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ABSTRACT

It has been suggested that oxygen-carrying blood substitutes, perfluo-

rochemical (PFC) emulsions, can increase blood flow and oxygen delivery
to poorly perfused tumor regions. Local cerebral blood flow was measured
in male Wistar rats bearing intracranial Walker 256 tumor with and
without blood-PFC exchange using [14C]iodoantipyrine (IAP) and quan

titative autoradiographic techniques. The exchange transfusion was per
formed in two groups of awake animals breathing 100% oxygen: (a)
complete blood-PFC exchange, hematocrit 4%; and (b) partial blood-
PFC exchange, hematocrit 20-25%. The tissue/blood partition coefficient

for IAP was determined in a separate set of experiments under identical
conditions and was used in calculating blood flow.

Cerebral blood flow increased approximately 2-fold following complete
blood-PFC exchange and 1.5-fold by the partial exchange. A similar 1.5-

fold increase in flow was measured in intraparenchymal tumors following
partial exchange; however, a flow increase was not identified in the
meningea! extension of the tumors. The increase in cerebral blood flow
is consistent with an autoregulatory response of the central nervous
system vasculature to maintain an adequate supply of oxygen to central
nervous system tissue. Presumably, the increase in blood flow to the
intracerebral tumor reflects the autoregulatory response of the host
tissue. The effect of blood-PFC exchange on blood flow and drug delivery
to tumor may depend on the particular tumor and its site of growth (host
tissue).

The tissue/blood partition coefficient for IAP increased from 0.8 to
1.0 and 1.4 following partial and complete blood-PFC exchange, respec

tively. This change in the partition coefficient reflects the change in the
intramuscular fraction of IAP that is bound to plasma proteins. The
enhanced therapeutic effect that has been reported in some experimental
tumor models may result from a higher tissue/blood equilibrium distri
bution ratio (due to reduced plasma protein binding) resulting in a higher
tissue exposure to certain drugs following PFC administration.

INTRODUCTION

It is generally recognized that transport of water-soluble
drugs across the endothelial cells of brain tumors can be the
limiting step in their delivery to the tumor parenchyma despite
a "breakdown" of the blood-brain barrier. Similarly, blood flow

may restrict the delivery of drugs to poorly perfused areas of
brain tumors and result in a failure to achieve effective drug
concentrations in these tissue regions. Poorly perfused regions
are commonly identified morphologically in brain tumors as
necrotic, cystic, or hypocellular areas (1-3) and may be one of
the reasons why these tumors are refractory to chemotherapy
with lipophilic drugs which readily cross tumor capillaries.
PFCs3 have been developed as oxygen-carrying blood substi

tutes and have been used in both experimental animals and
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humans (4-15). They possess particular characteristics, such as
smaller particle size and lower viscosity as compared to blood,
which may contribute to an increase in flow through microves-
sels and thereby an increase in drug distribution to the tumor.
Preliminary studies support an enhanced drug effect (e.g., pro
longed survival time following simultaneous PFC and drug
administration) in two experimental brain tumor models (7, 8).
However, a detailed evaluation of the effect of PFC administra
tion on brain tumor blood flow has not been performed. In this
study local blood flow in tumor and adjacent brain was mea
sured using [14C]IAP and quantitative autoradiography (16,17)

in experimental animals that were partially and completely
exchanged with PFC and compared to control (nonexchanged)
animals. In a related paper, the effect of complete blood-PFC
exchange on blood flow in an experimental subcutaneous tumor
and various systemic tissues was evaluated (6).

MATERIALS AND METHODS

Chemicals. Frozen stem emulsion of FDA, (Green Cross Corp.,
Osaka, Japan) was obtained as a generous gift from the Alpha Thera
peutic Corporation (Los Angeles, CA). Since repetitive freezing and
thawing of the emulsion should be avoided (9), the emulsion was thawed
once, divided into 40-ml aliquots, and then stored at â€”20Â°C.In this

way only the amount of stem emulsion needed for a given experiment
was subject to rethawing. FDA, as prepared for use, contains perfluo-
rodecalin (14%, w/v), perfluorotripropylamine (6%, w/v), Pluronic F-
68 (2.7%, w/v), yolk phospholipids (0.4%, w/v), potassium oleate
(0.032%, w/v), glycerol (0.8%, w/v), NaCl (0.6%, w/v), KC1 (0.34%,
w/v), MgCl2 (0.02%, w/v), CaCl2 (0.028%, w/v), NaHCO3 (0.21%, w/
v), glucose (0.18%, w/v), and hydroxyethyl starch (3%, w/v) (17). [I4C]-

IAP, 40 to 60 mCi/mmol, was obtained from New England Nuclear
(Boston, MA); isotopie purity was >98% as determined by chromatog-
raphy in two solvent systems (18).

