.
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CHAPTER 2 .

HEMATOPORPHYRIN DERIVATIVE

2.1 GENERAL INFORMATION

Commércial hematoporphyrin is mixture ~of
dicarboxylic porphyrins from obtained treated whole
bloodbor from the _degradatioq_ of hemoglobin.z Early
studies (prior 1975) yielded inconsistent resuigg when
assessiné the: tumor localizing potential of
hematoporphyrin. It is now recognized that the
components of hematoporphyrin which localize in tumors
are "impurity componeﬁts" of the crude prebaration
(Lipsom 1961). Hematoporphyrin _derivative (HpDZ,.
prepared.v byu acid recrystalliz.. sn of crude
hematoporphyrin (Lipsom 1961) y» has been shown to be
the porbhyrin derivative with the greatest affinity for.
malignant cells (Dougherty 1978).

The exact molecular composition of this substance is

as yet unknown. It is prepared by "treating



hematoporphyrin hydrochloride with - a glacial-acidic-

-acid-sulphuric acid ‘mixture and neutralizing to a pH-

/
of 6 with 3% sodium acetate. The precipitate is washed

and dried and can be stored in the dark at -20 C until
required. An injectable solution is made by mixing 1
part HpD with .50. parts by volume | of O.1N
sodium hydroxide (Forbes 1980). The pH is brought to
7.2 to 7.4 by addition of 0.1N hydrochloric aéid and
isotonic by addition of sodium chloride. A final
solution containing 5 milligrams/ml is ’made ‘and
sterilized by millipore filtration * (Lipsom 1961
yGregorie 1968,  Dougherty 1975).

Thin layer chromatography (TLC) of HpD has shown
that it consists of at least 4 porphyrin components, 50
to 70% of the total fraction consisting of pure
hematoporphyrin (Moan 1982). Reverse phase liquid

chromatographic ahalysis also showed HpD consists of at

least U4 separate components (Culbreth 1979 ,Kessel

1983).

Pure hematoporphyrin differs fQOm protoporphyrin

only in the hydration of two -v/nyl groups to form.

hydroxylethyl groups. Othe synthetic, fluorescent

porphyrins héVEINEEEH—\bhowh to localize in neoplastic

tissue; among these are tetraphenylporphine-sulfonate

10
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(TPPSY4) (Carrano 1978/79), ‘and tetracarboxylphenyl~

porphyrin (TCPP) (Musser‘1978). The phototherapeutic

activity of these. derivatives remains unknown.

Further, - Kohn -and Kessel reported the
photo destructiop(of mamalian cells in culture by two

. porphyrins: Née 19665 ia dicarboxylic porphyrin ) and

NSC 407318 (a' monocarboxylic porphyrin ). The tumor -

localizing propebties of the;e porphybins is still

unknown,

HpD © can be . toxic in  high doses. The

lethal dose in mice is over 180 mg/kg in the dark

(Lipsom 1961, Wise 1967). In man the main problem is

caused by skin photosensitization (Forbes 1980, Lipsom

1967, Dougherty 1975). No gastrointestinal symétoms

have been notéﬁ and serum c@emjstrf'and blood.clottihg
‘are unchanged kPerpiav1980). .The photosénsitivity is
dose-related and can be avoided by keeping the subject
. in subdued lighting aﬁd by wearing a creaﬁ "to. protect
the skin to exposed light. The skin.reacﬁions are
similar to that 6f a second degree burn and can ocBupr

up to 30 days after administration (Forbes 1980,

Dougherty ° 1976). Hematoporphyrin derivative

accumulates preferentially in tumors when administered

to- tumor bearing animals (Lipsom 1961, biamond 1972,

11
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Kelly 1975, Dougherty 1975, Carpenter 1977,‘Gomer 1979,
Winkleman 1970,‘Kessel 1982, Cyristensen‘1981) or human
subjects (kelly 5976, Zawirsaka 1979, Dougherty
1978/1979, Kinsey 1978, Rassmussen-Taxdal 19557 Forbes
1980 , Moan 1982, Keésél-1983).

The excitation spectrum of pure hematoporpAyrin in

" |

aqueous solution varles with the solveng;“ﬁhé pH and

temperature. 1In saline.the excitation peak is at 396

/s

nanometers but in serum it is shifted to between 400

and 407 nanometers. (Lipsom 1960). The fluorescence

also depends on the solvent, pH and pemperature.

fluorescence can also be quenched by okygen, some ions

and by coléured materials.

When illuminated with light in the violet region of

the spectrum (maximum excitation at  400-407

nanohetens), HpD fluoreseces emitting an drange red

color (600-700 nanometers). Selective uptake of HpD in’

. - 4 . I3
tumosg, monitored by illumination with violet jor - UV

(

light, becomes evident U4 to 48 hours after

administration (Diamond 1972) in doses of 2 to 5 mg/kg.’

In géneral; _the fluorescence was greater at‘thé tumor
periphery and where malignant cells invade normal
tissue (Lipsom 1961, - Dougherty 1975, Carpeéter 1977)
and necrotic areas of the tumor fluoresced the least

;
/
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(Carpenter 1977).

oncen ion of HpD was 9 to 10 times greater
e — . e \ N
in  animal tumors than in contiguous muscle or

4

epithelium 24 to 48 hours after administration

- (Dougherty 1975, Wiﬁkleman 1970,). In some instances,
lymphatic tissue‘(Kelly 197%,'Rassmussen-Taxdal 1955),
‘vascular tissues - (Kelly 1975),’and connective tissues
(Keily ;975)Awit%*n hours fluoresced morel briilianﬁly
£ﬁan the rest ol the tumor. HpD is also loca}ized.iﬁ
human lymphatic tissue, as well as"iraumati;ed tissues

(Rassmuséen-Taxdal 1955).  Ulceration and ‘blood ecan

mask the -fluorescence ‘of HpD (Carpepter 1977,' Gbmer

1979), thus it is sometimes difficult to observe
" fluorescence in spleen , kidney and liver because of
theif rich blood supply. 'HpD has been shown to

‘fluoresce in pre-malignant bladder epithelium in human

subjects - (Kelly 1975), .  whilst normal

bladder epithilium in dogs will not when HpD 1s applied.

topically or systemically (Hamilton 1981).
Studies performed using Carbon-14 1labeled HpD and

tritiated HpD injected intraperitoneallly . in mice

bearing subcutaneous transplantable mammary carcinoma’

> )

indicated  that the' porphyrin is present in liver |,

kidney and spleenﬁin'greater concentrationsnthan‘in the

13



tumor at  all ﬂ(times betweeg 24 and 72 hours
post-injection (Gomer'1979). However, concentrations
of HpD in muscle and skin were less than in tumor at
all times (between 2M;§nd'72 hours). Concentrations of
HpD in the lung were less thag in tumor at 2% hours but
equallpo thoée in tumor at 72 hours. Thg chemical
identity of the labelled compouﬁds present in tumor and
bisﬁues wés notndetermined. Interestingly, 24  hours
after injection of HpD, fluorescence (under blué light)
was observed in_and around khe tumor mass only and no

fluorescence was observed. in any other tissue,

9
including.the liver and spleen (Gomer 1979).

Two synthetiec porphyrins, TPPS4 and TCPP showed a

high ?finity for murine tumog; (sarcoma and solid

1210, . . ative toi non-malignant tissues (Carrano
137 'n78), being present at concentrations in tumor 10
times greater than in musc{s/ﬁﬁ,hours after injection.
At that time, however, concentrations of TPPSY in the

kidney , the organ through which this chemical is

cleared, were greater than those in tumor or other

organs (Carrano-1977). .

14
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é%Z BASIS OF TUMOR LOCALIZING ABILITY OF HPD

Although‘the selective accumulation of HpD in tumors

is well documented, few studies have investigated the

basis of this important phendménon. Sanderson (1979)
and his colleagues have reported that the fluorescenge
of HpD associated with néoplastic
cervical cq}ls in vitro was bright red-orange and
lasted several minutes after exposure to light. Normal

cervical cells showed 1less affinity for HpD and the

fluorescence of HpD associated with these cells was'

pale and lasted onlyd'a few seconds upon exposugé to
light. Currano ana his colleagues studied utﬁe' uptake
of another selective porphyrin, TPPSU, by a normal agd
an oncogenic (Hep-2) cell line. The normal cell 1line
wa; basicallly impermeable to the porphyrin but a
slow transport process was observed which was shown to
_be mediated and‘ dependent upon .intact préduction of
cgllular energy. The oncogenic cell line, Hep-2, took
up TPPSH rapidly and the'' process was .non-linear
reaching a plateau after twa hours. A dose-response
study indicated 1low affinity (passive diffusion) and
high affinity = (mediated) ‘uptake processes. It was

sugested by the authors that the oncogenic cell type is

"leaky" to the porphyrin, a factor which could

S
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contribute to the 1localizing ability of TPPSY in

tumors. This latter study, limited to only one type of

normal and oncogenic cell, provides little information

Ny

‘on the role, if any, of uptake processes, and diffusion

in particular, in the localization of porphyrins. It
is interesting that HpD does not influence the ability
of tumors to accumulate met allic radionuclides, such
as Gallium-67 , Iron-59 and Zinc-65 which localize
preferéntially in tumors (Phillips 1978). |
Experiments performed using’ raaio-labelled HpD

indicated that, although concentrations of the

prophyrin were greater in mouse spleen , liver and

kidney than in © mammary carcinoma (transplanted

subcutaneouélyi 24 hours post-injection, ~ intense
fluorescence was detectablérih the tumors at that tfme
(quer 1979). It was suggested ;hat fluorescence is
qﬁenched in fhe blood~rich organsl

Moan and Christensen (1982) found evidence that the
main components in HpD which played a major role in

photo-gsensitization were those which are least polar.

-They suggested that another factor of importance to be

considered in HpD cellular uptake was the tendency of

-poﬁphyrins to dimerize and aggregate in aqueous

solutions. Kessel and Chou (1983) used

16
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non-aqueous gel exclusion and reverse phase 1liquid

chromatography to conclude that porphyrin 1localization

is mediated by hematoporphyrin components which are the.

most hydrophobic in the preparation and that this

apparent hydrophobicity may be derived from a

hydrogen bonding phenomenon, rather than from the
absence of hydrophilic functional groups. Brief
incqbations of the mofe hydroph}lic agents of HpD .to
cells showed poor porphyrin accumulation and thérgfore
poor photo-sensitizétion (Kessel et al. 1982, kessel
and Kohn 1982, Kohn et al. 1979). Kessel (1982)
suggested hematoporphyrin crosses the cell hembrane
with difficulty and that tumor loczlization can result
from intracellular conversion of. a peémeable HpD
compongnt to a poorly diffusible éroduct such as
hematoporphyrin. Reverse phase analysis showed‘ that
HpD is complex mixture containing the original starting
material HP, dehydration products (hydroxyethal-vinyl-
deuteroporphyrin HVD, protoporphyrin -PP) and other
uﬁidentified components (Kescel 1983). The hypothesis
that the more hydrophobic components of HpD are
accumulated by neoplastic cells was supported when no
detectable uptake of the highly polar sulfur (S-35)

labeled sulfonate porphryin product was observed
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(Kessel 1983). Studies in the mouse , using
radioactive HpD (Gomer and Dougherty 198P) suggest the
retention of at least 50% of the [total injected
material for 48 hr.. Kessel (1982) found that and
improyved tumqr:skin ratio could be o £ained by using

the more hydrophobic components from ﬁ?D. Dougherty

[

(1982) separated porphyrin aggregates present in
aéueous solution and suggested that these might be more
suiﬁéd for phototherapy. since the "localizing"
components of HpD are highly aggregated in -aqugous
solution. These recent advances in the determination
of the main photosensitizing components of HpD (Bonnett
EE al. 1980, Moan et al. 1982, Dougherty et al.
1983) have led to the refinement of HpD which are the
more. purified porphyrin aggregates which .composed
approximately 40 percent of the original HpD. |
Mew et al. (1983) was able tdA conjugate HpD to
tumor specific monoclonal antibodies. Female ﬁice
(DBA/2J or B6D2F Jackson Labdratory ).were innoculated
with M1 fhadomyosarcoma aﬁd treated with
. o .
Anti-M~hematoporphyrin conjugates intravenously. The
tumor growth was suppressed only in those groups
. .

treated with the conjugated Hpb;. This procedure has

opened up a new area of phototherapy research where a

18



more tumor specific destruction can be achieved and the
resultant systemic toxicity is reduced.

<

2.3 HEMATOPORPHYRIN DERIVATIVE AND PHOTOTHERAPY

2.3.1 Description Of The Photodynamic Phenomenon
| D

HpD is a pﬁotosensitizer of the photodynamic type;
thét is, it causes the photo-oxidative damage of
biomolecgles, macromolecules and small moiecules
exposed to -light in the presence of oxygen (Dougﬁerty
1976). The photo-dynamic process -involves the
following sequence:

Illumina;ion of porphyrins yield sequentially the
excited singlet states and triplet states of the dye.
The sensitizer in the triple£ state theﬁ reacts by two

ma jor pathways'-

1. Intéréction with another molecule by a hydrogen or
electron transfer process, producing reactive

radicals and/or

2. Transferring its energy primarily to molecular
oxygen to yield ground state dye and excited
singlet state oxygen, a reactive species which in

turn oxidizes various substrates.



HpD in cells shows a broad absorption in the red

region with a peak in the red at 630 nm (Dougherty

1975). Murine tumor cells exposed to 5x10-4 molar HpD

in vitro and illuminatéd with 1light at 630 nm (1
milliwatts/square centimeters) were killed  (99.9%)
after 10 minutesriDougherty 1975/1976); 1 to 3 billion
quantétper cell were thus required to induce cell death
. .In another study, the minimum requirement for 100%

kill of neuroblastoma cells exposed in vitro to 2x10-5

molar HpD was 6 minutes of exposure to white light .

intesities of 0.06 milliwatts per square centimeter.

-

The presence of serum greatly reduces the extent of

cell kill obtained by light exposure at a certain HpD
concentration (Sery 1979, Moan 1979). HpD is ‘known to
bind to serum proteins (Sery 1979, Moan 1979), possibly

to hemopexin (a glycoprotein involved in the transport

of circulating prophyrins to ° the liver v for:

elimination). Cellular uptake of HpD is reduced up to

75% due to serum p?otein,bindihg in the presence of 10%

serum (Moan 1979). Expériments performed in vitro have

provided evidence - that cellular mechanisms operate
which repaif sublethal damage induced by photothérapy
(Dougherty 1975), as has been shown with the use of

high energy irradiation. This contention is supported

20



by the demonstration that:

1o A should:f exists on curves of percent survival
versus—time of illumination of HpD-treated cells
(Dougherty 1975, Moan 1979, Christensen 1979,

Granelli 1975) and
o

2. Cell kill is more efficient for all populations
irradiated at U4 degrees centigrade (a temperature
at which repair mechanisms do not operate) than at
37 degrees (Moan 1979)?

