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ABSTRACT

The effect of photodynamic therapy (PDT) on tumor growth
as well as on tumor Å“il survival in vitro and in vivo was studied
in the EMT-6 and RIF experimental mouse tumor systems. In
vitro, RIF cells were more sensitive towards PDT than were
EMT-6 cells when incubated with porphyrin (25 u,g/m\, dihema-

toporphyrin ether) and subsequently given graded doses of light.
In vivo, both tumor types responded to PDT (EMT-6, dihemato-

porphyrin ether, 7.5 mg/kg; RIF, dihematoporphyrin ether, 10
mg/kg; both followed 24 hr later by 135 J of light at 630 nm/sq
cm) with severe vascular disruption and subsequent disappear
ance of tumor bulk. However, whereas the cure rate for EMT-6

tumors was 90%, it was 0% for RIF tumors. Raising the light
dose to 200 J/sq cm resulted in 100% cures for EMT-6 tumors

accompanied by damage to the surrounding tissues and 13%
cures for RIF tumors. Tumor cell clonogenicity following PDT in
vivo was assessed using the in vitro colony formation assay. In
both tumors, it was found to be nearly unaffected by PDT if the
tumor tissue was excised and explanted immediately following
completion of treatment. This indicates that the effect of PDT on
tumor cells directly was not sufficient to decrease tumor clono
genicity even at doses which led to total macroscopic tumor
destruction. Where the tumors remained in situ following PDT
and explantation was delayed for varying lengths of time (1 to
24 hr), tumor cell death occurred rapidly and progressively,
indicating that tumor cell damage was expressed only if the cells
remained exposed to the in situ environment after treatment.
The kinetics and extent of tumor cell death were very similar for
both tumor types despite their difference in cure rates. The
reduction in tumor clonogenicity at 4 hr post-PDT closely

matched that of tumor deprived of oxygen for the same period
of time, implying that one of the major factors contributing to
tumor destruction may be damage of the tumor circulation and
the consequences of treatment-induced changes in tumor phys

iology.

INTRODUCTION

PDT3 is a new modality for the treatment of cancer through

the combined use of systemically administered photosensitizing
porphyrins and local applications of light (11). Its therapeutic
usefulness is based on the preferential accumulation of porphyrin
in tumor tissue (5, 7). The illumination of the porphyrin-containing

tumor with visible light (wavelength, 630 nm) leads to selective,
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rapid tumor necrosis (8, 11). Preceding tumor necrosis are
pronounced changes in the vascular system of the tumor (3, 5,
23).

In vitro, dose-dependent (photosensitizer + light) photody

namic cell killing is characterized by cell lysis within 1 hr after a
lethal PDT dose (1) and can be achieved in all cell types studied
thus far, normal as well as malignant (2, 6,14).

Despite extensive in vivo and in vitro studies, it has not yet
been established whether tumor cell killing in vivo is governed
by the same mechanism as is cell killing in vitro. To answer this
question, we studied the relationship between tumor destruction,
tumor cure, and tumor cell survival kinetics in 2 experimental
mouse systems.

MATERIALS AND METHODS

Tumor Systems. The EMT-6 and RIF tumor systems were obtained

from the University of Rochester Medical Center and were maintained
according to established protocols (22, 24). In our hands, the viable cell
inoculum for 50% tumor takes for EMT-6 tumors was 100 to 200 cells,

that for RIF tumors 10 to 20 cells. Tumors were propagated by i.d.
inoculation of 1 to 2 x 105 cells, harvested from exponentially growing

cultures, into the right flank of BALB/c and C3H/HeJ mice, respectively.
Tumors were used for treatment and/or explantation 6 to 10 days after
inoculation at which point they were hemiellipsoids with a major axis of
5 to 8 mm and a minor axis (thickness) of 2 to 4 mm.