Animals and Tumor Production. Male Wistar rats were obtained from
Charles River Farms (Wilmington, NY); they were caged in an air-
conditioned room lighted from 6 a.m. to 6 p.m. and had free access to
a standard Purina laboratory chow diet and tap water. The Walker 256
carcinoma cell (WL-265) was obtained from the tumor depository of
the National Cancer Institute (Frederick, MD) and maintained by two
different methods: (a) weekly i.p. inoculations of 1 x 10' viable cells in
Wistar rats weighing 150-200 g and (b) s.c. inoculations of minced
solid tumor cells every 2-3 weeks. Tumors were produced in animals
weighing approximately 350 g. Anesthesia for tumor implantation and
catheter placement for blood flow measurements was provided by a
haliithane, nitrous oxide, and oxygen gas mixture (1.5/40/60; v/v/v).
In group I animals, both intracerebral and s.c. Walker 256 tumors were
produced. Direct injection of 1.0-1.5 x IO5viable tumor cells in a 1.0-
1.5 n\ suspension containing Hank's balanced salt solution into the

brain was accomplished by placing a burr hole along the left temporal
line 1 mm posterior to the coronal suture and using a gas-tight Ham
ilton microsyringe with a 27-gauge needle placed to a depth of 5 mm
below the burr hole. Tumors (s.c.) were produced by injecting 1.0 x IO6
viable cells (10-^1 suspension) into the dorsal scruff of the neck. Parti
tion coefficient and blood flow experiments were carried out 6-8 days
after tumor inoculation when the animals began losing weight and/or
became symptomatic (less active, drowsy, demonstrated nasal bleeding
or a right-side hemiparesis). In group II animals, only s.c. tumors in
the neck were produced as described above. The measurements of
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INCREASES IN BRAIN TUMOR AND CEREBRAL BLOOD FLOW

partition coefficient were carried out on day 3-5 after inoculation.
Blood flow experiments were carried out 6-12 days after inoculation.

Blood Flow. Regional blood flow in tumor and in normal tissues was
measured using [I4C]IAP as previously described (16, 17). After place

ment of the femoral catheters, the animals were allowed to recover
from the anesthesia for at least 1 h. The animals were then placed in a
100% oxygen environment. Using a dual Harvard 940 infusion pump
the animals were exchange-transfused with FDA by simultaneous i.v.
infusion and arterial withdrawal (4) at a rate of 1 ml/min, until their
hematocrit decreased to either 20-25% (partial exchange) or less than
4% (complete exchange). Partial exchange took about 20-25 min;
complete exchange took 45-60 min. Body temperature was continu
ously monitored and maintained at 35-37Â°Cusing heat lamps. Arterial

blood pressure, PaC>2, PaCO:, and pH were monitored during the
recovery period from surgery, the blood-PFC exchange period, and just
prior to each experiment; arterial blood pressure was monitored
throughout the experimental period (Table 1).

To measure blood flow an infusion of 40 fid of [UC]IAP was

administered into the right femoral vein over 35 s, according to an
increasing infusion schedule which resulted in continuously increasing
blood levels of [14C]IAP. Serial 5-s arterial blood samples were obtained

during the infusion and the animal was decapitated 30 s after initiating
the infusion. The brain was immediately removed and a small sample
(10-200 mg) was obtained for liquid scintillation counting. The re
maining tissue was frozen in liquid freon cooled to â€”40V, dipped in
embedding matrix, tightly wrapped in a plastic freezing bag, and stored
at â€”80"Cprior to sectioning. Radioactivity was measured in a Bookman

LS-350 liquid scintillation spectrometer using external standard quench
correction.