The repair has been shown to take place either
during or immediately after irradiation (Moan 1979).
Further, if illumination of HpD—treatea cells takes
place 1in fractionated doées, cell kill is not equal to
that obtained with a single course of light exposure
(Moan 1979). Increased membrane fiuidity , as observed
in illuminated liposomes (Delmelle 1978) , may flavour
the uptake of more HpD and greater sensitivity to light
in subsequent illuminations. Finally, retinoblastoma
and“glioma celié; washed free of dye required longer
periods of light exposure in vitro ’tb be destroyed
(Sery 1979, Granelli 1975). IHuman bladder carcinomas
growing subcutaneously in immunosuppressed mice were

severely damaged by treatment with HpD and light (Kelly
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1975); normal bladder tissue was relatively resistant
to identical treatment. Further, combination treatment
with HpD and light produced a 48% total cure rate for
mice bearing a spoptaneous mammary carcinoma and the
_transplanted SMT-E tumor and for rats with the
Waiker 256 carcinosarcoma and a ‘carcinogen-induced
mammary carc;nomg (Dougherty 1975). These encouraging
results 1in labor;tory animals have beeg substantiated
in £he clinical environments (Kelly 1976, Dougherty
1975/1978, Forbes 1980, Hauro 1983). Dougherty and his
colleagues (1979);.using HpD (2.5 mg/kg administered
-intravénousl;) activateé by red light effeEEiVely
contrplled local and regional chest wall recurrences of
breast carcinoma. In another'study (Dougherty 1978),
the same group obtained complete or partial remissions
in 11 nor~ 113' cutaneous or sub-cutaneous méiignant
tumors (carcinoma of breast y colon , prostate |,
g;;amous ceil ’ basalAcellJand endome trium ; malignant
melanoma , chondrdsarcoma and angiosarcoma) by
treatment  with HpD (2.5 ﬁg/kg administered

intravenously) followed by irradiation three days

later. No type 19f tumor was found to be>comp1etel§

unresponsive to photothérapy. Also high density

°

illumination of carcinoma of the bladder y following

22

o



the administration of HpD and exposure by surgery led
to effective‘ tumor destruction (Kelly 1976, Haruo et
al. 1983). Haruo et lil' (1983)  treated 46
superficial bladder tumors in 9 'patients using an
Argon-ion-dye-laser and systemically administered HpD
and found total remission in 5 of 6 patients with

tumors less than 1 cm. in size.

2.3.2 Mechanism Of Cell Kill By Photosensitization
P

With Hematoporphyrin Derivative.

Available evidence suggests that, 'in biological
.8ystems, HpD in thé excited triplet state reacts
according'tb Paﬁhway 11 (éee Section 3.3.1); that is,
it transfers its eneréy "to ground state molecular
oxygen, a reactive species which then oxidizes cellular
molecular  structures  (Dougherty 1976, Moan 1979,
Weishaupt 1970). These conclusions were obtained by
demonstrating that:

1. Deoxygenation prevents cell kill by HpD and 1light

pod

(Dougherty .1976,Moan 1979)



2. Cell kill by HpD activation is more effective in
heavy water (it is known that the lifetime of
singlet oxygen is about 10 times longer in _heavy

water (Moan 1979).

‘3. The photodynamic inactivation of TA-3 mouse
mammary carcinoma cells was completely inhibited by
1,3-diphenyl-isobenzofuran, an effective

singlet oxygen trapping agent (Weishaupt 1976).

In general molecular oxygen is in its triplet state
(0-35, but most - chemical compounds are in the
singlet state (0-1), and the reaction between. triplet
state oxygen and singlet state compounds seldom
happens. Therefore, non-specific oxygen peroxidation

of subcellu;ar organelles is due mostly to
1. Super Oxide anion radical

2. Hydrqgen Peroxide

3. §ipglet Oxygen

4. Hydroxyl radical generated by Hydrogen ‘Peroxide or

Super Oxide

When saturated fétty acids are peroxidized

singlet oxygen or a hydroxyl radical, hydroperoxide is

@
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generat;q. The hydroperoxide 1is also regarded ‘és
active oxygen ’ because | this = induces ‘further
lipid peéoxidation by radical chain reactions (Asada
1978). . |

At the cellular level, the photodynamic proéess
results 1in the oxidation of aminoaé&ds, primarily
hiétidine and possibiy tyrosine and trytophan
(Dubbelman 1978). A peact;ogibetween free amino groups

and photoxidation products of‘the above mentioned amino

acids results'in the cross-linking of membrane proteins .

’
-

(Dubbelman  1978), as has . been %hown' by
electrophoretic analysis (Kohn j979, Dubbelmana1978,
Girotti 1978/1979). Further evidence indicates thét
the formation of disulfide bonds is not involved in,tﬁe

crosé;linking of membrane proteins (Dubbelman 1978,

Girotti 1978/1979). Conflicting evidence suggests that

lipid peroxidation (a mechanism sometimes involving

Pathway I, see Section-3.3.1), may not (Girotti 1979)!

mediate the observed protein damage. Girotti has

|
observed that BHT and N,N1-diphenyi«b- phhenyienedi—
amine, agents which inhibit 1lipid peroxidation |, did
not influence memb;ane protein cross-linking.

Torinuki (1980) has implicated singlet oxygen as the

mechanism by which HpD destroys lysosomal membranes and
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the formation of vliperoxide. Lysosomal enzymes,
acid;phophotase and beta-glucuronidasé were released

from rat iiver lysosdhes when exposed to 400 nanometer

radiation in the presence of HpD. Torinuki prevented

this release by the introduction of vitamin-E,‘

diazabiecyclo-octane, bovine serumalbumin, superoxide
dismutase or d-Mannitol. Reduction of nitroblue-tetra-

zolium was not observed when hematoporpyrin, was excited

by 400 nanometer radiation. It was therefore deduced

that superoxide -anion: radical was not primarily

generated.
It has been suggested by Patterson'(1981) that HpD
phototherapy produces intracellular superoxide and that

the destruction of neoplastics cells is mediated by the

lack of mitocondrial superoxide disutase. dPattersonfs

in vitro findings, coupled with the ghown deficiencyiof
mitrbcondria; superoxide dismﬁtase -in  tumor 'cells,
supports the hybo;hgsis that the tuﬁorﬁidéi effect of
HpD phototherap& may be secondary td' supersxide

productlon. Patterson suggested that the HpD is

unstable in the presence' of 1light and that upon

exposyre its porphyrin ring breaks down. They ..1so
suggest that 02 1is reduced to éuperoxide during this

oxidation since nitrotetrazolium blue, which is reduced
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by superoxide , is reduced under these'conditionst- ?he
amount of nitrotetﬁazoiiuo‘blue}reduced was oecreaseo
in the p}eseoce - of superoxide disputase thus
imolicating ouperoxide as the entity responsible for
tumor destruction in HpD phototherapy. The enzyﬁe
superoxide dismutase is believed to be in all oxygen
metabplizing cells but lacking in most anaerobes. _?his
- is thought to be because jits physiological fuhetion is
to provide a dofence againstfthe potential daﬁaging
activivies of Superokide radical geoerated by aerobic

i

metabolic reactioos (Oberly and Buttner 1979), It has

A
[

also been thought that HpD production of hydrogen
peroxide can inhibited by superoxide’ dismutase since
’ soperoxido is a precursor in some hygrogen peroxide
production pathways. )

Harihan gty al. (1980) ‘established -a method to
mooitor the production of hydfokyl raqicais’in'cell

system exposed to HpD and red light. It has suggested .

that the production of hydroxyl radical may yet be

another mode of HpD photosensitized induced cell death.

a9

_ Numerous moﬁbrane-associated functions are " altered
as a  consequence of the phot%dynamic treaﬁment of
-cells, includingvinactivation‘of ﬁembrane-bound,enoymes
(Seryf.1979, Kessel 1977) ub-g; 5! 1-nucleostidése'],-

-
R
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and. interference with - the membrane transport of

nucleosides (Kessel 1977) and amino acids (Kohn

1979,Kessel 1977). Perturbation of the permeability

28

barriers to actinomycin C uptake was also a con¥equence

of illumination of porphyrin-treated (5x10-6M)

leukemia L1210 cells in vitro (Kessel 1977), as was an

\gnhanced cellular bindi;g of. the fluorogenic dye
8-anilino-1—n§phthalene sulfonate. The latter
observation could be a consequence of ﬁhe obsebved
redaction of all surface eléctronegativity (i.e.
increaseé cell surface hydrophobicity) of cells treated
‘with HpD and light in vitro (Kohn 1979, Kessel 1977).
At higher porphyrin concentrations (10 times greater),
inactivation .of cytosolic - nucleoside kinase  and
inhibition of éﬁZar transport. was evident (Kessel
1977).  Photodynamic damage to plasma membranes may
cause 3n increase in megbrane fiuidity (Delmelle 1978),

‘ : . ,
a phenoméﬁon wbich could explain some of thecmembrane
alterations discussed abogs;

Incorporation of nucleotide precursors into DNA was
unaffected by the illumination of cells imcubated in
the presence of HpD concentrétions which reduced cell

viability (Allison 1964). \ y

Evidence provided by the mobphological examination



of HpD-treated cells following exposure to 1light
further supports the contention that Qamage to , the
plasma membrane medfates, at least in part, cell death.
Following illuminétion ;f HpD-treated cells in vitro,
blebs appeared within seconds on the membranerf human
NHIK 3025 cells, and the cells began swelling within
minutes (Moan 1979). Further, the nucleoli became more
distinet and nuclear and plasma membranes soon showed
evidence of degradation (Moan 1979). B

Subcellular structures, other than the plasma
membrane’,  appear to be involved in the cell killing
effect of phototherapy. HpD is known to be
concentrated, in cells (Dougherty 1976) and granular
distribution of HpD-associated fluorescenqe has been
shown in the cytosol (Dougherty 1975, Carpeﬁter'1977).
Furthér, ;he lysosomes of ceils cultured in— the
presence of a porphxfin (uroporphyrin-I ) flqgresced
bri%ght red due‘to the_‘uptake of porphyrin (Allison
1964).. ~  Following exposure to | light the
lysosomal membranes became leaky, as ;observed by

diffuse acid phosphatase staining of the cytosol of

unfixed cells, and cell death ensued (Allison

£y

1964/1966) .

Allison et al (1966) suggested that photosensitivity

-
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was partially due to damage of 1lysosomes by

‘free radicals which were generated from porphyrin and

light.

It ' has ~been suggested that vitamin-E scavanges

active oxygen (Asada 1976, Watabiki 1975). Since

Vitamin-E and hydrocortisone protected skin cell
lysosomes against photodynamic damége in the presence
of phylloerythrin , a free radical mechanism has been
suggested for this effect (Slater 1966). These
expérimenté suggest to us that photodynamic killing by
HpD iﬁvolves, at least 1in part, the rupture of cell
lysosmes resulting the release of hydrolytic enzymes in
tpe cytosol (Torinui 1980). The release of hydrolytic
. enzyme was also prevented with diazabicyclo-octane
(Torinuki 1980). It was assumed that the superoxide
' scavanging property of this substance was responsible.
The observation that ~ protoporphyrin caused
mitochrondr;al dysfunction (Stumpf 1979) might suggest
an influence of ~HpD on mitochrondrial function.
Porphyrins are known rﬁo bind to the mitochrondrial
outer membrane and to be transported into mitochondria
by a mechanism dependent upon transmembrane K+ gr#dient
(Koller 1978).

When cells were exposed to HpD, no fluorescence was
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observed in the nucleus (Dougherty. 1975, Carpenter
1977, Moan 1979). Further, there.was no evidence of
single strand breaks in DNA as a result of the
photodynamic inactivation of in vitro human NHIK 3025
cells, and binding of HpD to pure DNA could not be
demonstrated (Moan 1977). However, others have shown
that a synthetic porphyrin thch localizes in tumors
selectively, meso-tetra(M-N—methyl—pyridyl)—porphine
tetra-perchlorate, binds to calf thymus DNA by
intercalation and by external electrostatic association
(Fiel 1979).1 A variation in cytological reqpénses was
démonstrated by Friseh  (1976) who divided the
. photodynamié effect of HP on cell$ into "TYPE1"ahd

"TYPE2" effects, the former being a membrane effect

causing blebs to form on the membrane and rapié cell

lysis whilst the later inactivated cells by mechanisms
not 1involving the cell membrane. The TYPE1 effect
could be created by incubation of cells in HP after 5

minutes whilst considereably longer times were required

to induce the TYPE2 effect. Christensen (1983)

incubated NHIK 3025 cells for long pefiods of time in
HpD and found that one fraction is easily removed when
washed with a serum rich medium and that another

Q .
fraction remains bound to cells for a long time. The
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easily removed combonent was found not to .contribute to
the photosensitivity of the cells whilst the tightly
bound component produced a cellular photosensitivity
which w;; proportional to the cellular conten?s of
porphryin. ‘It was . also ‘condiuded that the
photoactivation of the tightly bound fraction of HpD
induces 1less damage to the outer‘membﬁane and probably
more intracellular damage than’ irradiation of cells
after a short period of exposure with the derivative.
By photoactivation of the strongly bound porphyrins the

cells did not show any immediate memebrane damage.

3
4

Little inférmation is évialable on éhe type of cell
damaged dinccurred in vivo during HpD phototherapy.
Christensen (1983) sugéested that since the association
between HpD and the tumor cells i1s probably strong, one
Qight expect that cytological responses typical for the
tightly bound fraction will be dominating. However,
Bugelski et al. (1981) observed bleb formation ﬁear

vascular structures 15 minuteé after treatment of mouse

tumors in vivo.-
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2.3.3 Cell Cycle Dependency Of Photodynamic Cell

Destruction By Hematoporphyrin Derivative.

Experiments have shown that the sensitivity of cells
in vitro to photodynamic damage involving HpD variés
according to the cell cycle stage: sensitivity is
least in early Gi phése, increases thféugh G1 and early

S phases to reach a maximum in mid S phase and

decreases during late S and G2 phases (Christensen

1979). A greater than 100 times variation was observed
between éhe sensitivity of cells occupying early G1
phase and mid S phase (Chisiensen 1979).  Results
suggest this variation with the cel% cycle sensitivity
is due to more active cellular mechanisms for the
repair of photo-induced aamage in G1, GZ_apé M phases

(Christensen 1979).

2.3.4 Pharmacology

Hematoporphyrin was .introduced clinically early in
this century as'an antidepressant (Roxas 1978); it has
been replaced in this respec£ 'by more modern drugs.
Recent experiments suggest that the antidepressant
activity of HpD is mediated by 5-hydroxytryptamine

(5-HT) or a 5-HT~like action of hecmatoporphyrin itself

v
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on the hypothalamic-hypophyseal-adrenal axis (Roxas

1978). Hematoporphyrin antagonizes the action of 5-HT
at the‘seﬁotoninergic receptor (Franzone 1978). IE is

not known which component of hematoporphyrin exerts
L .

these actions or whether this component is present in
Y

HpD.

Experiments in. which HpD is employed to detect or

treat cancerous lesions in animals and humans employed

doses of 1.5 to 5 mg/kg administered intravenously.
Following the fev, administration of T mg/kg
hematoporphyrin to ~human _ subjects, plasma
hematoporphyrin coﬂcentrations were 520 ug/dl after one

hour and decfined over a period of 42 days biphasically

indicating existence of at least two pools of

hematoporphyrin, with half-life. decay times of 16 hours

AN

and 12 days (Zalar 1977). Hematoporphyrin binds to’

plasma proteins, possib;y hemopexin (Sery 1919, Moan
1979), ‘and is metabolized in the liver and excreted
(via the‘bile) by - the gastrointeétinal tract (Ki%sey
1978). |

Photosensitivity to sunlight 1is the main adverse
reaction to pr.. If the skin of patients who ﬁave
1

received HpD is exposed to sunlight, a reaction ranging

from redness and mild swelling to blister formation and
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extensive swelling results (Dougherty 13978/1978, Zalar
1977), depending- on the. duration of exposure. This
reaction may be seen for 10 to 50 days after
administration of HpD. Experiments (Zalar 1977) have

shown that administration of B-carotene affords a small

degree of protection against this reaction, but is not

‘sufficient to protect the patient. In , contrast,
results reported by others suggest orally administered
B-carotene decreases markedly the ‘photosensitivity of
most patients (Matthews-Roth 1972).