Preparation of Cell Suspensions and Colony Formation Assay.
Tumors, untreated or treated, were excised under sterile conditions from
mice killed by cervical dislocation. Tumors from 2 mice were pooled,
weighed, and minced with scissors, and a single-cell suspension was

prepared using an enzyme mixture of Pronase, DNase I, and collagenase
(18). Following cell dispersion, the cell suspension was strained through
a wire mesh screen (Collector; E-C Apparatus, St. Petersburg, FL) to

eliminate any remaining tissue clumps and cell aggregates. The cells
were washed with Hanks' balanced salt solution and resuspended in the

appropriate growth medium. The cell number was assessed by hemc-

cytometer counts as well as by using a Coulter Counter excluding any
erythrocytes which heavily contaminated all cell suspensions from treated
tumors. Cell viability was determined by trypan blue exclusion. Smears
of final cell suspensions were prepared to further identify the cell popu
lations. The cell yield per g tissue was then calculated. Appropriate
numbers of tumor cells were then plated in 100-mm culture dishes for
colony formation in the following growth media. EMT-6 cells were growth
in Eagle's basal medium with Hanks' salts and L-glutamine, to which

were added sodium bicarbonate (1.5 g/liter), 15% FBS, and antibiotics.
RIF cells were grown in minimum Eagle's alpha medium with L-glutamine

and ribo- and deoxyribonucleosides supplemented with 10% FBS and

antibiotics. All media and supplements were obtained from Grand Island
Biological Co., Grand Island, NY. Cultures were incubated in the dark in
a humidified atmosphere of 5% CO2 in air for 7 to 9 days, at which time
they were fixed and stained, and macroscopic colonies were counted.

In those experiments where cells had been exposed to photosensi
tizer, cell isolation and/or plating were carried out in subdued light filtered
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through a sharp-cut filter (1% transmittance at 630 nm, no transmittance

below that wavelength; Corning Glass Works, Coming, NY).
Photosensitizer. Photofrin II (Photofrin Medical, Inc., Cheektowaga,

NY) was used in all experiments. It is derived from hematoporphyrin
derivative and contains above 90% of dihematoporphyrin ether, which is
the compound responsible for the in vivo tumor-photosensitizing effect

(10).
In Vitro PDT. EMT-6 and RIF cells, derived from untreated tumors as

described above, were grown as monolayers. At a density of about 5 x
105 cells/plate, they were exposed to photosensitizer (25 ^g/ml) for 24

hr in growth medium containing 10% FBS. The medium was then
removed, cells were detached using 0.25% trypsin, resuspended in fresh,
photosensitizer-free growth medium containing 10% FBS, and replated

at known cell numbers. Four hr were then allowed for cell attachment
and removal of any loosely attached photosensitizer, after which the
cells were exposed to graded doses of light (4 milliwatts/sq cm at 590
to 640 nm; light source from GTE-Sylvania, Salem, MA). Following light

exposure, plates were incubated for colony formation as described
before. All manipulation of cells exposed to photosensitizer were carried
out in subdued, filtered light as described before.

In Vivo PDT. Tumor-bearing mice were given injections of photosen
sitizer Â¡.p.(7.5 mg/kg for EMT-6 or 10 mg/kg for RIF). Twenty-four hr

later, the animals were restrained without anesthesia in specially de
signed holders, and tumors were given localized, external light treatment
using an argon dye laser system (75 milliwatts/sq cm at 630 nm; Spectra
Physics Corp., Mountain View, CA). Light exposure times were 30 min
(135 J/sq cm) or 45 min (200 J/sq cm).

Light was delivered to 2 tumors simultaneously through 200-Â¿imquartz

fibers. Following light treatment, mice used for tumor expiant were killed
either immediately or at varying times later. Mice used to assess tumor
response were observed for up to 91 days posttreatment. Tumor tem
perature measurements before and during light treatment were taken by
means of .005-inch copper-constantan microthermocouples (Omega En

gineering, Inc., Stamford, CT) which were inserted at the base of the
tumor and were coupled with a digital readout device.