Partition Coefficient of [UC|IAP. Animals were anesthetized with i.p.

pentobarbital (40 mg/kg) and catheters were inserted bilaterally into
the femoral artery and vein. To eliminate metabolism of [MC]IAP during

the course of the experiment (16), the animals were eviscerated (esoph
agus to rectum), the hepatic artery coagulated, and the renal vessels
ligated; the surgical wound was closed, 2% xylocaine jelly applied and
the animals gradually recovered from anesthesia. One group of animals
underwent blood-PFC exchange and the control group was maintained
under 100% oxygen as described above. [I4C]IAP (50 fiCi) was injected

i.v. and timed arterial blood samples were obtained. Animals were
decapitated at either 45 or 60 min; blood and tissue were processed as
described above.

Autoradiography and Histology. Sections of tumor and adjacent tissue
were prepared for histology and autoradiography as previously de
scribed (1, 17). Eight serial tissue serial sections were cut 20 /Â¿in-thick
at â€”20Â°Cin a cryomicrotome at intervals of 600 urn, placed on glass

coverslips or microscope slides, and dried rapidly on a slide warmer at
65Â°C.The dried tissue sections were processed for histology and placed
in a cassette along with 15 [14C]methylmethacrylate standards (Amer-

sham, Arlington Heights, IL) and single-coated X-ray film (SB-5;
Kodak, Rochester, NY) for a 7-10-day period of exposure. The [14C]-

methylmethacrylate standards had been previously calibrated to refer
ence 20 Â¿im-thickbrain sections of known radioactivity and ranged
between 4.5 and 2354 nCi/g. Sequential measurements of absorbance
within 50- x 50-/I elements of the tissue autoradiographic image were
made using a computerized high-speed scanning microdensitometer

and disc storage system. To convert the X-ray film images to tissue
radioactivity (nCi/g), the mean absorbance of each image produced by
the carbon-14 standards was measured and a standard curve which
related absorbance to tissue radioactivity was generated for each film
similar to that previously described (19).

Calculation and Measurements. Regional measurements of blood flow
were obtained using a computer-controlled cursor-outlining routine on
the video monitor that could outline selected tissue areas for measure
ment. The autoradiographic and histolÃ³gica! images from adjacent
tissue sections were registered (aligned) in two different channels of the
image array processor (with a maximum x, y axis error of about 100
firn) and the region of interest was outlined on the channel containing
the histological image. The blood flow data are expressed as the mean
and standard deviation of all individual measurements (50- x 50-jum
pixels) within the defined region of interest. Whole-tumor measure
ments are given by the average of all measurements within the histo-
logically defined cross-sectional area integrated along the Z-axis
(length) of the tumor. Flow in brain adjacent to tumor and in contra-
lateral brain area which has similar size and location to that of tumor
were also measured from the maximum cross-sectional image and
histology of intraparenchymal tumor. An unpaired t test was used to
compare the effect of blood-PFC exchange on blood flow and tissue/
blood partition coefficient [I4C]IAP.

Determination of the Blood/Plasma Partition Ratio and the Free,
Unbound Fraction of |14C]IAP. The blood/plasma or blood-PFC mix

ture/centrifuge supernatant partition ratio of IAP was determined in
vitro for whole blood, blood-PFC mixture I (blood/PFC: 1/1, v/v) and
mixture II (blood/PFC: 1/9, v/v). Mixture I corresponds to partial
blood-PFC exchange and mixture II corresponds to complete exchange.
The unbound, free fraction of IAP (IAP which remains unbound to
plasma protein or red blood cells in whole blood or the above mixtures)
was also determined using an ultrafiltration membrane (Centricon;
Amicon, Danvers, MA).

RESULTS

Tumor Characteristics. In group I animals the intracerebral
WL 256 tumor developed around the injection site and grew
into deep cerebral structures as well as to the surface of the
cortex with frequent meningea! spread. A total of 21 intrapar
enchymal and 16 meningea! tumors were studied. Microscopic
features of the tumors were similar to that originally described
(2); the majority of cells were epithelial and pleomorphic in
character with a round or semicircular nucleus and prominent
nucleoli. Necrosis was absent, but small hypocellular areas were
sometimes observed. Areas of tumor cell invasion of surround
ing brain tissue could be readily identified. The animals usually
became symptomatic from the intracerebral tumor by 5-6 days
after inoculation and deteriorated rapidly, usually within 1-2
days; no animals survived beyond 14 days.