Early experiments have suggested that intra-arterial
calcium disodium edetate protepts mice against the

photosensitizing action of HpD (Langhof 1961), as do

idtra-peritoneal injections of dithioerythritol (Harber -

1972). In this resbect it is interesting that reduced
glutgthione impairéa protoporphyrin IX  sensitized
hemolysis (Strom 1977). Undgf hypoxic conditions,
photodynamic .damage ﬂo tissue is mérkedly reauced
(Langhof 1961). Some évidence, based upon early
studies, exists that mice injected sﬁbcutaneously with
hemato?orphyrin and illuminated for an extended period
subsequently develop skin tumors. It is not known
whether photodynamic treatment can induce skin cancers

in humans. Santamaria has reviewed the literature
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which suggest that, wunder certain circumstances,
hematoporphyrin may be carcinogenic 1in laboratory
.animals. However, there is no evidence to date that

1

HpD is carcinogenic in man under any circumstances.
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CHAPTER 3

THE BRAIN TUMOR MODEL

3.1 INTRODUCTION

The study of primary tumors of the nervous system
have Seen complicated by the existence of multiple cell
types within a single tumor. While fairly uniform
cémposition may be found in.benign intracranial human
5jtu;ors (méningiomas and schawannomas) or well
differentiated 5liomas (oligodendrogliomas), many of
the most common and biologically active neoplasms are
not ‘uniformf In many tumors normal cellular
congtituents may be intermingled with neoplastic cells.
A, normal biological characteristic of a glial cell is
its ability to insinuate its cellular extention among
other neural fibers and proéesses. This condition
seems to be exgggerated in the glioma. An advancing

glioma is usually poorly deliniated and often

impossible to grossly identify. Within a glioma

-37-



multiple cell types may exist. Even a tumor derived

from a single glial cell type such as a

glioblastoma multiform day have zones of varying
) A N

morphology.

The amount of DNA present in these cells have been

used to correlate certaiff properties of neoplasms

(Lapham® 1959). Lérge ori. giant cell types in
glioblastomas characteristically contain large amounts
of DNA per cell and have a low rate of divisién whilst
the small ‘spindle types.containing smaller amounts of
DNA divide more rapidly. These characteristics thch
have been known to exist in human tumors can be
repfoduced in animal mod%ls by’ tbe use of oncogeq}c

agents (Sehgnan. 1939., Zimmerman et al 1943, Diamond

©1970, airsch 1972).

3.2 TUMOR GROWTH AND MODEL DEVELOPMENT

The zr.a+th of a tumor and how its morphology changes
depends on its'ehvironmént. The simple gpherical model
can pe used to explain many bf‘the growth parameters of
basic tumor growth. These sphérical ﬁodels can be

-easily replicated in many experimental animal models

using many different cell lines. The predictability of

the behaviour of these models make them ideal for
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evaluating the  effectiveness of a potential treatment
modalilty in a controlled enviroment.

A basie spherical tumor can be broke: down into a
collection of shells. The outermost shell of rapid

cell division and high metabolism . encloses an

‘intermediate shell of viable celis but with reduced

rates of metabolism. The central or inner core of the.

.tumor- will contain éells which are hypoxic yet viable
to cells which are in various stages of degeneratio:
The center if the tumor may just be a necrotic cyst of
dead tissue from which the original tumor was derived.

- Kinetic studies of the various mitotic phases of
these tumors have shown rapid cell division in the
periphgry of these tumors with a greater proportion of
cells in the resting phase in the central region
(Wilson et al. 1972). The recognition of such zones
may be of significance when | considerihg the
eff- .iveness of HpD in phototherapy. In the glioma

"there exists evidence that the centrally placed zones
behave as if tﬁey were in a chronic . state of hypoxia
(Lehrer 1972). Singlet oxygen trapping in tumor models
have been f&und ;o.negate the effects of phofptherapy

(Weishaupt et al 1976). It is therefore questionable

as to whether phototherapy will be successful in

g
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'destroyiﬁg neoplastic tiséﬁes uﬁder these conditions.
The gliomé found ocguridg normally in the brain
-usually has finger-like gxtensions which infiltréte
surrounding bfain. Normal and malignant glial cells
may line.up at the borders of“the zone of necrosis and
normal tissue, forming a pallisading effect to . enclose
the tumor. ) Studies have sﬁown the mosL viable and
Eapidly growing outer zone may show fewer differencés
in biochemical characteristics from Zormal brain than
the more centrally located zones. Tﬁis property may be
sfgnificént when evaluating the penetration of a
chemoterapeutic agent in this zone. and its oncolytic
results. The presence.of the'blnod brain barrier may

restrict the ability of the agent vo ‘communicate with

the ﬁeoplasm.

3.3- THE BLOOD BRAIN BARRIER

The first evidence that a structural barrier was

interposed between blood and brain has based on the

exclusion of protein bound dyés after théir infusion
into the vascular system. The term Blood Brain Barrier
was first used by "Stein (1921)’ to describe the
inability of certain dyés to stain the nervous system

(Lee 1976). This ability to restrict the flow of large
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molecules from the lumeﬁ‘ of a cabillaby to éhe

surrounding tissue has raised questions as .to the‘

effectivness of HpD'phototherapy ohdprimary tumors of
the brain. o |

The'growth of primary and secondary  tumors of the
brain‘ require the stimulation of capillary growth wﬁen
the tumor”size i; greater than a féw miliimeters (Bren
1976). The role of angio-genesis provided by the host
enaplés cébillaﬁies to penetrate the tumor and . provide
it with the necessary petabolites.‘ The_formation of
these new yessels ié mediated by tumor ,angio-genesis

factor (TAF) (Folkman 1971). The most abundant source

of TAF is found to be from human gliobiéstomas (Kelly

[

et al. 1976). Thése capillary growths vary in
accordance to their rglatioﬁship;to‘tﬁe tumor eﬁlcénter
and the' grade of the tumor maiigﬁancy. At 4the
peribherylof: gliomas there 1is eiténsive new bidod
. vess;l ‘formation with soﬁé vessels ‘;gby similar to
those found in norﬂalrtissue and some- showing various
signs of 'immatur;ty. The type of a;ﬁerations seen in
these blood vesseiﬁ include fenestration, wide intfa-
cellular Juncéion, ipcrease in pihocytotic vesSels, and

folding luminal surfaces. This alteration in vessel

growth causes the break down  in the
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blood brain barrier. This endothelial proliferation
occurs in 95% of the gliomas and in some me;astatic
tumors (Long 1979). -

The ability of HpD to accumulate 1In an "area of

~neoplasticx‘tissue where the blood brain barrier does

’ no£ exist has not been disputed. The main concern of

most neuro-oncologists researching HpD phototherapy is
I

how well doés,HpD penetrate those areas of ‘the brain

where blood brain barrier exists. In order for the

-

selective retention or concentration of HpD to occur,
the porphyrin must communicate with the neoplasm. The
glioma's tendency to insinuate itself among normal
tissug and brgéesses where the blood brain barrier is
intact make it a difficult entii;'i to "’ir-radicate using
large"molecuiar oncolytic agents. The presence of the
blo%d brain barrier will help restfict the e#pésure of
normal tissue to Hpﬁ' and therefore increase  the

concentration ratio of HpD in maliganant tissue to

normal tissue. It now seems that the only way to

mediate the communication‘of HpD to glioma at the outer -

periphery of the tumor is to incur the temporary

osmotic alterafion of the of the blood brain" barrier.

Osmotic disruption would enable HpD to penetrate areas’

of normal tissue where neoplastic growths have not yet
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affected the blood brain barrier through the secretion

of . (TAF). Generally osmotic insult leads to the

diffusive movement of large macro-molecules across the:

'barrier and the loss of blood brain barrier integrity

is reversed within a few hours (Paulson et al. 1978).
In primates such barrier disruptions can be done
without' apparent = neurological damage to ‘the subject

(Raport 1972).

3.4 BRAIN ADJACENT TO TUMOR

Although agtention of most aspects §f_ phototherapy
has been focused on the exchangeiof HpD between blood
and tumor, the ef‘f‘egzéfve treatment of intracranial
tumors 'will depend on thé properties'of brain adjacent
to tumor. Relativly littie is known about the exchange
of chemotheraputic drugs between blood and
brain adjacent to tumor (BAT) (Levin 1972). _These

regions ~are significantly important sihce invasive

malignanf gells in th-: BAT are in areas of ;ntgpt blood
brain barrief. ~nss viabl- rapidl& dividing
neoplastic tissue ... be exp=zo* . found in areas
of the brain where normal‘capilx, )ermabiiity exists

as opposed to areas of increased permeability such as

that “ found in main tumor masses. Findings by Levin
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£1975) have suggested that the increased permeability
of tumor capillaries creates a concentration gradient
which mediates the flow qf substances such as sodium,
ur;a and water from the tumor mass into BAT. If this
phenomenon exits if may negate the need to incu;
osmotic insult to the blood brain barrier in order to
facilitate thé communication of HpD with neoplastic

tissue in an area of intact blood brain barrier.

3.5 CURRENT TREATMENT METHODS

Brain cancer is a pernicious and intractable disease
that does not respond well to modern treatment

modélities. "The present average survival. time

: following diagnosis of most malignant brain tumdrs is

limited to months.

One strange characteristic of intrinsic tumors of

the nervous system, the majority of which are gliomas,v

is the rarity with which they spread beyond the nervous
system G(McDonald et al. 1975). All gliomas are
malignant” in that they are locally invasive and
complete 'resection is not usually possible. In some
cases the tumors may metastasize A by means of

communication to the ventricle or other areas were

cerebrospinal fluid is present. It has been thought

Ly



that since these tumors caﬁ be confined to the'cerebro—
spinal .axis that radiotherapy might successfully
control these tumors. However, the radiation doses
needed: to irrad;cate these tumdrs often exceed the
tolerence levels for that of normal tissue. A common
approach to treating many of these malignant tumors. is
combined protocoi of chemotherapy and radiotherapy .
Most malignant central nervous system tumors care
associéted with a high dggree of "morbidity and

mortality despite the many advances in chemotherapy and

. radiotherapy.

[y

Surgery only rarely cures malignant brain tumors.
Generally, by the time a proper diagnosis of the tumor
is made, invasion of deep seated areas of the brain has

already occured. As a consequence, sub-totalrresection

of these tumc s is usually the only surgical option

available. This in itself . internally decompresses

intracranial tissue which in some cases and restores

function. It can be .generally stated surgery performed

on a patient with a malignant tumor provides a

pallative effect with the possibility of enhancing the.

response of the neoplasm to othgr treatment modalities

such as radiation therapy and/or* chemotherapy .

Tumors of the central nervous system comprise 2 to 5
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percent of all tumors (of course these rates are
geographically dependent). Eight percent involve ‘the
brain and 20 percent involve the spinal cord. Twenty
to forty percent of brain tumors are metastatic lesions
(lung , Dbreast , kidney , melanoma and the
gastro-intestinal tract). In one study 70 percent of
cases had multiple deposits (Kahn 1969).

Gliomas make up 50 pefcent .of ail prima?y byain
~tumors. Glibblastomas comprise 50 percent >of ali
gliomas. They seed most frequently in the cerebrumwand
occur most. frequently Between the ages of 40 to 60
years. Gliomas comprise 23 percent of all spinal cord

<} -

tumors. “4 . Y

AN -
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CHAPTER 4

TREATING THE 9L GLIOMA IN VITRO

o

4,1 ABSTRACT

To further understand the behaviour of malignant
'neoplasms to this type of phototherapy the 9L glioma in
tissue.cﬁlture was exposed to HpD in various
concentrations and varying intensgties, wavelength énd
dose of laser light ., The results cqnfirm the
wavelength dependent nature of HpD phototherapy and the
importanis of incident intensity when considering '
dosimetry. The findings of this study showed that 630
nanometers is the optimal wavelength for fiber _opticél
delivery of iight to thé site of deep seated gumors
where optical attenu?tion is significantly greater for

shortér wavelengths,

f
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4.2 IN VITRO TUMOR MODEL

The 9L glioma is a continuous cell culture yhich grows
'as a monolayer. Two days previous to light exposufe
40,000 cells in 2 milliliters were placed in every
second well in a 4 X 6 well culture tray. The primary
.cell culture was trypsinized, spun down and £hen
resuspended to the appropriate concentration for
delivery to the wells. Every second well was p;pulated
so there c¢ould be no exposures of‘light from one tray
affecting the next populated wéll. A totél of 12 wells
were populated per tray. One day befoée the exposure
qf the cells to light the medium was éxchanged with HpD
cdhtainig media in all wells containing cells. The HpD
::(;Photophyrin 1 Oncology Research Inc. ) was added to
the cell medium -in .concentrations from 10-4 po 10-7
molar. Light_treatment was #pplied to each populated
well in various doses'intensity'and waveiength. The
lignt source was a Krypton-ion-laser or Coherent
Inova-20 Argon-ion laser ﬁumping a Rhodamine 6G dyé
laser . The ouptut of the iaser was passed through a
50% beam splitter where 1/2 of the beam went to thé

target and the remaing 1/2 went to a coherent 210

thermopile laser power meter. The target beam was'

expanded using a  triplet lens and. an ad justable
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telescobe .ahd the resultirig beam was collumated using
three adju;tablg shutters:(fig. 4,1). The trays were
mounted on a table fitted with a tube th?oﬁgh which
light could'pgss through the table and the wells could
sit "in the tube thus isolating the exposed cell from
the rest of'thé cells., The cells not to .be exposed
were protected with an opticalkshield which fitted over
the top of tray. The shield had one hole, the exact
diameter of a well, so the light could pass throggh the
top shield, through the well, and out the bottom of the
table. This experimental setup enabled the easy
measurement Qf incident light intensity using a second
powér meter‘of the same type before and after expoéure.
The power meter uéed after phe beam splitter was used
to ﬁeasure output stabilty of the laser system during
the_éxposure of a cell, The sécond meter was used to
calibrate incident intensity beforé and after each well
was exposed. The duration of the éxposure was timed
using a digitaily Qonprolled optical shutter
manufactured on site. The wavelength was measured
using a (SPEX Inc.) spectrometer and comparéa against
the settings of a calibrated triple plate
birefringent intra-cavity filter mounted | in  'the

Coherent 599 Dye Laser. The output mode of the 1laser

-

49



was intermittently checked by mspécting the image of
the output beam using arconc§§e mirror. The laser mode
was kept at TMoo at all tiﬁes. The expanded beam was
truncated so only the inSide 304 of the beam was
actually used. This assured us of a constant
distribution of output power over the whole cross
section of the beam. The image of the beam'incident to
the wells was checked for interference patterns which
may arise from misalignment of 'the optics. This
initially presented problems which caused  the
interfe;ence rings of viable and non viable cells in
the wells when stained. Sincé the output power of the
dye laser'is greater thaﬂ 1 watt at any wévelength used
in this experiment we could afford to lose power in

-many blaces S0 as to deliver a reliable monochromatic

source of incident ‘radiation. Since ' the:

output bandwidth of the laser is less than 5 nanometers
this experimehtal configuration is a true source of

monchromatic light = which does not present the

wavelength doSimetry'complications of filtered white

light sources. The absorption spectrum (fig 4.2) of
HpD in human serum\géé five major peaks in the visible

region.  The selection of the treatment wavelengths

were based on this curve. The Argon-ion dye and

£
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Kypton-ion-laser configuration enabled us to examine
the dose , intensity and wavelength dependehce of HpD
phototherapy on the 9L Glioma . The wavelengths chosen
were 647, 630, 590, 573 and 514 nanometers. The 647
nanometer ‘output was delivered frdm'a Kypfon;ion—laser
with red mirror opties and an intra-caviﬁy prism . The
630,590 and 573 outputs were supplied by the

Argon-ion-dye-laser configuration using Rhodamine 6G as

the dye to be optically pumped. The 514 nm line was

supplied by the Argon‘Idn laser alone using the green

optics and an intra-cavity prism . The incident

treatment intensities used were 10,30,40 and 100

milliwatts. with doses ranging from 1/2 to 10‘joules.
The treatment of 6 wells were gsed for eacﬁ intensity
swavelength and dose.' Since wavelength sensitivity of
the 9L -Glioma to HpD phototherapy varied, the applied
dose depended on the, treatment wavelength (fig.. 4.3).
The temperature was monitored ip wells containing cells
which were given maximum intensity and dose using a
éopper—consténtin thermocouple. The temperature in
" these cells did not rise more than 1 degree centigréde
during the light expoéure. Upon the wellvs " being
exposed they weré returned to the incubator for 6

hours. Cell death was determined using the Trypan blue
N
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vital staining technique. In order for a data point to

considered relevant data, all six wells must have shown

1004 cell death. It was not;éon er’Jurate to

tthese

s

P .A*’ . The

éjusiR, odr

estimate the ffactional surVi&%&;
wells using - this “stain

' ST o
vital stain method enabled us: .to‘ . quitRI¥

dose,intensity and ha;elength paraméterslzé establish

quickly what was required for 100% «ill.