Tumor Anoxia Experiments. Anoxia was produced by killing tumor-

bearing mice by cervical dislocation. For control purposes, the animals
were given porphyrin at the doses used for PDT treatment 24 hr prior to
sacrifice. After sacrifice, mice were kept at 37Â°for varying periods of

time up to 4 hr, at which time the tumor tissue was excised and prepared
for colony formation assay as described above.

Measurements of Photosensitizer Uptake by Tumor Tissue. Pho
tosensitizer uptake was compared in EMT-6 and RIF tumors by meas

uring tissue fluorescence as well as by porphyrin extraction.
Tissue fluorescence was determined 24 hr after i.p. injection of pho

tosensitizer, 10 or 30 mg/kg. A skin flap carrying the tumor was dissected
free from the sacrificed animal, and a cut was made through the center
of the tumor. Fluorescence of both cut surfaces was then measured
using a fiberoptic fluorimeter as described previously (19). Values were
expressed as mV Â±S.D. For photosensitizer extraction, mice carrying
EMT-6 or RIF tumors were given injections of photosensitizer (30 mg/
kg i.p.). Twenty-four hr later, the tumor tissue was excised, and tumors

from 5 to 10 mice were pooled. Porphyrin was extracted according to
Longas and Poh-Fitzpatrick (17) and Evensen et al. (12) with the following

slight modification. After the final ether extraction, any remaining acid in
the samples was removed by extraction with water, the samples were
air dried, and finally dissolved in appropriate volumes of 0.1 N NaOH.
Absorption measurements were carried out on a Perkin-Elmer Model

330 spectrophotometer. Peak absorption obtained at 378 nm was com
pared to appropriate standards of known concentrations of porphyrin
dissolved in 0.1 N NaOH, and porphyrin values were expressed as //g
per g wet weight Â±S.D.

Light Transmission Measurements. Light transmission through the
shaved skin alone and skin plus tumor (3 mm tumor thickness) was
measured using a 5-mwatt HeNe laser (Spectra Physics) and a photo-

diode (Infrared Industries, Waltham, MA), covered by an appropriate

scattering material. Three measurements were carried out on each of 3
different animals of each tumor type.

Histology. Tumors were removed from animals before and after
varying times of PDT treatment, fixed in buffered formalin, sectioned 5
//m thick, and stained with hematoxylin-eosin.

RESULTS

Effect of in Vitro PDT. Chart 1 shows the kinetics of cell death
of EMT-6 and RIF cells following exposure to photosensitizer

and light treatment in vitro. Both cell types could readily be
inactivated by this treatment, but their survival curves showed a
difference in shoulder width (quasi-threshold dose, Dq: EMT-6,

1.23 Â±0.04 (S.D.) J/sq cm; RIF, 0.78 Â±0.11 J/sq cm) as well
as in slope (37% dose slope, D0: EMT-6, 0.23 Â±0.04 J/sq cm;

RIF, 0.10 Â±0.05 J/sq cm). By both criteria, RIF cells proved
more photosensitive in vitro than did EMT-6 cells.

Photosensitizer Uptake in Vivo. Tissue fluorescence 24 hr
postdrug injection was found to be nearly identical for both tumor
types at both injected porphyrin levels. Direct comparison of
fluorescence and extracted porphyrin concentration was carried
out at the injected porphyrin dose of 30 /Â¿g/kgbecause of
sensitivity limitations of the extraction procedure. Again, por
phyrin levels in the tissues of both tumor types were not signifi
cantly different as measured by fluorescence (EMT-6, 417 Â±49
mV; RIF, 382 Â±39 mV) as well as by extraction (EMT-6,18 Â±4
ng/g tissue; RIF, 16 Â±1 ^g/g tissue).