Blood Flow. The physiological parameters of the animals at
the time of the blood flow and partition coefficient studies are
shown in Table 1. Flow was increased significantly within

Table 1 Physiological parameters
Physiological parameters of control and blood-PFC exchanged animals.

Tissue/blood partition coefficient experiments Blood flow experiments

GroupIpH

PaC02
PaO2
Hct*

BPControl

(^=5)7.35
Â±0.02Â°

40.0 Â±1.5
418Â± 13

47.2 Â±2.4
112Â±5Partial

exchange(^=5)7.38

Â±0.02
37.3 Â±1.9
481 Â±24
22.2 Â±1.6
119Â±7Group

IIControl

(N=6)7.35

Â±0.01
37.2 Â±2.2
369 Â±13
38.8 Â±1.2
118Â±7Complete

exchange
(N=6)7.41

Â±0.01
33.0 Â±2.2
483 Â±24
2.8 Â±0.5
106 Â±2Group

IControl

(N=6)7.36

Â±0.01
39.1 Â±2.0
423 Â±19
42.7 Â±1.1
131 Â±5Partial

exchange
(N=5)7.39

Â±0.02
38.3 Â±1.8
488 Â±32
21.4 Â±1.3
I18Â±5Group

IIControl

(N=4)7.39

Â±0.02
33.9 Â±1.6
402 Â±34
39.3 Â±1.1
132 Â±4Complete

exchange
(/V=-6)7.42

Â±0.04
33.6 Â±2.1
497 Â±35
3.7 Â±0.9
112Â±3

" Values, mean Â±SE; .V,number of animals.
* Hct, hematocrit; BP, mean arterial blood pressure.
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intraparenchymal Walker 256 tumors following partial blood-
PFC exchange (Table 2, group /), but not in the meningea!
extension of the tumors. Overall blood flow increased by 0.4
ml/g/min (41%) in the tumors. Blood flow in the 10% area of
the tumor with the highest flow regions increased 0.6 ml/g/
min (45%), whereas blood flow in the tumor region with the
lowest values and brain adjacent to tumor differed by only 0.3
ml/min/g (57%) between control and partially exchanged ani
mals. A modest variation of flow within different regions of
intracerebral tumor was measured in both control and partially
exchanged animals (Fig. 1, bottom; Table 2, group I). Animals
undergoing complete blood-PFC exchange (group II) did not
have intracerebral tumors.

A marked increase in blood flow to various brain structures
was observed following blood-PFC exchange; increases of about
2.3 (120%), 1.5 (121%), and 0.6 (126%) ml/g/min were mea
sured for cortex, central nuclei, and white matter, respectively
(Table 2, group II). With partial blood-PFC exchange, the
increases in flow were more modest: 0.7-0.9 (48-64%) and
0.3-0.4 (28-35%) ml/g/min for cortex and central nuclei, re
spectively (Table 2, group I).

Blood flow in various brain structures of control animals was
somewhat higher than corresponding measurements in animals
with brain tumors (particularly in cortex) and is consistent with
previous observations (1). The data in the control animals
breathing 100% O2 (Table 2) in comparison to animals breath
ing room air (16) also suggest that hyperoxia alone does not
cause an increase in local cerebral blood flow.

Tissue-Blood Partition Coefficient. Since the calculation of
blood flow from the experimental data is dependent on knowl
edge of the partition coefficient of [14C]IAP, we determined this

value for tumor and brain in both control and blood-PFC
exchanged animals. No significant differences in partition coef
ficients were measured in 45- and 60-min experiments; thus,
equilibrium was reached by 45 min and the results presented in
Table 3 are from combined 45- and 60-min studies. The parti
tion coefficient was uniform throughout the tumors as well as
in various brain regions (Fig. 1, top). Significantly higher values
in comparison to controls were measured in animals undergoing
partial blood-PFC exchange (x 1.25) and still higher values were
obtained in animals that were completely exchanged (xl.63)
(Table 3). The small differences in control values between group
I and group II animals were not significant.