4.3 RESULTS OF THE 9L)GLIOMA IN VITRO PHOTOTHERAPY.

The wavelength dependence*of HpD phototherapy in vitro

seems to cloéely follow the HpDp absorption -
' . , ¥

char&cteristfcs (fig. 4.2). - The decrease  in
absorbance of HbD/ in' the region of 590 nanometers
corrésponds direcgly with an apparent decrease in
HpD activation when compared to 630 nm and 573 nﬁ. The
lower error bar in all figures represents the highest
dose delivered where there was not total cell death as
determine by the trypan blue staining method. The »be
concentration which provided the most useful results
for comparing the effects of varying wavéléngthr'was

10-5 molar (fig 4.3). Concentratiohs of 10-6 molar HpD

‘required large doses of radiation to obta;n.'}g§¥ <kill

(8 Joules at 100 milliwatts/square centimeteé and 50
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Jouies at 22 miliiwatﬁs/square centimeter). We. cou;d
not cause 100% cell death at doses less than 100 Joules
with intensities of 100 milliwatts/square centimeter

é, .
concentration of 10-7 molar. The

'(fig. 4.4) using HpD
results of this study are in agreement with the
findings of Kinsey (1981) which show that lighf of
wavelengths in'the green region of ﬁhe spectrum are
very efficient in killing malignant neoplasms in tissue

'cuiture exposed to  HpD (fig. 4,5). Tge

intensity depgndence of ‘ the 9L Glioma is quite
prgnounced and shoula be a major consideration when

attempting to calcﬁlate to total effective dose on a
deep seated neoplasm. Sincevthe light intensity = from

an optical fiber will decrease Qith distance the total

dose needed to irradicate neoplasic "~ tissue will
increase w;;h distance away from the fiber.

Total integrated dose , iﬁ some cases, will not be a

‘reliable method of determining the dose required to

déstroy neoplastic tissue in vivo.

¢
LEW
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FIGURE 4.2
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- HpD Absorption vs. Wavelength
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- CHAPTER 5 Y
TREATMENT OF THE SUBCUTANEOUS 9L GLIOMA

5.1 ABSTRACT

The inhibiting effect of the activation of
hematoporphyrin derivative (HpD), by an
Argon-ion-dye-laser (Wavelength 630  nm), was
investigated . in the Fischer 344 rat bearing
subcutaneous'implants of the 9L glioma . Tumor growfh

was monitored by measuring the tumor ngume with
) - .

constant force calipers . In control animals agd,those

(10 mg/kg -

with HpD alone

were pretreated

intraperitoneal injection, i.p.) or laser light alone

(2000 at

Joules 100 milliwatts), a predictable

exponential growth pattern of the canéér was observed.

~
‘

Animals were pretreated with HpD (10 mg/kg by i.p.) 48
hours .rior to the fiberoptic , intratumor delngiy of

laser radiation (2000 Joules at 100 milliwatts), when

[s]

the tumor had reached a vdlumé_ of approximééely 1.5

s
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5.2 ~ INTRODUCTION ..

~cubic centimeters. Seventy-two hours after the

combined laser and HpD treatment thé tumor underwent

coagulation necrosis and the tumor volume rapidly

increased from a value of 1.77 +/- O.Sv;%%ﬁﬁié&ﬁ

centimeters (Mean with Standard Deviation, referto fig

5.10), to a value of 5.6 +/- 1.2 cubic centimeters

compared with a mean of 3.9 +/- 0.8 cubic centimeters.

in animals who had not received laser photothergpy .
Rats treated with HpD and laser light survived longer
(mean survival 52.7 days +/- 14.6 standard deviation)
than the other animals t?éated with laser alone or HpD
alone‘ (mean survival 34.5 days +/- 6.8 étandard
deviation). LCaser phototherapy with HpD significaﬁtly
interrupts the growth of the highly maligﬁant 9L glioma

and proloﬁgs the survival of Fischer 3ul rats bearing

this neoplasm. ~ = =

'S

P

ST S

Dougherty (1981). performed phdﬁotgarapy on 14 tumors

in pet cats and. dogs. 1 This was dﬁe ffrst paper to

address the problems of clinical appllcation of fiber-

.o jr ‘
optically dglﬁyered laser light‘ to the tumor site.

Kinsey ‘et g;.‘ (1983) ‘addressed . the problems of

thermal effects generated from phototherapy and showed
o .

.

P
Y
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that cures could be effected with 1light alone when
applied in powers high enough to cause thermal damage.
Tomio, et al. (1983) treated subcutaneous solid
Yoshida Hepatoma wusing a filtered xenon light source
(590 to 690 nanometers) with no recurrance. Granelli

(1975) performed subcutaneous tumor treatmnents using a

white light source and a lucite rod as the method of

Y

delivery.

>

The first aﬁtempt to show that nervous system tumors
' |

produced fluorescence after administration of
porphyrins was by Rassmussen-Taxdal et al.. Ina study,

looking for fluorescence in various types of human

tumors following the in}ravenous administretion they

" showed that 500 - milligfams. -of éematoporphyrin

produced fluorescencé in an olféctory groove menigioma
bgt not in an ependymomaA of‘ the cervical éord for
reasons which they could not explain. In each case the
hemetoporphyrin was given by. intravenous injection
infusion over approkiﬁately 6 hours aﬁ-leaaf 24 hours

before surgery. The tumors were . then examined for

-fiuorescence under an,ultraviolet light. No patient

experienced - any undeeirableA effectsj frbuf%his study
even though some recieved as much~as 1000 milligrams of

hematoporphyrin.

-
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Wise and Taxdal have shown that hematoporphyrin‘will
not cross the blood brain barrier but will cross a
; R : / ’
damaged blood brain barrier. They produced injury to
the brains sf guinea pigs gnd dogs either byv
electro—cautery  or . needling and 'administered
hematoporphyrin. _«The brains were examihed for

& .
fluorescence under ultraviolet light 24 to 72 hours

later. In all cases fluoréscence was seen in the area.

o~

of the lesions. This was. effect was -foufid-
maximal at 48 hours. fluorescence was also seen in the
area postrgma and the pituitary stalk, both regions

laéking the blqodrbrainfbarrier. They have also giQen

5 patients 500 milligrams of hematoporphyrin by ,

fintraveans infusion and 'have been able to delineéte

“the locations’and limits of ‘gliomas at surgery.

In 1972 Diamond et al., first reported on the

N
A

" photodynamic destructioh,of'a nervous system tumor. 1In

vitro exaerimenp; were conducted using the 9L glioma

grown 'in 'tissue culture and then incubated in either

10-5 or 10-6 molar hematopofphyrin,for.150 'minutes in

the dark. Some cefls were then keﬁ% in the dark as a

control while others were exposed to light the source

being eight 20 watt fluorescent cool lamps. The cells

were stained with trypan blue to test for survival. It

to be '
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wag‘ found that 100% cell death could be produced after
50 minutes of expos;;e at 10-5 molar HpD and 93% death
after 120 minutes at 10-6 molar HpD. Those cells kept
in the dark sh;wea no destruction.
v Diamond's in-vivo experiments invlioved the
v .

subcutaneous innoculation of 9L glioma cells into the

flanks of Fischer 344 rats. After 19 to 21 days the

rats were given 10 mg/kg hematoporphyrin derivative

intraperitoneally. over the next '3 to 5 days the

.tumors were exposed to light for a total of 3 to 5
‘hours. - The light source was a .high ‘intensity' 1i£;t
pulb directed through a 1lucite rod to intact skin
loverlyihg the tumor. Histological examination of the
tumors a‘week later showed msssive coagulation necrogis
with 6nly a rim of viable cells remainigg ~along the
periphery of the .éumdr most ffé@ote from the light
_ source. 7

In 1975 the same group reported further results with

same tumor model. The subcutaneous tumors were

irradiated with a more intense 1light source and the
lucite rod was passed through a skin ineision so as to
apply the tip closer to the tumor. At the time of

treatment. the tumors measured 1.5 to 2.0 ceéntimeters in

diameter. Again any viable cells were seen at the
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- periphery  of the tumor most remote from the light

source. Further in vitro studies showed that treated
ceils still succumbed to.phototherapy even though they
were washed before exposure.

The first report on the pﬁotodynamic action of light
and hematoporbhyrin derivati&e on human gliomas was in
1978  (Signorelli et -gi:J. éells from a

glioBlastoma multiform were grown in tissue culture .

" They were incubated with 10-5 molar hematoporphyrin

/

derivative prior to being exposed to light from eleven
15 watt neon 1light bulbs. Microscopic examinantion
after treatméeft showed degenerative changes when

compared to controls. In particular they tended to

'losek their cytoplasmic processes, showed large nuclear

-

and cytoplasmic vacuoles and . the 1loss of their

Eii&fibrillary structure.

Sery reported on the killing of retinoblastoma Eells
with hematoporphyrin derivative and light. The light
source was a'1§ watt cool white fluorescent bulb giving
an irradiance of 6.0 microwatﬁs}square millimeter. He
fo;hd that thé minimum qoncentration of hematoporphyrin
to produce 100% kill was 1.67 X 10-5 molar. The

minimum time to produce cell death at this intensity

and hematoporphyrin concentration was 6 minutes. He
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was alsd able to show that by increasing the plasma

concentration, the cytotoxic effect was markedly
reduced and even heat inactivated serum- inhiBitad the
photodynamic effect. This result was thought to be due
to binding of the porphyrin to hemopexin .

The first report on théwtreatment.of human patients

using phototherapy was by Perria et al. from the

‘ University of Genoa in late 1980. Hematoporphyrin

derivative was used with a Helium-Neon laser as the
-~

light source, delivering 25 milliwatts of power. Nine

patients . (8 -gliomas and 1 sarcoma) were given

hematoporphyrin ranging in dose from 2.5 to 10 mg/kg by

intravenous infusion between 24 to 96 hours before

surgery. 'During the operation the brain WER). examined .

under ultraviolet 1light and.in all cases fluorescence
was observed. ”Standard tumor excisions were , -formed
after which the tumor bed was irradiated with 630

nanometer radiation. Attempts were made to administer

9 Joules/square centimeter to the residual tqgor'as

this was calculated to produce cell death up 1.5

centimeters deep. Examination of somé of the brains at

post mortem showed coagﬁlatioﬁ‘EESEPSis in the walls of

the resected area. No cures gé?e reported and this was

thought to be due to residual tumor existing beyond the

65



range of light.
Forbes reported similar results - in Southern

Australia  (1980). They treated 3 gliomas using

hematoporphyrin derivative 5 mg/kg, and light from an

Argon-ion—dyeflaser using Rhodamine B dye. In one

patient they were aﬁ%e to confirm necrosis when they
“

reoperated for recurrence. In each casé the light was

given during surgery.
Laws et al. (1981) tréated&% patients using 5 mg/kg
Hematoporphyrih derivative and fiberoptically delivered

laser light from an Argonfgonepye-Laser running at '630
nanometers with a distai, fiber Outpuﬁ of 350 to 400

. . Y
milliwatts. The result at that time were  inconclusive

but seem to show promisé for the téchnique. Laws

-

reported that it tqﬁk approximately 300 milliwatts of

red light from a 400 micron fiber Eovactivaté 5 to 10

cubic centimeters. of a sgbcﬁbaneous murine saft
tiqsue tumor. The Photobherapy Research Group,at'the
Uﬁiversity' of' Alberta has beeh '? inveétigéting
hematoporphyrin phototherépy in ‘number of:diffgrent
animal tumor models. It has been the policy of the

group to exaﬁine~ in more vdebth the effects of this

therapy on predictable models and to @nv@stigate .

oy

methods which might help improve  the clinical

R
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applicatioQQof this'théyﬁpy. To further investigate
the wuse of phototherapy for the treatment of canéer,
HpD was administered to  Fischer 344 rats bearing
shbcutaneous implants of the 9L glioma and the HpD in

these tumors was activated by light from an Argon-Ion-

-Dye-Laser.

5}3 THE DEVELOPMENT OF THE SUBCUTANEOUS TUMOR MODEL

The first subcutaheous tumor model .to bé used for
the evaluaﬁion ~of phototherapy at'thg University of
Alberta was the 91 Glioma .‘ﬂThe method used was based
on, Diamonds (1972, 1975) two papers using the same

tumor line. The protocol labeled R3(DH) was devised in

~May 1982 and .was, finished by the end of December 1982.

In may - 1982 it was decided that the effects of

. fiber-optically delivered 1laser light in conjunction

with HpD on subcutaneous 9L tumors in Fischer 344 rats
B RO A w9 ‘

should be examined.’ As a consequence of this a

protocol’was,written énd-the'experiment was commenced

on May 28, 1982. The concept of R3(DH) was based on

 the ability to innoculate male Fischer 344 rats with a -

0

.. bolus of 9L tumor ~cells subcutaneously. It was

observed that these tumors grew 95§ of the time. The

. -
R3(DH) experiments performed -to May 28, 1962 were

Y 5 .
e
. Lo

B :__L
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conducted oﬁly to check the reliability of the tumor
take and not to see how well the tumor growth pattern

fit any particular growth model, It became obvious ' by

the end of July 1982 that the tumor growth patterns

L4

68

obse;;Ed in R3(DH) could:not be modelled to show the

objectives set out in May.

Those objectives were:

B

. To determ&qe the growth response °ffb the 9L

subcutaneo tumor to Hematoprophyrin phototherapy
L

2. To address the problem of'fiber-optic delivery of
i - .

phototherapeutic radiation.
L

In order to establish that an alteration in vthe
-tumor growth pattern has occurréd due to the effects of

phototherapy; the normal growth pattern of the . tumer

had: to be established. Upon examining the data

collected from May to July 1982' absolutely no

predictable parameters in the tumor - growth pattern

could be isolated except for the 95% tumor take. Even

though‘ the tumor take was 95% the’tUmors did not take-

at the same time, The experimental procedure required

the innoculation of one tumor on each flank of the rat.‘

The injection method used did not control the depth of

ingection into the skin of the number of cells per

L d

<’
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injection. This may have been the cause of ‘the

independent seeding. times of the tumors. The: seeding™

time is defined by the author to be 'the time after

oo

innoculation reﬁuired for the tumor to reach a volume

1000 cubic millimeters (The .seeding volume) measured

Ny
i

using constant force éalipérs. Thé“ difference in
seeding times was totally unpredictable and at _times

presented problems in measurement. On some of the

.animals one tumor would be so large it could be said”

“that it affected the grdwth of fhe other by virtue of
its nutritional load on’the hbst;AfOne noticable.‘faét

was that if the tumors seeded at approximately the same

1

time their growth'was always exponential upon reaching
the seeding volume.
. o - .
The tumors did nptﬁ;@&ways grow with a simple

geometry. This presented.problems because the ‘shape of
. - = .

the tumor was treated métheﬁatically as if it were, anf

ellipsoid . . ’ .