Light Transmission. Differences were found in the transmis
sion of light in the 2 tumor systems, stemming mainly from the
difference in pigmentation of the light skin of the BALB/c mouse
(60 Â±8% of incident light transmitted) and the dark skin of the
C3H/HeJ mouse (37 Â±6% of incident light transmitted). The
base of 3-mm thick EMT-6 and RIF tumors received 25 Â±4%

and 18 Â±4% of incident light, respectively. Based on these
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Chart!. Survival curves for tumor cells treated with PDT in vitro. Cells in
exponentialgrowth were exposed to porphyrin (25 Â»ig/ml)for 24 hr prior to graded
exposures to light. â€¢EMT-6, cells; O, RIF cells. Points are the average of 3
experiments Â±S.D. (bars),3 replicatecultures/point/experiment.
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results, it was decided to increase the injected porphyrin dose
for RIF tumors over that given to EMT-6 tumors to compensate

for their reduced light transmission and to achieve a more
comparable total PDT dose in both tumor systems.

Tumor Response to PDT in Vivo. Tumor response data are
summarized in Table 1.

Both tumor types showed gross hemorrhage within 10 min of
treatment and massive necrosis within 24 hr. Tumors were
usually rendered nonpalpable within 48 hr. Microscopically, the
first signs of tumor damage were congestion of tumor blood
vessels and extravasation of erythrocytes. Necrosis was re
stricted to the tumor tissue in both tumor types at doses of 135
J/sq cm and in RIF tumors at 200 J/sq cm, but the latter dose
caused necrosis also of the surrounding normal skin exposed to
the laser light in EMT-6 tumor-bearing mice. During the first 5

min of light treatment, tumor temperatures rose several degrees
from a base temperature of 36Â° but stayed constant for the

remainder of the treatment time (Table 1).
Tumor regrowth, if it occurred, usually started about the fifth

day posttreatment but could occur as late as 28 days posttreat-

ment for RIF tumors.
The application of porphyrin alone or light alone did not cause

any measurable effects on tumor growth.
Tumor Cell Survival following PDT in Vivo. For each cell

survival experiment, 3 parameters were recorded: total cell yield
per g tumor tissue; plating efficiency of recovered cells; and the
resulting total number of clonogenic cells per g tumor tissue. In
both tumor types and under all conditions, viability of recovered
cells as determined by trypan blue exclusion was above 90%.
Table 2 shows these data for control tumors and tumors ex-
planted immediately following completion of PDT-light treatment.
The cell yield for control EMT-6 tumors represents 30 to 40% of

the total tumor cell population per g tissue, that for control RIF
tumors 40 to 60% (20, 21). Exposure in vivo of tumors of either
type to porphyrin alone did not significantly influence the clono-

genicity of tumors. Likewise, exposure to light alone was without
effect (data not shown). Exposure to the full PDT treatment,
immediately followed by excision and explantation of tumor cells,
also revealed no reduction in tumor clonogenicity of EMT-6

tumors and only a slight reduction in RIF tumors.
Since the tumor response data (Table 1) had shown that the

administered PDT dose was sufficient to cause profound tumor
destruction, experiments were carried out to follow the time
course of tumor cell death by delaying tumor excision and
explantation. The data from these experiments are shown in
Chart 2. Both tumor types showed a decrease in tumor clono
genicity commencing shortly after completion of PDT treatment,
progressing thereafter in a similar fashion, and reaching a level

of 0.1% clonogenic cells per g tissue of control tumors within 24
hr. Since during this time period the total tumor weight had also
decreased, the actual clonogenicity of treated tumors was ap
proaching 0.01% of controls by 24 hr posttreatment. Whereas
in EMT-6 tumors the decreased clonogenicity was due to a

decrease in both cell yield and PE of recovered cells, in RIF
tumors it was due mainly to a drop in cell yield with the PE of
recovered cells remaining high.