Blood/Plasma Partition Ratio and Plasma Protein Binding.
The blood/plasma partition ratio of IAP for whole blood and
the two blood-PFC mixtures was essentially unity (Table 4).
This permits plasma (or supernatant) rather than whole blood
(or blood-PFC mixture) measurements of radioactivity. The
plasma and plasma ultrafiltrate activities of IAP indicate sig
nificant binding of IAP to plasma proteins; the unbound, free
fraction of IAP increases with blood-PFC exchange (Table 4).
The binding of IAP to plasma protein is rapidly reversible since
the single capillary pass extraction fraction of IAP in brain is
approximately 0.95 in nonexchanged rats with an arterial pCO2
of 22-39 mm Hg and a cerebral blood flow between 1.0-1.8
ml/g/min (20). Under these conditions blood flow is accurately
measured with IAP (16, 20). For high levels of arterial pCO2
(51-84 mm Hg) and high flows (3.1-5.5 ml/g/min) the extrac

tion fraction of IAP falls to 0.70 and the flow measured with
IAP will underestimate the actual value (20). The extraction
fraction of IAP following blood-PFC exchange is likely to be
higher than that reported in normal rats (20) since the free

Table 2 Blood flow in different cerebral structures and regions of implanted Walker 256 tumors
Effect of complete and partial blood-PFC exchange on blood flow in different brain structures and tumor. Significant differences by unpaired i test. The mean

intraparenchymal tumor volume was 34.5 Â±11.8 mm3 for the partial blood-PFC exchange group and 50.9 Â±6.5 mm3 for control. The mean maximum tumor cross-
sectional area is 9.7 Â±3.1 mm2 and 12.9 Â±1.1 mm2, respectively.

Tissue/RegionTumorIntraparenchymalCenterPeripheryLowest

10%areaHighest
10%areaBAT*CBAMeningea!CortexSensory

motorAuditoryParietalFrontalWhite

matterCorpus
callosumGenu

of corpuscallosumDeep

cerebralstructureSeptal
nucleusCaudate
putamenAccumbens
nucleusGlobus

pallidusGroup

I,Control

(N =6)"0.90

Â±0.100.87
Â±0.110.89

Â±0.070.49
Â±0.051.35
+0.130.82
Â±0.071.20
+0.100.66
Â±0.08*1.44

+0.101.50
Â±0.091.49
Â±0.091.38

+0.080.38

Â±0.050.42
Â±0.041.04

+0.061.29
Â±0.091.14

+0.061.12
Â±0.07brain

tumor(+)Partial

blood-PFC
exchange, (N =5).27

Â±0.06*.24
Â±0.08C.31

+0.06''0.77
Â±0.03*.96

Â±0.25.06
+0.04C.80
+0.14'0.68
Â±0.06*2.33

Â±0.22'2.46

Â±0.1y2.34
Â±0.19'2.04

Â±0.13''0.59

+0.100.48
Â±0.101.33Â±0.06/1.72Â±0.13C1.54

+0.191.44
Â±0.23Group

II,Control

(^=4)2.00

Â±0.102.17
Â±0.131.85

+0.111.75
Â±0.130.53

Â±0.020.46
Â±0.031.10

Â±0.061.46
Â±0.031.16
Â±0.060.90

Â±0.11brain

tumor (â€”)Complete

blood-PFC
exchange (N =6)4.22

Â±0.60*4.61
+0.50'4.08
Â±0.4774.22
Â±0.50'1.14

+0.20e1.12
+0.17*2.26

Â±0.33'3.28
Â±0.4272.59
Â±0.40^2.15
+ 0.18'

" Values, ml/g/min; mean + SE; N, number of animals.
* Significant difference, P < 0.02.
' Significant difference, P < 0.05.
d Significant difference, P < 0.002.
' BAT, brain adjacent to tumor; CBA, contralateral brain area which is similar in size and location to that of the tumor.
' Significant difference, P < 0.01.
'/V = 4.
*JV=2.
' Significant difference, P < 0.005.
' Significant difference, P < 0.001.
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CONTROL PARTIAL
BLOOD-PFC
EXCHANGE