(3

 In August 1982 an experimeht was conducted to test

the: procedure of 2nd generation trahsplants and to see

if it could produce a more. consistent seeding time . .
The first eight tumors'(four rats) had seeding=€imqs
within 2 days.of each’ other. The model derived to

predict the behaviour 6f the'subsequent tumors was a

-3

-
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simple one: ‘ o T
o C . ' '" ' . -
1." Upon reaching a volume of ' 1000 cubic milliliters

e a9 .

the tumor"will grow e;ponehtially wi}hﬂtime at

least until it reaches a volume of 6000 mm3.

2. The differente in the Seeding time for ~thea tumors

on ahy rat' will not exceed 3 days and the average ¢

seeding time”gill'be 10 aays +/- 3‘days.'f¢ |

. e
- ‘ . £
<

3., Thggntumdb;,geometry_ will ;glosglyi ‘resemblev én

v

N <, LT -
'éilipsoid with go diameter differing. from the mean
. R . o e N ) . P } )

of .the other two byrméréuthAn Bb’pércént;én L
’ | L &‘,‘.--. ;g‘v’»‘;‘. ' | U’
4, The doubling time -for ' the _ tumor, f ¥$n;_/bﬁe

. e'xbongnti"al“gr-qwth period” will not be-&éess‘s ‘than‘:";c?.so/

it

<

oS

days or greater than Q;SQdays. .

F

70"

B2

' On October 1982 10 rats were innoculated :with ah"
o [ ' - . REE

'qebond generation .tumor Jpreviously ~established from a

' subcutaneous growth in a separate animal. The ﬁriméry
> ’ . _ / s

, ‘ . . . .
tumor. was. derived _by the subcutaneous injection of a

~

° .

100 microliter bolus’ of "100 million Gells per

\

: . \ - S g :
‘milliliter suspension -of. 9L‘élioma cells grown in

4 TN

s

fsoqpbe of transplants for 'further ekperimeﬁés.-. "

* viable piece of tumgr' was'7iehoved5 féom the 'priméry

ol

' culture. Second generation tumors were,.never.used as'a



t

v,
M

-y

v

\‘% reached ayvciume ot‘ 1000 cubic millimeters ' (treatment %
L -

see, B
...

volume). n‘fThe . rats ‘in C10 dld not receive any ”VS

source (200'to 300 milligr-'

& . r'.\ Yy -

suboutaneously~via a small skin £ﬁ%1sion made on the

Al f \

flank of the second hpsﬁ::;s. Tnhe 10 rats were broken K .
' . b _ S -
£

v
o 3

-up into two groups of Ne. The first group was

KN . -

labelled the control group C9 (graphs E3 C9 R1- through
J

RS) and recleved nd HpD or light. The second group was
@ o

. . t ‘]4 .
labelled . C10 (E§FC10'R1' througb- R§) "and ‘was

administered 105 milligrams per kiloggamag”of Hbﬂ*h

:f

intraperitoneally 48 hours after their tumors. ha@fv

R . . b
“ 4

S R

d..

,,.A '(

November 1982 @E34011-R1 througp 4R5) and upon the&m;wi?_'

f tumor volumes reaching a volume of Japproximatel 1500 -

~

mm3s. they were. given intra-tumorald‘doses “of 2000 ' 2

-

~the tumor reaching a treatment volume of 2000 mm3.

Joules of fiber optically delivered 630 nanometer

radiation. Group C12 was given tranplants in November

- 1982 (E3- C12-R1 through R8) and M8 hours- previous’ toi

‘-

,each rat received ‘an intraperitoneal;injection 'of 10 -
ng/kg . “The’ tumors were then treated with . 2000 joule

doses of 630 nanometer radiation upon reaching the

treatment yoiume. .ﬂ L : ‘ .

It was this subfitaneous tumor model t... vaégausedv

i

i
h e PR - ) .

‘e

o e——— — R N ’ : - - . o 8
> =4 - . . . DR g o
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‘the protocols in-the treatment of;hhe"9L¢Glioma, Morris -

o ‘ 7777 Hepatoma and the bunning RH3§27 proé%aﬁeibumors.

5.4 'METHOD - o et
a . ‘ L _ Sy
S5 b 2 . . - A . ‘T
The rapidly growing SL slloma was selected'Trom tif : ‘
o e s ' 4P . S - ~‘
Mo B clilture for subcutaneous implantation in male Fischer Cow

2 e ,
: - . ) R

L2
-~
14

WS ,,'v;,‘.‘_ : ’ ‘“_ ’ . ’f;.';;',
T3hy albino . rats (Charlgs Riverl Laboratories/ "
CDF(F3U4)/CrlBR, meanggweight . 250 grams) Ihroughout s o ,
£} . ' -
» o Aol
all studieé dach animal ‘was allowed free access to o .
- d‘\{f L —\/ Lo Wy
Purina Laboratcry ,Chow and waten ‘The 9L glioma is a » :
| e TS T T -
o transplanﬁable ﬁumor' (transplantable ’in"ﬁl‘Male IV '
o Y o '
" “. Fischer 343 rats only) that arose - initially invthe., '4%;

e

‘A..‘d o

Fischer 344 rat aftgr treatmenb of bhe anlmal wit
#a

,N-nitrosomemﬁ&urec, ’ U‘pon tumcr being palpable,. .

;mhe untreated subcutaneous glioma grows rapidly, and it

4

reaches a~ size %of _about 10% fof body welght of the

_animal within 7  weeks. Initial studies . using

- » ' subcutaneous inoculations derived from tissue cultire
/\Qx100 microliters, Of 10°.million cells per milliliter).of

the tumo® in both’ flanks of 6 rats revealed consistent

but\eccentric tumcr growth and:’ death of each animal

8

i within 5 weeks. To produce a tumor model with o . "

~ predictable growth characteristics a skin incision ‘ was

made on each.flank of 5 Fischer”3uu.rats and a piece of



KaY

tumor (approximately 2mm i diameter) derived from{ an

'already established ’ shbcutaheous:growth in a separa

‘

animal was Eransplahted. The,incision was then closed
. Y

' with fine“ 8ilk 'sutures. . Tumor growth was monltored
.

daily using constant force. calipers (10 grams force).

The tumor dlameters were measured in three orthogonal

R -

tgplanes.“TThe double fold equﬁthickness was subtracted

&

from eacll diameter measufement and the reéﬁltipg

9

L) N
ki

5%§ametens wereff?hsed to calculate an

-

>fﬂ\upon reabhlng 1 cubic centimeter hdé one dlameter more
»i"

than 50 percent rérger ‘or smaller than the mean-the":

'three measured diameters,ithe rat -hosting that tumor
Bl . R “~

" was. excluded from theAstudy. Each rat was given one
. _ 7

- tumor on each'flank. ~ff the tumors did . not reach L&,

vvolume of 1 cubi%_ centimeter’ within 3 days of each
SR K

Tt

other, then the rats hosting those tumors ‘were . also_

.excluded from the- stydy. vThe groyth of the~€umors was

-found to be exponential -between volimes of 1- cubic

centimeter .and 6.5 _cubic centimeters, with a mean

doubling tlme'of 3.9 days. The mean.fdoubling time
(fig. 5.9).‘ya§ derived -from the linear regression of

the logarithm of the tumor volumes against the number

of days,”ETter reaching J‘cubic:ceﬁtimeter. 'Since all
\ ! .

>

b ltumor‘ volumd (Fig. 5.0). If‘ any tumor', '

s

ppyes



exoerimental handling . %

f P (o T '
,5.5 - PHOTOTHERARY " : s

‘tumor _in the left and right flank. Group C9 (Fig.

~each rgt-treated). These tumors were trgated when they

‘mg/kg (Group €10 fig 5.3) alone, and intratumor _

‘delivery of laser -light (2000 Joules at 100 milliwatts

T4

tumors behaved in a predictable expontential fashion

‘ upon reaching 1cubic centimeter, all growth data was -

aligned around tumor volumes of .1 cubic centimeter.
Thoughout this and‘ '%‘éubsequent studies, direct

implantatiph of tumors was undertaken and the -anifialse
Yﬁu .

_Were anesthetized with- * Halothane during

. I
_ 4 . o ; Y ! T
Wy - . v . P .
N .

Fan géoubs-of male Fischer 3Qﬁ rats (refer to-TaBlé%!@' 3

5.1) received surgical impiantation of the 9L Glioma in‘

the manner as previously described.“ Each animal had a

D)

5 2) recefved no treatment and formed a control group. .

\.U‘a- Q”J .

Groups C10—C12 ‘formed the treatmen.- groups (those

groups to receive laser light had only one Btumor- on .

’

had /r‘e'ac‘hed a_ volume of 1.5 cubic centimeters..

Treatments consisted of "the intra-tumor Celivery of

»u;.'

' laser light alone fZDGU“Joules at 100 milliwatts"Gneqp*h\“

°

cii, fig 5. 4 2’ and the C11 tumors not given laser fig.

5.4.1)), HpD given by i.p. injection in doses of 10

Ay
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J ’ o 'C12).

.»'r

*‘\“
- group C12, fig 5.5 and the control tumors that did

not receive laser light fig 5.6) 48 hr after the i.p.

U’

administration of HpD (10 mg/kg). Tumor growth was

-

monitored by measuring the tumor volume with calipers;

. and the length of survival of each animal ‘was noted.
. o {'

Autopsvaas performed on at 1east‘gﬁanimals from each .

sy 4‘3 ‘ -
.
group following their death and adJacent musdle and

Y

i»tumor tissue was removed for light - microscopy from—

S ) T e .

' animals ‘before and after laser photo

: Ty . o . \D
4 - - :

s

e
v e

using a 600 micron, step index fiber (quartz silica,

that was implanted along the longest axis of the tumor.
. . . . a A -

Although - this technique provided uniform

transillumination of all the treated neoplasms, a rapid

decrease of transillumination intensity occurred at the

*»

tumor ‘surface following the initiation of the laser

rd

theatment._4-This"reduction of'transillumination was a

.’\2

. tip with the consequent light absorption and heating.'
S A TPE S

To overcome thiSAproblem%tﬁe,freshly cleaved end of t

fiber was rounded off using a oxy-acetylene micro~torch

and about 1 centimeter of the distal end of the fiber )

was treated with acrylic cement (fig 5. 8) The cement

The delivery of light to the.-tumoré..was performed

" result of’ the baking ofatissue and blood onto the fiber

75

wl

-
N

=
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dried onto the quartz core of the fiber ﬁp 'produce -a

.u

mat surface. The refractive index of ‘thé‘acrylic
y.

cement closely matdﬁed that of the quartz core so that

_ light - readily passed “from the gore inho the coating

9

ahere it was scattered By.‘the rough outer surfaoe.»

—u

fk,Henpe, tﬁev light leaked out ‘of the_fiber along the

-’(1 ‘ \“.

fluereseenn lamp. Before laser light was vadministered

" W

' the skin overlying tne tumor was shaved and the animal
N S

was. immoblilzed on a small’ met al frame.-f A 21 gauge

needle was inserted into the longest*axxs of ‘the tumor

and 500 ul of normal saline was injected into the

uu)

e centhe of the tumor. Iheaacrylic toated fiber, through
. - o
which  light .  was transmitted from % the

' Argon-ion-dye-laser, was inserted into the needle and
the needle was then withdrawn to expose the fiber tip.

The fiber tip was then located. in the approximate

< "middle of the neoplasm and laser light was.administered

at 'a rate of 1 Joule every410 seeonds. During light

- 1

delivery the intratumor and intraperitoneal temperature

of ~eacni animal_was monitored_simpltaneously with a 30

gauge eepper-conS£antin thermocouple.

" . e m

&5 RS ;

°

\'{'L', nob" unlik€$ av& miniature ‘

-

AR

tLqﬁpated tip .resulting _iﬂki a .

Tow
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Fey

,injectlon and laser light there was a,

in “tumor' size which was 'generally

o2
L e,
5.6 “RESULTS ‘

¢

. The results of treatment in all five groups of rats
are shown in figures .5.2v."through_5.6’. Ng;lthér'ﬂbb
alone ("1g§ﬁ37kg i.p. fig.5.3), or ‘laser:llght alone.
(2000J at 100 milliwatts fig 5.4.2) caused any ;

measurable effect on normal tumor grbwth. After the,r.

icombined administration‘ of HpD (10 mg/kg) by i.p.

inspection of the animal within 6 hours 'of * light
: - @ ]

delivery (Fig.gts. \The hard, nodular nature ‘of the

‘tumor tissue leaked when the skin over the trﬁated

subcutaneous glioma changed to a soft mass on palpation
e \
and the tumor became a cystic swelling. One tumor on
- .

each rat in group C12 did not recieve laser therapya o k\\
- O

These tumors (figure{S 6) served as laser congrols for

N AA:u,"
v, v e

the treatment group art did not show any dev1atlon frOm:kﬁf'
iy )
the normal. exponential gr ,Th observed with group C9.

-In one an1ma1 that had received laser phototherapx

Vs

-

tumor was punctured with a needle. 1In 4 of the 8 rats -

treated with laser phototherapy some ulceration of skln S

~over the tumor was noted. The rats behaved sluggishly

. for approximately 2 days after treatment but then

returned to apparently normal activity.i In 4 out of 8 ‘ L.

Lo
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\

of the animals that received laser phototherapy. A?gi

HpD the .tumor ulcerated and sloughed away. Tﬁis

striking tumoricidal effect with liquefadEion of tissue .

made subsequent measurements of tumor volume difficult

.but within 2-5 days of treatment, tumor growth appeared

to recover. The mean survival time (fig 5. 10)' after,

&

~v,phe implantation of the glioma, in the r%ts treated

\lthh light and HpD was significantly longer (u8 days

+7; 12 standard devfation) than the mean survivalvin

all g;her groups of animals (31 days +/- 16.5 standard

deviation)

Measupement Qf'temperatures in the tumor, 1 to 10

milligeters _ from the fiber-optic  surface, were

78

uniformly less than 3 C “above the simultaneousiy  '

measured, _intraperitoneal temperature of the animal.

L

(fig. ‘5.6) This implied that the resultant light

fbatterh did not 'give- rise to any "hot spots" at the

 dosés of light used in these“experimenﬁs and  thermal

injury was not rz sponcjble for tbe observed tumoricidal.

effeets of laser photo*herapy with HpD.

- Autopsies,. pecfc.med after death of the animals,

P

showed malignancy which <was‘fmanifest " most often by

Y4irect intraperitoneal invasion of the 'glioma through

. the muscles of the flank of the rat. Macroscopic

-
-7
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" examination of the abdominal and thoracic organs after

.0

death did not reveal major differences between each

group of animals and the pattern of tumor invasion

)
o

appeared similar in all groups{

Light microscopy of sections of the biopsies of
a 0 "
tumor tissue that had been removed before and after

K

laser phototherapy revealed the development 'of

extensive coagulation necrosis in the treated neoplasm
«‘\5" -

44,
to therapy. However, there was some ev1deﬁ&ﬁ%
M!,‘

survival of islands of glioma cells within ‘the tfssue

sections removed from neoplasms that had been treated

9

~with 1aser phototherapy and HpD.

The'findingbof surviving glioma tissue matched the

1

' observation of tumor recurrence 1n the animals after

: treatmenfil' Most hecrosis was noted in- the middle of
,, . \
the tumors: at areas of the tumor adjacent to entry of

" the fiberoptic light cable. Sections'of tumor tissue

. b

that were examined after treatment with HpD alone or

4)""

laser 1ighb alone did not reveal lgpge areas. of

-

‘ necrosis. Such changes observed with light microscopy '

'

were'not seen in the other groups . of animals that

o

“received HpD - alone (10 mg/kg) or-laser light (2000 J)

alone.

With total Oellular disruption that Qould be atb@ﬁbuted "
‘uvhﬂ )

79
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5.7 DISCUSSION ‘
o .