Tumor Cell Survival following Tumor Anoxia. The time
course of the decrease in tumor clonogenicity as a function of
tumor anoxia is shown in Chart 3. With a slight shoulder of 1 hr,
the number of clonogenic tumor cells decreased within 4 hr in
both tumor types to below 10% of that found in controls.

DISCUSSION

The present study has tried to elucidate some of the mecha
nisms responsible for the destruction of tumor tissues of PDT.
Two experimental mouse tumor systems were chosen which
allowed an in vitro assessment of cell survival following In vivo
PDT treatment of tumors. They behaved similarly in most re
spects but differed greatly in curability by PDT. Both tumor types
responded readily with a total disappearance of tumor bulk.
However, while most EMT-6 tumors were cured, most RIF

tumors regrew after sometimes lengthy periods of dormancy.
This is in contrast to the fact that RIF cells were the more
sensitive cell type towards PDT in vitro. RIF tumors were less
well penetrated by light due to a greater light absorption of the
overlying skin, but an upward adjustment of the porphyrin dose
from 7.5 to 10 mg/kg should have made the total delivered PDT
dose comparable to that used for EMT-6 tumors.

Surprisingly, delivery of in vivo PDT treatment optimal for
tumor response did not immediately lead to a reduction in tumor
clonogenicity in either tumor, implying that the phototoxic effect
on the tumor cells directly was not sufficient to render them
nonreproductive. It was necessary for the tumors to remain in
situ after completion of treatment for tumor cell death to occur.
When removal of the treated tumor tissue from the host was
delayed following PDT treatment, a rapid and progressive reduc
tion in tumor clonogenicity was observed in both systems. The
difference in the changes of cell yield and PE between the 2
tumor types merely reflects the fact that severely damaged cells
are readily lysed during the tissue disaggregation procedure in
RIF tumors, whereas in the EMT-6 tumor, some are recovered

intact but subsequently fail to proliferate.
These findings demonstrate that tumor destruction in the 2

experimental animal systems studied does not simply reflect
PDT damage to tumor cells directly, but that other, host-related

Table 1

Tumor response and cure following PDT

TumorEMT-6

RIFMouse

strainBALB/c

C3H/HeJNo.

oftestanimals20

5
20
15Porphyrin

con
centration
(mg/kg)7.5

7.5
10.0
10.0630-nm

light
power density

(milliwatts/sqcm)75

75
75
75Treatment

time
(min)30

45
3045Temp

rise*2.0Â°2.0

3.5
3.5%

of tumor
response095

100
98

100%

of tumor
cure090

100"

0
13

"S.D. Â±0.3".
b Tumors flat, necrotic, measured48 hr posttreatment.
0 No tumors at 91 days posttreatment.
d This treatment resulted in damage to the normal tissues surrounding the tumor
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Table 2
Tumor cell survival parameters in controls and tumors treated with PDT in vivo

Tumor tissue was excised and disaggregated, and clonogenicityof tumor cells was assessed by in vitro colony formation assay. Two tumors
were pooled for each experiment.

ExperimentUntreated

controltumorsControl

tumors, porphyrin,nolight6PDT-treated

tumors0TumorEMT-6

RIFEMT-6

RIFEMT-6

RIFNo.

Of
experiments15

89

594No.

of viablecells/g tumor
tissue3.50

Â±0.91s x107
2.47 Â±0.62 x10Â«3.73

Â±1.02 x 107
2.51 Â±0.74 x10"3.64Â±1.04x107

2.35 Â±0.18x10Â«%

of plating
efficiency29Â±5

39 +1226

Â±8
39Â±1425

Â±7
30 Â±14Clonogenicity

(no. of ctono-
genic cells/g tissue, as cell

yield x platingefficiency/100)9.78
Â±2.40 x 10"

9.87 Â±4.59 x10'10.01

Â±4.55 x 10"
9.21 Â±2.39 x1079.33

Â±4.39 x 10*
7.00 Â±2.93 x 107

" Mean Â±S.D.
6 Animals were given injections of porphyrin i.p. 24 hr prior to tumor explantation: EMT-6 tumor-bearing mice, 7.5 mg/kg; RIF tumor-bearing

mice, 10 mg/kg.
c Animals received porphyrin as above 24 hr prior to localized light treatment of the tumor (630 nm; 75 mwatts/sq cm for 45 min = 200 J/sq

cm). Tumors were explanted immediatelyfollowing completion of light treatment.