COMPLETE
BLOOD-PFC
EXCHANGE

HiHiH

Fig. 1. Reconstructed color-coded images of the tissue/blood partition coefficient of [MC]IAP and the corresponding hematoxylin/eosin-stained sections are shown
in the top six photographs. Similar color-coded images of local tissue blood flow and the corresponding histology are shown in the bottom six photographs. I'ar left

column, data from control (nonexchanged) animals; middle column, data from animals with partial blood-PFC exchange; far right column, data from animals with
complete-PFC exchange. Note the higher blood flow within tumor and adjacent brain following partial exchange (middle column) in comparison to the nonexchanged
control (left column); the highest regional CBF was measured in animals with complete exchange (right column). Note that the partition coefficient images are uniform
and do not delineate the tumor area from adjacent brain. The partition coefficient of IAP increases following partial and complete exchange.

fraction of IAP in blood increases with blood-PFC exchange DISCUSSION
(Table 4) and the measured flow should more closely approxi- Blood flow has been shown to vary widely in several experi-

mate the actual flow. mental solid tumors and has been noted to be particularly low
3299
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Table 3 Tissue/blood partition coefficient for [ltC]lAP
Effect of complete and partial blood-PFC exchange on the tissue-blood partition coefficient for ['4C]iodoantipyrine. Significant differences by unpaired t test.

Tissue/RegionTumorInlraparenchymal

Meningea!Cortex

Sensory motor
Auditory
Parietal

FrontalWhite
matter

Corpus callosum
Genu of corpuscallosumDeep

cerebral structures
Septal nucleus
Caudate putamen
Accumbens nucleus
Globus pallidusGroup

I,Control

(N =5f0.79

Â±0.05
0.78 Â±0.040.78

Â±0.05
0.80 Â±0.05
0.79 Â±0.05
0.79 Â±0.050.77

Â±0.05
0.77 Â±0.060.77

Â±0.05
0.79 Â±0.05
0.78 Â±0.05
0.79 Â±0.06brain

tumor(+)Partial

blood-PFC
exchange (N =5)0.98

Â±0.06*
0.97 Â±0.07*0.99

Â±0.03C
1.12 Â±0.12*
0.98 Â±0.02C

0.99 Â±O.O/0.95

Â±0.04*
0.97 Â±0.06*0.97

Â±0.07*
1.00 Â±0.07*
0.97 Â±0.06*
1.00 Â±0.05*Group

II,Control^

=6)0.86

Â±0.06
0.88 Â±0.09
0.85 + 0.10
0.84 Â±0.040.83

Â±0.04
0.84 Â±0.040.85

Â±0.03
0.86 Â±0.03
0.84 Â±0.04
0.86 Â±0.04brain

tumor (â€”)Complete

blood-PFC
exchange (N =6)1.40

Â±0.11''
1.42 Â±0.06'
1.37 Â±0.06''
1.34Â±0.06'1.35

Â±0.08'
1.38Â±0.07'1.38

Â±0.06'
1.42 Â±0.07'
1.41 Â±0.12"'

1.41 Â±0.06'

" Values, ml/g; mean â€¢SI â€¢; .V. number of animals.
* Significant difference, P < 0.05.
' Significant difference, P < 0.02.
* Significant difference, P < 0.002.
' Significant difference, P < 0.001.
f Significant difference, P < 0.01.

Table 4 Blood/plasma partition ratio for 1AP and the unbound, free fraction oflAP
The whole blood/plasma or (blood-PFC mixture)/(centrifuge supernatant) partition ratio for IAP was determined; the unbound, free fraction of IAP was calculated

from the plasma and plasma ultrafiltrate activities.

Hematocrit
Blood/plasma partition ratio for IAP
Unbound, free fraction of IAPWhole

blood40.1
Â±1.9Â°

0.995 Â±0.006
0.506 Â±0.016Blood-PFC

mixture I
(blood/PFC,1/1)19.3

Â±0.5
1.013 Â±0.011
0.673 Â±0.008Blood-PFC

mixture II
(blood/PFC,1/9)4.0

Â±0.4
0.997 Â±0.030
0.900 Â±0.003

Â°Values, mean Â±SE; five sets of experiments were performed for each group.