Laser phototherapy with HpD significantly interrupts

-

the- growth 'of the highly malignant 91‘Glioma ~and

[y

iagroves survival time in the Fischer 344 rat bearing

this tumor. The data confirms the findings.of other

. investigators (Diamond EE al., 1972; Dougherty , 1975;

Thomson et al., 1974; - Dougherty et -al., 1975; Forbes

gg“gi.,”19805 that light activation of phqtoo:fikAdyes

such as HpD, may have an important ro;evlin “the

¢ tréatment of certéin malignancies;' The toxicteffect of

ﬁpD*ﬂphototherapy dh neoplasms is not specific since

'

illnginabion. : HoweVer, nin the present study

o

light microscopy of muscle tissue ‘adjacent " to tumors

N

reated 'with HpD did not reveaivevidencéﬂof necrosis.

-

vaﬂ;,l Despite an apparentv non- specifie localization of HpD,
AN - |

gy 2

~normai tissue containing HpD can be damaged during:

80

<9 *Vgodﬁ therapeutic ratios between tumor response ‘and skin B

»
AR

response (phototoxic eruptions) have. beenw1peported in

4 -.rl‘

~? clinical trials Dougherty et al., 1977; Dougherty gt‘
: N N B

o oall, 1978). However, - severe ~and _persistent
v .k”'phototoxic’feections to hematoporphyrin administnatiorrb
c;n be ant;cipated: in a significant proportion of
patients, . theneby" limiting" the clinical. use of

phototherapy (Zalar et al., 1977). The rats used, in

e
3

&

Loy
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‘this “experiment  did not show any adverse reagfions to .

.?%e;injection'of HpD even though they were exposed to

ﬁormal lighting. First attempts to treat malignant

"brain tumors using phototherapy (Perria 1980 , Laws et

‘ﬁﬂyal 1981, Forbes et al. '1981) were inconglusive but

ko

# . ,
3%-proved that the application of activating light to a

4

" ‘tumor site in the brain is possible. It would seenm
t: after these studies< that more investigation : intoﬁf

»HpD—Light dosimetry will be required., Normal tissuefi

s

r'adJaéﬁnt to a neoplasm could be severly damaged if the

interval between HpD administration and light exposure

o

~1is not optimal. In addition, the therapeutic —ratio

obtained during’® phototherapy depends to a large extent

on the location of the tumor. This may be 'significant

]

_for tumdrs of -the ' nervous , system vwhere the

" blood brain barrier exists. The 'giioma‘s ability to

e ~
expose tumor to certain chemothggapeutic drugs. ‘ The~-

insinuate itself amongst normal tissue and processes

make it\a difficult entity &o irradicate using large
- : .
molecular oncolytic agents. The blood brain barrier

’

can be intact in areas of brain adjacent to tumor and

therefore may present proLlems when attempting to.
?

. permeability characteristics of brain adJacent to tumor

for HpD may ‘have to be further investigated to

-
P
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‘r.. 5

. J
*V'malisnaQF tumors .of the

[

.nervous system.

Temporarya

82

determine‘ the- feasibilty iof phototherapy in treating.

osmotic insult to; the blood brain barrieriight be

necqessary to facillitate t%e communication of

&v "'v-v

N -
AIRE &

HpD to_

®
" tumor. It WOuldrappear that more localized delivery of {

HpD to tumors by”irrigation or’by

sl

e - <t

.

d

conjugatnon wi

/))

tumor seequgyconpound shch a monoclonal antibody or a o

lectlndhas potential to

: tissue~ (Dougherty

.

w advantages of p?bto- N

reduction in Kdose~'levels

o

pew 1983)

L

reduce toxicity to normal ot

}:-therapy include

of HpD and

7@&

a

possible s

The theoretlcal

A

reduc;&on of

- concentration of the dye in adjacent tissues and skin, -
thereby r?ducing local and systemic tox1city. Since. . i
bl R o<t Likely a major d;ternunant of HpD .
- loea gnecrosis oﬂ normal t153Ue adjacent to or

w1thin the glioma may be a limitlng factoﬁ’ for the .

concentrations of the dye.

tumor seeklng conjugates

Inc addltion, the uptake of .

of ,HpD with

monoclonal LN

. antibodies directed against neoplasms would be limited ' I

L

by such neorosis. However, small areas o§9 spontaneous N oo

P

Vs

3 necrosis that occurred in areas of thb«QL Glioma in the

phototherapy in this experlmental model.

- Major- factors ' to,J"

&

:

o

be  considered

in"

Fischer 34“ rat did not appear to interfere with laser: . ’c”ﬁf



A

'behave like a -cylindrical rah
"approximately 30 watts/souar@bcentimeters at, the tip‘of A e
further and less obvious advantage of a cylindrically /. .

< :radiating source over a point source- is the relative

“geometric fall:: in 1ight intensity as the light

‘v‘inserted into a highly scattering medium“I!ke living /'

emitted from_a point sourLe . Thus for c

'y oGy . . . . ]
ﬁ' 'éy’ : ' , 83

clinical application of phototherapy include efficient
and selective light activation of HpD containing

malignant tissue. The modification of the tip of the Y

lquartz fiber that was used inrthe laser system-in :this

shudy appears to exhibit some ad i‘ es for efficient )

of the fiber to s
J N %

‘ator offered clear«

light delivery. The modificatigv,

)’

.7

advantages over a simple cleaved fiber. The power:flux¥

of 100 milliwatts produced an intehsity . of a "

a 600 micron cleaved fiber, whereas the same power flux ° oL

, : P K
in a cylindrical radiator would be 0.5 jwatts/square ) %

centimeter- at the fiber surface. As a,consequence, .

1

.'ilocal heating at the fiber was reduced considerably., A 7

>

A o

!

',,propagates away from the ’source. _ A cleaved fiber _- /

$ 7 / K

radiating light‘-in a: highly scattering meduim does so

' with a spherical geometry. A properly cleaved /fiber -

proJects light with a cone-like geometry, bﬁt when I /

tissue, the distribution of. light hdhaves as if it were ,
A | S

&eaved fibers o ‘.»‘,9;

L3



the geometrical reduction’ of intensity follows the
inverse cubed power of the distance from the source.
Forb a cylindrical_;;diator this reQucEion in intens{ty
follows the inverse of distance so that uniformity of
transilluminat;on is consehuentlj improved in this

case. ‘The mode of light delivery that was used in the

present study would be suitable for light delivery to

endoscppically accessible tumors or malignant lesions

i -

that are within reach of a percutaneous or

steriotaxic needle insertion.

The demonstration of the lack of preferential uptake

of HpD by neoplastic tissue in the present tumor model
in comparision to some bther organs .hég ‘important
implicatiggs for the applications of phototherapy. The
use of a controlled point source of iight delivery by'a
laser- could lead té less damage to adjacent tissue but
the presénce of significant amounts“ of HpD at ather
areas, such as adjacent tissue and the skin, are
important determinants oé toxicity. .nz rapid énd
striking tumorcidal effects of ph?toactivated HpD show
great promise for the treatment of gliomas and other

tumors

become acceptable for clinical use oniy when

'
rJ
This treatment modality for deep seated tumors miy/



combination of selectiQe tumor delivery of HpD togethef
with efficient light deliverf can Se achieved. 1In the
present study onlj one period of activation 6f:HpD by a
laser was -used. It may be possible to treat malignancy
more eff;ctively with yepeated Sessions of

laser phototherapy . Recently, we have modified our

light delivery. system for multiple fiber probes whicﬁ

will permit powerful illumination of a larger area of a

neoplasm.
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FIGURE 5.0

LA K X X B B R ¥ SR Y

tJMOR VOLUME = (D1-DFST) = (D2-DFST) » (D3-DFST) *3. 14/6
DC(i) = EXTERNALLY MEASURED TUMOR OIAMETER
DFST = ODUBLE FOLD SKIN THICKNESS
THE TUMOR VOLUME 1S TREATED AS IF IT WERE AN
.ELLIPSOID.'THE EXTERNAL. DIAMETERS OF THE TUMOR
ARE MEASURED USING CONSTANT FORCE CALIPERS )
AS TO - SQUEEZE EVERY TUMDR WITH THE SAM%g;DRCE
AND MEREFORE REOUCE THE AMOUNT OF ERROR N,

TUMDR COMPRESSION.
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TABLE 5.1
fNeossssssane
Group | | Deecription ! . Treotmant
’ e !
of:} ! CONTROL GROUP .| ND TREATMENT GIVEN
oy A | :
boE !
CI0 1 'HpD CONTROL GROUP | 10 mg/Kg 1. p.
o ’ !
! . :
c11 I LASER CONTROL GROUP | 2000 Joulac @ 100mW
R ' ' N
! ‘ ] :
- Clz | PHOTOTHERAPY GROUP | 2000 Joulas @ 100mW
! ‘ | 10 mg/Kg i.p.
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9L GLIOMA

Fig. 5.2 MEAN GROWTH FOR C9 CONTROL GROUP
" CONTROL GROWTH (NO TREATMENT)
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9L GLIOMA

Fig. 5.3 MEAN GROWTH FOR C10 CONTROL GROUP
Hpd ONLY (10 mg/Kg)
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9L GLIOMA

Flg 5.4.1 MEAN GROWTH FOR C11 CONTROL GROUP ‘

LOG(10) TUMOR VOLUME
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9L GLIOMA

Fig 5.4.2 MEAN GROWTH FOR C11 TREATMENT GROUP

LOG(10) TUMOR VOLUME
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SL GLIOMA

[
- LOG(10) TUMOR VOLUME .

Fig 5.5 GROWTH FOR C12 TREATMENT GROLP
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] \* .‘*',,
Fig 5.6 GROWTH FOR C12 CONTROL GROUP -
10 mg/Kg HpD and NO Laser
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- TABLE 5. 10
sesesensance
G
: ! : :
! TREATMENT GROUP ! ~SURVIVAL TIME ! STANDARD !
! : ! DEVIATION @
: : ! :
: CONTROL ! 34.5 DAYS ! 6.8 !
! o : !
! } : :
! PHOTOTHERAPY ! 52.7 DAYS ! 14.6 !
. ’. ' : : 2
! ! TUMDR SIZE ! TUMOR S1ZE !
S ! "“TREATMENT GROUP ! BEFDRE ! 72 HDURS AFTER !
I ! ! TREATMENT ! TREATMENT !
———————————————————————————————— - mm e —— - ————
! . t - H
1 CONTROL ! 1. 81 H 3.9 H
\;///{/ﬂ : L x
. ] ) L . ! ! :
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CHAPTER 6 °

TREATING HEPATOMA TUMOR MODEL

6.1~ THE HEPATOMA

‘Caré;ﬁoma of the liver is relatively rare in North
America. It ﬁakes up about three percent of all
cancers. There is é very high incidence in Orientalsv
and the Bantu., It occurrs six to ten times more often
in males thHan in femaieé and the average onset time‘ is
between sixty and seventy years of age. The overall
five year survival rate is %pss than one percent.

The only definitive treatment for hepatoma is
4
supgical excision. This_ can be done only in cases
where the cancer is localized aﬁd there has been no
<:§breading ingo lymph nodgs. Pa?tial hepatectomiés have
been‘useful in cases where early diagnosis has occurred
(Stanzl 1976).

Radiotherapy is considered of 1little value since

lessions are not radios&hsitive. 'Ghemotherapy drugs

N -98-



administered systemically or by way of - the cannulated -

yhepatic artery-havé been reported to effect temporary
regression of tuﬁors (Mosely 1967). Methotrexate and
5-FU have had the greatest success in treating
hepatoma. l

There has been only one attempt to investigate the
effects- of phototherapy on an animal hepatoma pumor
model énd‘the results were quite p;omising considering
the problems th%s particular neoplasm presents
onocologists. | Tomio, et al. | (19383) treated
;ubcuta’eous . solid Yoshida Hebat§ma using a
filteré& xenon light source (590 to 690 nm) with no
recurrance., The results of Tomio ar;xpromising-but'do
not address the problems of clinical feas;blilty. It

is hoped that this study will open the door to further

research in the photothearpy of the hepatoma.

6.2 ABSTRACT

The tumoricidal effect of the activation of

hematoporphyrin derivative (HpD), by an
Argon-ion-d&e-laser (Wavelength 630 nm), was
investigated @~ 1in " the Buffalo rat " bearing

subcutaneous implants of the Morris 7777 hepatoma.

~Tumor growth was monitored by measuring the
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tumor volume with constant forceqcalipers. In (refer

\

to Table 6.1) control animaliaQZSjy}those that were
pretreated * with  HpD e (10 mg/kg

.

intraperitoneal injection ) or laser light alone (2000
Joules at 100  milliwatts), a predictable
exponential growth pattern of the cancer was observed.
Ani@als were pretreated with HpD (10 mg/kg by i.p.) 48
. hours prior to the fiberoptic , intratumor delivery of -
laser radiation (2000 Joules at 100 milliwatts), when
the tumor had vreached a volume of approximately 1.5
cubic. centimeters. Seventy-two . hours after the
combined laser and HpD treatment the hepatoma underwent
coagulation necrosis and the tumor volume  rapidly
increased (refer to Table 6.7) from a value of 1.80 +/-
0.7 cubic centime%ers "(mean +/- one- standard
~ deviation). to a value of 5.8 +/- 1.5 cubic
centimeters comparéd iwith a 3.7 ;/— 0.7 cubic
centimeters. in animals who had not received
laser phototherapy. Rats ﬁréhted with HpD and laser
light survived 1longer (meah survival 48 days +/- 12
standard deviation) than the other animals treated with?
laser alone or HpD alone (mean survival 31 days +/-
16.5 standard deviation). Laser phototberapy with HpD

significantly interrupts the growth of ,the highly

/
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malignant  Morris 7777 hepatoma and prolongs .the

survival of Buffalo rats bearing this neoplasm.

6.3 INTRODUCTION o

The photodynamic effect of hematoporphyrin derivative
(HbD) on malignant c¢ells has been apblied to the
diagnosis (Lipsom et al., 1967) and tréatment‘of cancer
(Diamond et al., 1972; Dougherty et gl., 1978). The

exposure of mouse or rat tumors that contain HpD to

- light of appropriate wavelength (630nm) results in

death of malignant cells. The photoradiation therapy
has beeq4 curative in a number of tumor systems
including cancer of the breast, prostate, colon, skin,

endometrium, bone and angidsarpoma (Dougherty et é;.,

_1975; .Dougherty et al., 1978). More recently, light

has been delivered by a laser (Doughérty , 1981). A

laser, combined with a fiberopt&c delivery system, is a

' \
more efficient and convenient light source because the

laser wavelength may be_seléctedﬁyo fall in the optimal

rangé for HpD.activation and the. fiber may be used to

deliver light percutaneously. To further investigate

the use. of phototherapy for the treatment of cancer

~ .
HpD was administered to Buffalo rats bearing

subcutaneous implants of the Morris 7777 hepatoma and.

a
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the HpD in these tumors;was activated by light from an

Argon-ion—dyp-laser .
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6.4 METHODS
6.4.1 Tumor Model

The poorly differéntiated and rapidly growing
Moryis 7777 hepatoma was 'selecLed from tissue culture
for subcutaneous implantatioh in Buffalb fats (Simonson
Lab, Gilroy, CA, U.S.A., mean weight 251 +/- 20~S.D

gm.). Throughout all studies each animal was allowed

free access to Purina Laboratory Chow and water. .The

Morris 7777 hepatoma : |is a '/nonmetastasizing,

transplantable tumor that arose initially in the
Buffalo rat after tréatment of the animal with
2-N-fluorenyl phthalamic acid , ;n alkylating agent.
The untreated hepatoma grows rapidly, and it reaches a
size of about 10% of body weight of the animal within
4.5 weeks (Morris and Criss, 1978). Initial studies

using subcutaneous troc. implants of the cancer in

both flanks of 6 rats reveal +sistent but eccentric
tumor growth and death of -=acr ~1 within 4-5 weeks{
To produce a tumor model w: ~edictable growth
characte;istics a skin ir~isior :: »=d: on ach flznk
of 5 Buffalo rats and a -iece - .. "~r, roximately

2mm in diameter) derived from an ~i. .ady es:..lish

subcutaneous growth in a sezaracc .nimal was



transplanted. The 1incision was then closed with fine
o

silk sutures. Tumor growth was monitored daily wusing

constant force calipers (10 grams force). The

tumor diameters were measured in three orthoéonal

‘planes. The double fold skin thickness was subtracted

from each dianmeter measurement and the' resulting
corrected diameters were -used to calculate and
eliipsoidal tumor volume (refer.to Fig. 5.0). If any
tumor, upon reaching 1 cubic centimete;) had - one
diameter more thae 50 percent larger er smaller than
the mean the three measured diameters, the rat hosting
that tumor was excluded from the study. Each rat was
given one tumor on each flank. If @he tumors did not
reach a volume of 1 cubie centimeter wiéhin 3 days of

each other, then the rats hosting those tumors were

also excluded from the study. The growth of the tumors

was found to be exponential between volum¢s of 1 cubic

centimeter and 6.5 cubic centimeters, with a mean
doubling time of U4.07 days. The mean doubling'time was
derived from the linear regression of the legarithm of

the tumor volumes against bthe number of days after

"reaching e volume of 1 cubic centimeter. Since all

.

tumors behaved 1in a predictable exponential fashion

upon reaching 1 cubic centimeters all growth data was
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aligned ‘around tumor velumes of 1 cubic centimeter.
Thoughout this and subsequeﬁﬁ; séudies, direct
implantation ‘of tumors was undertaken and the animals
were anesthefized with halothane during experimental

handling.