â€¢f-124 IO 24-?-l23 IO 24

TIME BETWEEN COMPLETION OF TREATMENT AND TUMOR EXPLANT IHR)

Chart 2. Tumor cell survival kinetics following PDT in vivo as a function of time
in situ following completion of treatment. EMT-6, porphyrin 7.5 mg/kg; RIF, por
phyrin, 10 mg/kg; 630 nm light, 200 J/sq cm. O, plating efficiency;D, yield of viable
cells per g tumor tissue recovered after treatment with enzyme cocktail; â€¢,
clonogenic cells per g tumor tissue; A, clonogemccells per tumor. Points, mean of
3 to 5 experiments (6 to 10 tumors), 3 replicate cultures/point/experiment. Bars
(S.D.) have only been added to the curve representing tumor clonogenicity per g
tissue since it is the product of the curves for plating efficiency and cell yield. Error
bars have been deleted from other curves for clarity. W/0, without.

factors must be involved. Certain aspects of the mechanism of
tumor destruction described here resemble those described for
the treatment of these tumors by hyperthermia (13, 15), in
particular the EMT-6 tumors. It must be emphasized, however,

that PDT as applied here did not lead to tumor temperature rises
high enough to cause any appreciable effect on tumor growth.
Whether they could have induced some sublethal effects remains
to be determined. The phenomenon of delayed cell death has
been observed in EMT-6 tumors after hyperthermic treatment
(44Â°), and its kinetics was almost identical to that observed

following PDT. RIF tumors did not show delayed cell death
following hyperthermia, which was believed to be the reason for
the incurability of this tumor by heat. In our experiments, RIF
tumors showed delayed cell death very similar to that of the
EMT-6 model. Nevertheless, as with hyperthermia, we found it

nearly impossible to cure RIF tumors by PDT as applied here. It
is likely that because of the antigenicity of EMT-6 cells, host

immune responses were able to deal with small numbers of

fez10
K C
Z >
111 X
u o.
Â£go-a

O < 2 3 4

TIME OF ANOXIA (hr)

Chart 3. Tumor cell survival kinetics as a function of length of tumor anoxia
induced by killing the animal. Â».EMT-6 tumor; A, RIF tumor. Animals had been
injected with porphyrin at PDT treatment doses 24 hr prior to induction of tumor
anoxia. Points are the average of 3 experiments (6 tumors, 3 replicate cultures/
point/experiment).Bars, S.D.; W/0, without.

remaining viable tumor cells, whereas the nonimmunogenic RIF
cells were free to repopulate the tumor. This differing immuno-

genicity has been suspected to be responsible also for the
differing response of these tumors to radiation as well as to
hyperthermia (4, 13, 18, 22, 24). It is also possible, although
unlikely, that despite our efforts to equilibrate PDT doses, RIF
tumors were at a slight disadvantage in treatment delivery due
to the pronounced skin pigmentation of the C3H mouse.