in hypocellular and necrotic regions (3). Since viable-appearing
cells can be identified in these tumor regions, low blood flow
can represent one of the major dilemmas for effective cancer
chemotherapy with drugs which are cleared rapidly from the
circulation. Blood flow represents the first transport step in the
delivery of substrates as well as drugs to the tissue. Vasoactive
drugs and other techniques have been used in attempts to
increase tumor blood flow (21-23). The characteristics of the
synthetic blood substitute Fluosol-DA [low viscosity and small
particle size as compared to blood (11, 13)], prompted us to
determine whether blood-PFC exchange could provide a means
of increasing flow in an experimental solid tumor. Prior exper
iments in rats bearing a s.c.-implanted Walker 256 carcinoma
failed to demonstrate any effect of complete blood-PFC ex
change on blood flow in tumor or various systemic organs, but
did demonstrate a significant effect for brain tissue (6). In this
study we have evaluated the Walker 256 tumor growing in brain
to determine whether the host tissue is an important factor in
modulating blood flow to the tumor. We also measured the
local effects of blood-PFC exchange on blood flow to various
brain structures and to various parts of the intracerebral tumor
using quantitative autoradiographic techniques.

Blood flow increased by more than 2-fold in all brain struc
tures following complete blood-PFC exchange; increases of 1.6-
fold for cortex and 1.3-fold for deep cerebral structures and
white matter were measured following partial exchange. The
increase in cerebral blood flow accompanying blood-PFC ex
change is probably based on cerebral autoregulatory mecha
nisms related to oxygen availability to neural tissue rather than
to the differences in fluid characteristics between Fluosol-DA
and whole blood. Fluosol-DA is not an ideal oxygen-carrying

blood substitute; the total oxygen-carrying capacity of whole
blood in normal animals is 18.4 ml/100g/min for an arterial
oxygen pressure of 450 mm Hg, hematocrit value of 40%, and
brain blood flow of 1.0 ml/g/min compared to 11.5 and 5.9
ml/100 g/min for partially and completely exchanged animals,
respectively (calculated from data in Ref. 13). When the brain
venous oxygen pressure is 40 mm Hg (normal value), the brain
of control animals receives 9.5 ml/100 g/min of oxygen assum
ing the same conditions described above (13). For partially and
completely exchanged animals, the calculated values of oxygen
delivery are 6.9 and 4.6 ml/100 g/min, respectively. Since the
rate of cerebral oxygen consumption is reported to be between
7.6-10.4 ml/100g/min under awake or nitrous-oxide anesthe
tized conditions in the rat (24-26), available oxygen in partial
and complete blood-PFC exchanged animal is not sufficient if
flow and oxygen utilization remain at the normal levels (e.g.,
blood flow =1.0 ml/g/min). Assuming that the brain oxygen
consumption of our exchanged animals was normal (9.0 ml/
100 g/min), cerebral blood flow would have to increase 1.3-
and 2.0-fold in the partially and completely exchanged animals,
respectively, to deliver the required amount of oxygen to the
tissue. These calculated values closely approximate the mea
sured increase in cerebral blood flow following partial and
complete blood-PFC exchange (Table 2).

Other studies of glucose utilization and capillary permeability
following blood-PFC exchange indicate no change in these
parameters compared to normal air-breathing animals.4 The

animals in this study were not acidotic and their PaCO2 was
normal (Table 1). These results suggest that the increase in flow

4S. Hiraga, P. Klubes, E. S. Owens, R. L. Cysyk, and R. G. Blasberg,

unpublished data.
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following blood-PFC exchange is due to a cerebral autoregula-
tory response in order to maintain a sufficient supply of oxygen
and normal cerebral functions.

The increase in blood flow within intracerebral Walker 256
tumors of partially exchanged animals was similar to that in
brain. Although the increase in blood flow in different regions
of the tumor varied, the fractional increase was similar in
different parts of the tumor (xl.45 Â±0.06). Blood flow in
creased to similar extent in peritumoral brain areas as well.
These observations are quite different from the absence of a
blood-PFC exchange effect on blood flow observed in Walker
256 tumors produced from the same cell line implanted s.c. in
the dorsum of the neck (6). Other than location (host tissue),
the major difference between intracerebral tumors reported here
and the s.c. tumors of the previous study was tumor size
(averaged maximum cross-sectional area: 11 versus 287 mm2

for intracerebral and s.c. tumors, respectively) and the absence
of necrosis in intracerebral compared to s.c. tumors. It is
unlikely that tumor size or necrosis alone accounts for the
difference in response to blood-PFC exchange, since blood flow
in comparatively small intracranial tumors growing along the
meninges was unaffected by partial blood-PFC exchange. The
increased flow in both brain and intracerebral tumor observed
in these studies is likely to be due to the autoregulatory response
of the host tissue (brain) rather than to an effect of the tumor
cell line or tumor size.