§.4.2 Phoﬁotherapy

Four groups of Buffalo rats received
surgical‘implanﬁation of the Morris 7777 hepatoma/in
the manner as previously described. ééch animai had’ a
tumor in the *left and right flank. Group C9 (Fig.
6.2) received no treatment and formed a control group.
Groups C10-C12 formed the treatment groups. These
tumops were treafed wgen they had reached a volume of
1.5 cubic centimeters. Treatments consisted of the
intratumoral delivery of lasef light alone (2000 5oules
at 100 milliwatts, Group C11 fig. 6.4.2 and the C11
control group fig. 6.4.1), HpD given by 1i.p.
injection in doses of 10 mg/kg (Group C10 fig. 6;3)
alone, and intrapumon deliveéry 'of laser 1light (éOOO
Joules at 100 milliwatts) 48 hr after the i.p.
administration ovapD (10 mg/kg) (Group C12 fig 6.5 and
the treatment contrpl group fig. 6.65. 'fumor growth

was monitored by measuring the  tumor volume with
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calipers and the length of survival of each animal was

»

‘noted. Autopsy was performed on at 1least 2 animals
from eﬁch group following their death and adjacent
muscle and tumor tissue was removed from animals before
and after laser phogbtherapy for 1light microscopy
(Group C12).

The delivery of light ﬁo the tumors was performed
using a 600 micron, step index fiber (quartz silica)
that was impianted aldng the longést axis of the tumof.
Altﬁough‘ tﬁis technique ‘prpvided uniform
transillumination of all the treated neoplasms, a Pépid
decrease of transiildﬁination intensity occurred at the
tumor surface follg;ing,the ihitiation of thHe -laéer
treatment. This redﬁction of transillumination was a
result of the baking of tissue and blood onto the figer
tip with consequent light ébsorption and heating. Ghe
thermal problems exﬁérienced in this protocoli were
similar to those encountered in. the 9L Glioma protocol.

The same measures were taken to reduce Ffiber optic

light intensities around the f.>cer. The freshly

cleaved end of the fiber was rounded off using a

micho-torch and about 1 centimeter of the distal end of
the fiber was treated with acrylic cement. The cement

dried onto the dhartz core of the fiber to produce a
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mat suf?ace. The refractive 'index of £he acrylic
cement closely mgtched ﬁhat of the quartz core so that
light readily passed from the core into the  coating
where 1t was scattered - by the rough outer surface.
Before iaser light was administered, the skin overlying
the. tumor was ;haved and the animal was immoblilzed on
a small met al frame. A 21 gauge needle was inserted
iﬁto the longest axis of the tumor and 500 ul of normal

saline was injected:into the centre of the tumor. The

acrylic coated fiber, through which 1light was

transmitted from the Argon-ion-dye iaser; was inserted
into the deédle and the needle was then withdrawn to
expose the fiber tip. The fiber tip was then ﬁocatea
in\ the approximate middie‘ of the neoplasm and laser
light‘ﬁas administered at a rate of approximately 1

Joule/10 sec. During light delivery the jintratumor and

intraperitoneal temperature of " each animal was’

P

monitored simultaneously  with a 30' gauge

coppér—constantin thermocouple .

6.5 RESULTS

The results of treatﬁent in all five groups of rats
are shown inm figures 6.2 through 6.6. Neither HpD

alone ( 10 mg/kg i.p.), or laser light alone (2000J at

107

Yy



100 milliwatts) caused any measurable effect on noraml
tumor growth. After the combined administration of HpD

(10 mg/ké) by 'i.p. injection and laser light, there

was a rapid increase in tumor size which was generaliy‘“

noticeable, oﬂ,insﬁectiqq of the animai, within 6 hours
of light delivery (Fig. . ©6.5). The hard, noduiar
nature of »the-supcutaneous hepatoma changed to a:séft
mass - on palpation th the " tumor became é
cygéic swelling. In one énimal, that héd received
1éser‘phototherapy, tumor tissue leaked whén',the skin

over the treated tumor' was punctured with a needle. 1In

2 of the 8 rats treated with laser photothérapy some

ulceration of skin over the tumor wag noted. Tﬁe rats-

behaved sluggishly for approximately -2 days after

treatment *'but then returned to - apparently norﬁal

o
by

activity. "In 6 out of 8 of the animals .that received

2

laser phototherapy  with HpD the tumor ulcerated and
E 2 - : [+ .

sloughed away. This striking tumoricidal effect with
liqgefaction of tissue made subsequent measurements of

tumor, vélume difficult but witﬁin 2-5 days of tggabmené

tumor gréayg* appeared"to .recover. The survival time

. - . X ' : : \'~ .
(refer table 6.7), after the implantation of the

hepatoma , in the rats treated with light and HpD was .

significantly Jlonger (48 . days +/- 12 ' standard



deviation) ﬁhan for all other groups of animals (31
days +/- 16.5-standard deviation).

Measurements of temperatures -in the.tumo , 1 to 10
millimeters from the fiber-optic . surface, were

uniformly less than 3 C above’ the simultaneously

measured, intraperitoneal temperature of (the animal.

This implied that the resultant light paﬁtg#n did not'

give rise to any "hot spotsv‘at,the do;és of light used
in these experiments and thermal injury was  not
responsible .for the observed'”tumoricidal effects of
laser photothergpy with HpD.

Autopsieé, performed aftér death of the animals,
showed maligpéncy which was maﬁifeéted most often'by
direct intrapgritOneal4invasion of the hepatoma throﬁgh
'the§ mﬁscles of the flank of the rat. Mac;oscopic
. examina£ion of the abdominal and tﬁoratic organs after

. a@» AN .
death did not reveal major differences between each

|
group of animals .anq the pattern of ;umgf invasién
éﬁ;eared similar in.all grOups.. /
Light;microécdpy of sections of the biopsies of
tQPOP-EiSSUB thaic‘had been removed before and after
laser phoiothérapy | revealed the ‘ deyéloﬁment’ of

extensiver.coagulation necrosis in the treéted neoplasm

. : /
with total cellular disruption that could be attributed

/
’
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to thérapy.' However, there was some: évidence of
survival islands of hepatoma cells within the tissue
sections removed from neopiﬁsms that héd been treated
with laser phototherapy and HpD. |

The finding\of Suriiving hepatoma. tissue matched %be

observation of \tumor recurrence in the animals after

treatment . Most| necrosis was noted in the middle of-

the tumors at greas of the tumor adjacent to entry of

110

the fiberopt. .ight cable. Sections of tumor tissue

-

that .were examined after treatment with HpD alone or.

laser light ‘alone did ‘not reveal large areas of

necrosis.

" 6.6 DISCUSSION

Laser phototherapy with HpD significantly interprupts
the growth of the highly malignant Morris 7777 hepatoma
and improves survival time in the Buffalo ‘rat bearing

. this tumor. The data confirms the findings of other

-invéstigators (Diamond et g;l, 1972; Dougherty , 1975;°

Thomson et al., 197”5 Dougherty et al., 1975; Forbes

et al., 1980) that light activation of phototoxic dyes -

such as HpD, may have gan important role in the -

)

treatment of certain malignancies. = Normal ' tissue .

adjaéent to a neoplasm could be severly damaged if the

-



. interval betweeﬁ HpD administration and light exposure
is not optimal. In additiaon, the therapeutic ratio
pbtained during phototherapy depends to a large extént
on the locationiipf the,tumor. The liver is an organ
. which may pose probléms for photoradiation treatment
bqpéusé of its ability to concentrate HpD. fhe
t;;atment of intrahepatic malignancy by‘HpD and light
delivered percutaneously through a needle inserted ipto
primary o; secondary malignancies in liver or the use
of phototherapy as an adjunct to the treatment of
nepatic neoplasia are ingriguing possibilities.
Héwevgr, they may not bé feasible without a selective
delivery system for HpD or other photoactive dyes.
Sqlective delivery of Hp? to a neoplasm by.a tumor

Ly

--~zing compound such as a monoclonal antibody (Mew et

al., 1983) has obvious advantages since it may be

", possible to reduce the ~ systemic toxicity of

photoactivated dyes.. This concept of photoimmunotheray'

has been proposed by Mew et al. (1983) where HpD
‘conjugated with a tdmof—seeking monoclonal an£ibody
apbeared ;p'pavelcancer treatment properties in a mouse
tumor model. The  theoretical advantagép of

photoimmunotherapy include a possible reduction in dose

levels of HpD and reduction of concentration of the dye
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~.
in adjécent tissués and skin, thereby re&ucing local
and systemic toxicity. 1In addition, the uptake tumor
seeking conjugates of HpD with monoclonal antibodies
directed against neoplasms would be limited b&
tumor necrosis. However, small areas of spontaneous
nécrosis that occurred in h. areas . of  the
Morris 7777 hepatoma in the Buffalo rat did not appear
to interfere with laser pﬁototherapy in thi§
experimental model. ‘Hematoporphyrin derivative seems
to accumulate 1in a wide variety of neoplasms but ghe

effect of factors such as cell type and degree of

differentiation of the tumor on HpD uptake have not

been studied in detail. 1In the present study only . one

period of activation of HpD by a laser was used. It
may be possible to treat malignancy more effectively
with repeated sessions of laser phototherapy. The use

of a controlled point source of 1light delivery by a
' <

laser could lead to less damagé to adjacent tissue but

the presence of significant amounts of HpD at other

. . 1 .
areas, such as adjacent tissue and the skin, are

r

important determinants 5f toxicity. The rapid and

- N
striking tumoricidal effects of photoactivated HpD show

great promise for the treatment of hepatic and other

tumors. However, this treatment modality for deep
. .

/\ -
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seated tumors'may become acceptable for clinical use
only when a combination of seléctive tumor delivery of
HpD together with efficient light delivery can be

]

achieved.



TABLE 6.1

Sescavessnsn

Group ! Deecrtption l | Traatmant
! |

C9 [ CONTROL GROUP ‘ | . NO TREATMENT GIVEN
! ' i '
| ! S

Clo 1 - HpD 'CONTROL GROUP ! 10 mg/Kg i.p.-
! !
| |

Cli | LASER CONTROL GROUP | 2000 Joules @ 100mW
| . |

B .

! | -

C12 - PHOTOTHERAPY GROUP | 2000 Joules @ 100mwW
| . I 10 mg/Kg i. p.

&
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MORRIS 7277 HEPATOMA

FIG. 6.2 MEAN GROWTH FOR C9 CONTR(&L TUMORS
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MORRIS 7777 HCPATOMA

FIG. 6.3 MEAN GROWTH FORJE10 CONTROL TUMORS
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MORRIS 7777 HCPATOMA

FIG 6.4.1 MEAN GROWTH FOR C11 CONTROL TUMOR§
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MORRIS 7777 HEPATOMN

FIG 6.4.2 MEAN GROWTH FOR C]1 TREATMENT TUMORS

LOG(10) TUMOR VOLUME

“LASER ONLY ( 2000 Joules @ 100mW)
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HORRIS 7777 WCPATOMA

FIG. 6.5 MEAN GROWTH FOR C12 TREATED TUMORS
HpD 10 mg/Kg and Laser 2000 Joules @ 100mwW
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HORRIS 7777 HCPATOMA

FIG. 6.6 MEAN GROWTH FOR C12 CONTROL TUMORS

LOG(10) TUMOR VOLUME
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TABLE 6.7

tonccseannca

* TREATMENT GROUP : SURVIVAL TIME: ! STANDARD |
H H { DEVIATIDN |
! H H !
1 CONTROL 1 41.3 DAYS. 1 16.5 |
1 I (- !
1 1 ! |
! PHOTOTHERAPY 1 48. 4 DAYS ! 12 !
1 T ! 1
I ! TUMDR SIZE |  TUMDR SIZE 1
! TREATMENT GROUP 1 QEFDRE ! 72 MDURS AFTER !
! H TYREATMENT 1 TREATMENT !
! . ! 1 !
1 CONTROL 1 1.76 ! 3.7 - 1
H 1 ' H
! - 1 P !
! PHOTOTHERAPY ' 1.80 ! 5.8 1
N ] ! !
2 B
g
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CHAPTER 7

TREATINé THE DUNNING R3327 PROSTATE ABENOCARCINOMA

7.1 ABSTRACT

N

Cancer of the prostate is the most common cancer, in
men 6ve; 50 years of age and is rarely seen in younger
age groups.  Adenocarcinoma islthe usual - tumor found ‘
with thé sarcoma rarely seen. ‘

The tumoricidal effect of the activation .of
bematop&rphyrin derivativev (HpD), by an -
Argon-ion-dye-laser (Wavelength 630 nm), . was |
investigated in the FischeriCopenhagén rat Dbearing
subcutaneous - '.ihplants of the Dunning
R3327 prostate adenocarcinoma. The Dunning R332TH
prostatic tumor was bilateraaly.'transplan%ed in the
'flanks of Copenhagen,Fiécher rat; and tumor\growtﬂ was
monitored by~ measuring the tumor volume with

constant force calipers. In control animals and those

that were pretreated with HpD . alone (20 mg/kg.

-122- - L



intraperitoneal injection) or 1laser light alone (500

Joules at 100 milliwatts), ' a predictable

exponential growth pattern of the cancer was observed.

Animals were pretreated with HpD (10 mg/kg by i.p.) U8

hours prior to the fiberoptic, intratumor delivery of

1,

laser Eadiat;on (500 Joules at 100 milliwatts), when
the tumor had reached a VOluQe of approximately 1.5
cubic centiméters. Tumor growth was completely stopped
when SOOJi Joules of fiber opticélly delivered
laser li%ht was adminis§ered two days after
intraperitoneal injection of 20 mg/kg -of
Hematoporphyrin deriqative. 0n1§ 1 0f 13 tumors qhowed
any regrowth 5 weeks after treatment. Laser
phototherapy with HpD significantly interrupts the
growth of the hormoqally sensitive Dunning- R3327

prostate adenocarcinoma and prolongs the survival of|

. FiScher Copenhagen rats bearing this neoplasm.