The delayed cell death in the RIF and EMT-6 tumor models

may be related to PDT damage of the tumor vasculature and
consequently the treatment-induced changes in tumor physiol

ogy. This view is consistent with reports by others (5, 23) and
our own histolÃ³gica! findings which indicate vascular collapse in
tumors caused by PDT. Also, oxygen measurements had shown
a sharp reduction in tumor pO2 (3). Furthermore, the observed
survival kinetics of tumor cells as a function of tumor anoxia in
this study are consistent with the possibility of tumor cell kill
after PDT, being a consequence of vascular breakdown. The
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kinetics of cell death in our anoxia experiments are in agreement
with those found by Denekamp ef al. (9) and Lehman et al. (16),
who studied tumor cell death following vascular occlusion
through tumor clamping. However, vascular destruction does
not seem to be solely responsible for tumor cure, since only a
small fraction of RIF tumors are cured at high PDT doses despite
massive vascular damage. In EMT-6 tumors, at least 20 min of

light exposure was necessary for cure, whereas vascular dam
age occurred as early as 10 min of light treatment. Whether
some component of direct sublethal tumor cell damage is in
volved which is readily repaired upon immediate removal of the
treated tissue from the host, whereas it progresses to tumor cell
death if the cells are left exposed to the altered tumor environ
ment remains to be determined. Furthermore, the degree of
vascular destruction is likely to differ in tumors of different
morphology, and there may be a critical level of vascular damage
and/or sublethal tumor cell damage required for total tumor
eradication. We are continuing our studies with the ultimate goal
being to determine which mechanism(s) prevail(s) in the response
to PDT of human neoplasms.

ACKNOWLEDGMENTS

We would like to thank Dr. K. Bauer and Dr. D. W. Sieman, University of
Rochester Medical Center, for making available to us the EMT-6 and RIF tumor

lines, and for their valuable advice.

REFERENCES

1. Bellnier, D. A., and Dougherty, T. J. Membrane lysis in Chinese hamster ovary
cells treated with hematoporphyrin derivative plus light. Photochem. Photobiol.,
36: 43-47, 1982.

2. Berns, M. W., Dahlman, A., Johnson, F. M., Burns, R., Sperling, D., Guiltinan,
M., Siemens, A., Walter, R., Wright, W., Hammer-Wilson, M., and Wile, A. In
vitro cellular effects of hematoporphyrin derivative. Cancer Res., 42: 2325-

2329, 1982.
3. Sicher, H. I., Hetzel, F. W., Vaupel, P., and Sandhu, T. S. Microcirculation

modifications by localized microwave hyperthermia and hematoporphyrin pho
totherapy. Bibl. Anat., 20: 628-632, 1981.

4. Brown, J. M., Twentyman, P. R, and Zamvil, S. S. Response of the RIF-1
tumor in vitro and in C3H/Km mice to x-radiation (cell survival, regrowth delay,

and tumor control), chemotherapeutic agents, and activated macrophages. J.
Nati. Cancer Inst., 64: 605-611,1980.

5. Bugelski, P. J., Porter, C. W., and Dougherty, T. J. Autoradiographic distribu
tion of hematoporphyrin in normal and tumor tissue of the mouse. Cancer
Res., 41: 4606-4612,1981.

6. Christensen, T., Feren, K., Moan, J., and Pettersen, E. Photodynamic effects
of hematoporphyrin derivative on synchronized and asynchronous cells of

different origin. Br. J. Cancer, 44: 717-724, 1981.
7. Cortese, D. A., Kinsey, J. H., Wollner, L. B., Payne, W. S., Sanderson, D. R,

and Fontana, R. S. Clinical application of a new endoscopie technique for
detection of in situ bronchial carcinoma. Mayo Clin. Proc., 54: 635-641,1979.

8. Dahlman, A., Wile, A. G., Burns, R. G., Mason, G. R., Johnson, F. M., and
Berns, M. W. Laser photoradiation therapy of cancer. Cancer Res., 43: 430-
434, 1983.

9. Denekamp, J., Hill, S. A., and Hobson, B. Vascular occlusion and tumor cell
death. J. Cancer Res. Clin. Oncol., 79: 271-275,1983.

10. Dougherty, T. J., Potter, W. R., and Weishaupt, K. R. The structure of the
active component of hematoporphyrin derivative. In: D. R. Doiron and C. J.
Gomer (eds.), Porphyrin Localization and Treatment of Tumors. New York:
Alan R. Liss, Inc., in press, 1984.

11. Dougherty, T. J., Weishaupt, K. R., and Boyle, D. G. Photodynamic therapy
and cancer. In: S. Davis (ed.). Critical Reviews in Oncology/Hematology. Boca
Raton, FL: CRC Press, in press, 1984.

12. Evensen, J. F., Sommer, S., Moan, J., and Christensen, T. Tumor-localizing
and photosensitizing properties of the main components of hematoporphyrin
derivative. Cancer Res., 44: 482-486,1984.

13. Hahn, G. M. Hyperthermia and Cancer, p. 136. New York: Plenum Publishing
Corp., 1982.

14. Henderson, B. W., Bellnier, D. A., Ziring, B., and Dougherty, T. J. Aspects of
the cellular uptake and retention of hematoporphyrin derivative and their
correlation with the biological response to PRT in vitro. In: D. Kessel and T.
Dougherty (eds.), Porphyrin Photosensitization, pp. 129-138. New York:
Plenum Publishing Corp., 1983.

15. Kang, M. S., Song, C. W., and Levitt, S. H. Role of vascular function in
response of tumors In vivo to hyperthermia. Cancer Res., 40: 1130-1135
1980.

16. Lehman, C. M., Wallen, C. A., and Stewart, J. R. The effect of prolonged
vascular occlusion on the radiation response of RIF-1 tumors. Abstracts of
32nd Annual Meeting, Radiation Research Society, March, 1984, Orlando, FL,
p. 134.

17. Longas, M. O.,and Poh-Fitzpatrick, M. B. High-pressure liquid chromatography
of plasma free acid porphyrins. Analyt. Biochem., 704: 268-276,1980.

18. Marmor, J. B., Hilerio, F. J., and Hahn, G. M. Tumor eradication and cell
survival after localized hyperthermia induced by ultrasound. Cancer Res 39'
2166-2171,1979.

19. Potter, W. R., and Mang, T. S. Photofrin II levels by in vivo fluorescence
photometry. In: D. R. Doiron and C. J. Gomer (eds.). Porphyrin Localization
and Treatment of Tumors. New York: Alan R. Liss, Inc., in press, 1984.

20. Rasey, J. S., and Nelson, N. J. Effect of tumor disaggregation on results of in
vitro cell survival assay after in vivo treatment of the EMT-6 tumor: x-rays,
cyclophosphamide, and bleomycin. In Vitro (Rockville), 76: 547-553, 1980.

21. Rasey, J. S., and Nelson, N. J. Discrepancies between patterns of potentially
lethal damage repair in the RIF-1 tumor system in vitro and in vivo. RadiÃ¢t
Res., 93: 157-174,1983.

22. Rockwell, S. C., Kallman, R. F., and Fajardo, L. F. Characteristics of a serially
transplanted mouse mammary tumor and its tissue-culture adapted derivative.
J. Nati. Cancer Inst., 49: 735-747, 1972.

23. Star, W. M., Marijnissen, J. P. A., van den Berg-Blok, A., and Reinhold, H. S.
Destructive effect of photoradiation on the microcirculation of a rat mammary
tumor growing in "sandwich" observation chambers. In: D. R. Doiron and C.

J. Gomer (eds.), Porphyrin Localization and Treatment of Tumors. New York:
Alan R. uss, Inc., in press, 1984.

24. Twentyman, P. R., Brown, J. M., Gray, J. W., Franko, A. J., Sccrfes, M. A.,
and Kallman, R. F. A new mouse tumor model system (RIF-1) for comparison
of end-point studies. J. Nati. Cancer Inst., 64: 595-604,1980.

CANCER RESEARCH VOL. 45 FEBRUARY 1985

576

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2422070/cr0450020572.pdf by guest on 19 M

ay 2023