7.2 INTRODUCTION "
4 /

Aﬁlaééb, combined with a fiberoptic delivery system, is
a .more efficient ana convenieqt light éource beéause
the laser wavélgngth may  be selgcted to fall in the
optimal range forxﬁbD activation and the fiber may be

used to deliver 1light percutaneously. ~ Fiber optic
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qelivery of rlaser light to HpD sepsitizgdvbladdep
carcinoma in situ was achieved by Haruo et gl.(f98;)
with total remission, in 5 of 6 patients treated.r It
can be seen that HpD pﬁototherap& may ‘be useful in
treating the early states of prostate cancer®. To
further investigate‘thg use of pﬁototherapy for the
treatment of cancer, HpD ‘“was administered‘ to

Fischer Copenhagen rats beahing subcutaneous imblants

of the Dunnihg R3327 prostate adenocarcinoma and the

HpD in these tumors was activated by 1light from an

1

Arson—ioﬁ-dye-laaer .

3

7.3 METHODS . ‘ .

7.3.1 Tumor Model

k3

The hoﬁonally sensitive and slow growing Dunning R3327
prostate adenocarcinoma was selected for subcutaneous
implantation in Fischer Copenhagen‘rats Tﬁroughout 'ali

studies each animal was allowed free access to Purina

Laboratory Chow and water. The Dunning R3327 proétate

adenocarcinoma arose initiélly in a Copenhagen male rat’

in 1961. Dunning (1963) cross bred the Copenhagen with
- u . -

Fischer rat and innoculated the'flanks of the offsbring

with 10 milligram grafts ¢” the. tumor. This method df

o
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‘bilateral transplgktation was used in ;the following
investigation. To produce a tumor model with'
‘bredictable grdwth characteristics a skin'incisionuwas
made on each flank of 5 Fischer Copenhagen rafs and . a
piece of tumor (approximately 2mm in diameter) derived
from an already established subcutaneous growth in a
separate animal was transplanted. ' The incision was
then closed with fine silk sutures. Tumorv growth was
monitorgd Saily using constanﬁ force calipers (10 grams

force). The tumor diameters were measured in three

orthogonal planes. The double fold skin thickness was

subtracted from each diameter measurement and the

resulting corrected diameters were used to calculate

~and ellipsoidal tumor volume (refer to fig. 5.Q). The

growth of,ﬁkhe tumors _was found to be exponential

between volumes of 0.3 cubic centimeters. and 10.0

cubic centimeters; with a mean doubling time oféﬁf{ﬁ
~ . . ‘
daysi-. The mean doubling time was derived from the

linear regression of the~logari€hm of the tumor volumes

«

against the number of days after reaching 1cubic

' centimeters.. Since all’ tumors UYehaved in a

predictable expontential fashion upon reaching 0.3

. 2
cubic centimeters. all growth data was aligned around

N Lo 4
tumor volumes of 0.3 cubic centimeters. . ~ Thoughout -

‘iﬁ
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this and subsequent studies, direct implantation of
tumors was undertaken and the animals were anesthetized

4

with halothane during experimental handling.

7.3.2 Phototherapy

N

four groups of- Fischer Copénhagen rats received
surgical implantation of the Dunning R3327 prostéte
adenocarcinoma in the manner as previous;y described.
Each - animal had a tumor in the left and right flank.
Group 1 received no treatment and formed a control
grou; (pefer to fig 7.1). Groups ' 2-4 formed the
treatment groups. These tumors were treated when they
had ‘redched a volume of 0.3‘ cubic centimeters.
Treatments consisted 6f the intratumor delivery of
laser light alone (500 Joules at 100 milliwatts) (Group
1), HpD given by i.p. injeciion in déSes of 20 ng/kg
(Group 3) alone, and intratumor delivery of laser light
(500 Joules at 100 milliwatts) 48 hr after the i.p.
administration of HpD (20 mg/kg) (Group 4). ~ Tumor
growth was monitored by measu%ing the tumor volume with

calipebs and the length of survival of each animal was

, noted.

a

The delivery of light to the tumors was performed

using a 600 micron, step index fiber (quartz silica)

-
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that was im;lanted along the longest axis of the tumor.
Before laser light was.administered, the skin overlying
the tumor was sha?ed and the animal was immoblilzed on
a' small met gi frame. A 21 gauge needle was inserted
into-the longest axis of the tumor and 500 ul of normal
saline was injected into the centre of the tumor. %he
acrylic coated "fiber, through which light was
transmitted from the Argon-ion-dye laser, was inserted
into the needle and the needle was then withdrawn to
éxpose the fiber tip. The fiber tip was then located
in’thé approximate middle of the neoplasm” and laser
light was admin;sﬁered at a rate of‘approximateiy 1
Joule/10 sec. ring light delivery the intratumor and
intraperitoneal temperature of each animal was
monitored simultaneously with a 30 gauge

copper-constantin thermocouple.

7.3.3 Laser Phototherapy

The results of trgatment in all five groﬁps of rats
are shown in Fig;_ 3. Neither HpD alone ( 20 mg/kg
i.p.), or laser light alone (500J at 100 milliﬂatts)
caused any measurable effect on noraml tumor growth.

After the combined administration of HpD (20 mg/kg) by

i.p. injection and laser light, . there was a rapid
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increase in tumor size which.was generally noticeable,
on inspection of the animal, within 6 hours of light
delivery (Fig. _7;2). The rats behaved sluggishly for
approximately 2 days-after treatménﬁ but then returﬁed

6to apparentiy normal activity.
«Measurements of temperatures in the tumor, 1 to 10
-millimeters from the - fiber-optic' surface, were
uniformly lesén than- 3 C above the simultaneously
measured, intraperitoneal ltemperature of ﬁhe animal.

Thié implied that the resultant light pattern did not

© give rise to any "hot spots" at the doses of light used

a

\in these experiments and thermal injury was not

responsible for the observed tumoricidal effects of

laser phototherapy with HpD.

N

7.4 DISCUSSION

Laser phototherapy with HpD significantly interrupts
the growﬁﬁ of the highly malignant Duhning ~R3327

prostate "adenocarcinoma and improves survival “time in

the Fischer Copenhagen rat bearing this tumor. The

therapeutic ratio obtained during phototherapy depends
to a large extent on the location of the tumor. The
prostate gland is an orgah which lends\izielf well to

the fiber optic delivery of laser light via the rectum
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or  the drinary tract. The treatment. of ‘prostatic
malignancy by HpD and light delivered percutaneocusly
through a needle inserted into primary or secondary
maiignancies in the capsule or bladder neck is an
intriguing possibility. However, they may not be
feasible without a selective delivery system for HpD or
other photoactive dyes. 1In the present study only one
period of activation of‘HpD by a laser was used. It
may be possiﬁie to treatb malignancy. ﬁore. effectively

with. repeated sessions of 1laser phototherapy. The

delivery of laser light to a tumor in the urinary tracﬂ

and bladder have been investigaﬁéd invthe Medical Laser .

Lab of the Univeristy of Alberta ~with very prom}sing
results. it wouia\take very little modification of the
present urolqgical laser delivery system to enable the
illumination of prostate gland for phototherapy. The
use of a controlled point source of light delivery by a
laser could\lead to less damage to adjacent tissue but
the presénce of significant amounts of HpD at other
areas, such as adjacent tissue and the skin, are
imhortant determinants of toxiéity. The rapid and
-striking tumorcidal effects of photoactivéted HpD show

- great promise for the treatment of prostatic and other

tumors.
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)
TABLE 7.1
.‘..’.....'
Group : Description : Treotment
1 : CONTROL GROUP . ! NO TREATMENT GIVEN
! . H
2 : HpD CONTROL GROUP ! 20 mg/Kg i.p.
: ' H
! R '
3 : LASER CONTROL GROUP ! SDO Joules ® 100mw
: . \
4 : PHOTOTHERAPY GROUP ! SDD Joules @ 100mW

20 mg/Kg §.p.

e e e e e e e e o e o v o e s e e e o o e i o e B e e e e
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TUMOUR VOLUME (mm’)

10,0007

1,000
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O -LASER ONLY
O LASER + HpD

100 +—+
1

4

THERAPY

t—+—1 t }
2 3 A 5 6 7 8 910
TIME POST THERAPY (WEEKS )

figure 7.2

¢
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CHAPTER 8

DISCUSSION OF THE PROJECT

8.1 THE PROJECT HISTORY

This phototherapy project at the University of
Alber£a' was originally started.by Dr. John Tulip and
myself in the fall of 1979 with the initial
investigation into the rejection properties of normal
Bladder.epithélium to HpD. It was orginally thought by
the author‘ that the use of an irrigation fluid
Acbntaining HpD might help assist in the deliniation of
malignantv and premalignant sites in tﬁe bladder. With
the use of a Heliup—Cadmiuﬁ laser we lqoked for
fluoresence'in‘nogmal and traumatized bladder tissue in
25 dogs. We coul& only .obsérve flﬁoresence in the
bladder upon sécrificing the animal. This seemed to
indicate ‘that living bladder  mucosa specifically
Féjected HpD absorption. ;t. was suggested by the

author that patients diagnosed with carcinoma in situ

-132-
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be checked cystoscopically for fluorescence in the
malignant sites using irrigation fluid containing HpD.
If malignant tissue concentrated or even just retained
HpD that was present in .irrigation fluie . then the

selective destruction of the tumor may be possible.

Dr. Brian Ritchie was -most helpful in these.

investigations and proved to be very helpful in
assistihg me in modifying the present lase;b eﬁdoseepe
system to enable, the del;verywof blee leser light to
the bladder mucosa of the dog. The application of this
tethnique 1in humans, to test the fluoresence of a true
malignant lesion in the bladder, never became a
reality. Similar spudies were eventually conducted and

\ .
published by Haruo in 1983 and 1984,

The _project involving \ HpD phototherapy of the-

}
9L-Glioma was first proposed by Dr. John McKean in the

winter of 1981 ‘and the experimehtal protocoi was
commenced in the _Summer of 1982 after obtaining the
proper funding for the project from M.R.C., M.S,I. and
P.C.H.B.. The phototherapy projeet' was expanded at
thet time to include Dr. Don Boviert who investigated
the bio-distibution of HpD in the 9L-Glioma and the
Morris 7777 Hepatoma using HPLC. In addition to the

9L-Glioma tumor protocol, two other subcutaneous tumor
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model prétocols were ' being by conducted the author
(Morris 7777 and Dunning RH3327). The Hepatoma tumor
mgdel phototherapy project was conducted byl myself
under the supervision of Dr. Steven Holt and the
Dunning ﬁH3327 tumor protocol 'was conducted by myself
under the subervision of Dr. <Charles Thorndyke. These
tumor models received similar treatment methods and
therefore proved to be very useful in determining the
general effectiveness of our methods against malignant
tumor models 1in the rat. Df. David Hume (Bsc. Fag.
Mic. Key. Mou. Se.) was most helpful in assisting
with the intricate neurosurgery that was necessary for
the blood brain barrier study dn dogs (Dr. Hume is
probably the best neuro-surgeon ‘the faculty of geology
has ever produced.). "The In 'vitro and sdbcutaneous
tumor data was finished in January 1983. Two papers
based on this research have been submitted for
puBliéation and one additonal paper is planned for a
'S?ptember 1964 submission.

I believe this research can only be conducted
further when a more tumor speéific version of this drug
is found. Mew et gl; have had prqmising results with

& :
monoclonal antibody congugates. The tumor models

examined in the project would be ideal for the animal‘
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model evaluation of Mew's findings.

8.2 DATA HANDLING METHODS

All tumor data wés entered into the University of
Alberta computer (Ahmdal 470/V6.using the MTS operating
system) and. #nital tumor volume calculations were
pefformed using the resident fortran compiler. This
data was latér transfered to a Tektronix model 4052
computer and the tumor growth curves were plotéed on a
Tektronix 4662 ploﬁter. The results from these
calculafions were used to produce.a paper on the Morris
7777 protocoi. It was seen at this' time that a
different method of data manipulation was requjred to
obtain a bettér contol group qegressién coefficiént for
the determination of the doubling time. Figure 8.2
sho;s the all control group volume measurements for the
Morris 7777 protocol. These volumes are plotted using
1€ number.of days after implantation as phe time
varizble. ' This- méthod is more than adequate when
considering each tumor_separately butrdoeé not produce
aécurate results when the tumors are treated as a
group.

Using a VAX 11/750 at the University of Alberta I

was able align the tumor growths around volumes of 1000
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cubic mill;meters and define that time to be day =zero.
This 1is shown in figure 8.1 and it can be“eaéily seen
that the standard deviation for tﬁhor grow£h of the
same group of tumors is much lower. All tumors in this
project were mathematically treated similar to the
above example. All regressions were perfofmed of the
VAX using SPSS-X and there were no cases where_ the
p-value of the linear regression of any one tumor was
greater than 0,05.

The ellipsiodal volume approximations were éhecked
on a group of five rats where upon their tumors having
reached a volume of 3000 cubic centimeters - were
sacrificed. Their tumor d;aﬁeters and volumes were
chgcked against the constant force caliper method and
all volumes were within gen percent of the actual!

measured volume (exact tumor volume was based on the

"~ water displacement method).

5.3 ENGINEERING PROBLEMS

The engineering problems in this project mostly
invloved overcomming the préblems of' dosimetry and
thermal generation. It:was decided 'early on 1in the
project that attémpting to measure the amount of'light

-being absorbed by living tissue by a radiating_ optical



fiber would not be’ gseful' due éo the optically non
homogenous naﬁﬁre of a fumor. Instead, a method was
developed to insu}e that the same amount of light was
leaving the fiber aé .all times by observing the
coupling efficiency -of 'the fiber‘to the lasgr. Our

-

_coupling efficiencies were in the range of 70 to 80

“percent. 'The output power of the fibre was measured

P

using a/freshly cleaved 600 micron fiber and a Coherent
210 power meter. It was foufid that the highest
coupling-efficiency was producedhbj ensuring that the
alignment of the focused laser on the proximal end of
the fiber was such that the‘least amount of light was
reflected back and that tﬁe outer sheath on tge
proximal ehd of the fibéf>d not_ emit 1light. éince

the diameter of the fibre was large it was very easy to

couple a focused laser to it. The cheapest and most

successful optics to do this turned out to bé a 10X

‘objective lens from and . ordinary micfoécope. By

mounting  the lens on an optical bench with a

translating fibre mount we could couple as much as 20

wattse of power through the cable without serious

thgrmal problems. Tﬁis proved very useful when using

this lagser system for developing a method of

fingerprint detection for the RCMP and city police (one
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of many smaller ‘projécts the author undertook during
this project);

Due to the thermal drift ofﬁlarge frame lasers it
was neccessary to build a microprocessor controled
geared down stepper ﬁotor which controlled the

alignment optics., Two stepper motors were mechanically

‘coupled to the rear laser aligﬁment mirrors and were

controled by a Motorola 6809 microprocessor using an
Anélog”Devices 12 bit A/D converter to measure the
optical 'bowqr output of the laser‘via a; internally
mounted intracavity geam spitter | cqppled to a
thermoﬁile. The alignment system kepg the laser éutput
power was stable to a 2% drift over-6 hours (this was

checked using a Gréss chart recorder). The Dye laser

did not require a feedback system since ~its power

instabilties were mostly due to the larger pump laser
drift. Most of the lgngineering problems encoun£ered
wére straight forward and easily solved in a matter of
weeks.
i

In conclusion, the optical and engineering problems
that this type 6} cancer therapy presents are noQ
'nherentl§ difficult. Thé problems which preventt’this
therapy from b;coming a clinical reality ﬁill only Be

solved by the immuno-oncologist, for it 1is only they
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who can deliver this drug specically to the neoplasm.

Perhaps when' the immuno-oncolgist has solved the

e

‘problems of the Magic Bullet then a drug will come

forth which may be activated by a means other than

light. We can only hope.,

/
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figure 8.2

LOG(10) TUMOR VOLUME
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