Blood flow in intracerebral tumors of control animals was
considerably higher (x2) than that previously reported for
Walker 256 metastatic tumors (1). The experimental methods
used to produce the tumors (direct implantation into the brain
of Walker 256 ascites cells versus intracarotid injection of WL-
256 cells obtained from tissue culture followed by cyclophos-
phamide treatment to prevent the growth of extracranial tu
mors) were quite different in the two studies. The growth and
morphological characteristics of the intracerebral tumors were
also quite different: the animals with metastatic tumors usually
became symptomatic by 5 weeks after injection whereas the
animals in this study were symptomatic by 5-6 days and all
animals were dead within 14 days after injection indicating
more rapid tumor growth. The large mÃ©tastasesfrequently
contained areas of necrosis and cysts (1), whereas the intracer
ebral tumors in this series had some hypocellular regions but
no necrosis or cystic areas. Our results are more comparable to
those reported by Yamada et al. (27) for tumors originating
from small fragments of WL-256 tissue implanted in the brain.

Experiments to determine the effect of blood-PFC exchange
on the tissue/blood partition coefficient on IAP in tumor and
brain demonstrated that it increased from 0.8 to 1.0 following
partial blood-PFC exchange. Following complete exchange, the
partition coefficient in brain tumors increased to 1.4 (Table 3
and Fig. 1, respectively). These results indicate that drugs with
physical and biological properties similar to IAP are likely to
achieve higher concentrations in tumor tissue following blood-
PFC exchange. However, this effect was not limited to tumor
tissue; similar values for IAP partitioning were measured in
brain and other systemic organs (6). This effect has also been
demonstrated for several drugs. Rats which had approximately
60% of their blood volume replaced by Fluosol-DA had a
substantial increase in the tissue distribution volume of sulfa-
methazine (x2.5) and the plasma clearance half-time was in
creased (x2.5); the mean distribution volumes of antipyrine
and diazepam were also increased but there was considerable
scatter in the data (5). Similarly in rats undergoing 90% replace
ment of blood volume with Fluosol-43 and maintained in an

oxygen environment, the plasma clearance of phenytoin was
substantially increased (x3.2), although the total volume of
distribution in the animal was unchanged (10).

The mechanism for altered tissue/blood partitioning of drugs
following blood-PFC exchange is not entirely clear. During
exchange plasma proteins and red cells are removed from the
blood and the plasma protein and red cell binding capacity of
the "new" intravascular solution will be altered. The tissue/

blood partitioning of drugs which bind to plasma proteins or
red cells is likely to change substantially following blood-PFC
exchange in comparison to the partitioning of drugs which have
little or no protein or red cell binding. For example, the "un
bound" or "free" fraction of IAP increased by 1.33- and 1.78-

fold in blood-PFC mixtures that approximated the intravascu
lar fluid in the partial exchange and complete exchange studies,
respectively (Table 4). This increase in the "free" fraction of

IAP corresponds to the measured increase in the tissue/blood
partition coefficient following blood-PFC exchange; namely, a
1.25- and 1.63-fold increase in the tissue/blood partition coef
ficient of IAP following partial and complete exchange, respec
tively (Table 3 and 4). Thus, the increase in the tissue/blood
partition coefficient of IAP measured in these studies is due to
a decrease in plasma protein and the protein bound fraction of
IAP following blood-PFC exchange.

Although the dissolved oxygen in PFC and the capacity for
oxygen delivery is less than that for whole blood (13), Ohyangi
et al. demonstrated that blood-PFC exchange and breathing
100% oxygen can increase the oxygen tension in s.c. tumors as
measured by platinum electrodes (12). Blood flow was not
measured and the mechanism for this observed effect was not
elucidated, although it was suggested that improvement in the
microcirculation and an increase in oxygen delivery to the
tumor had occurred (12). Consistent with an increase in tumor
tissue oxygen tension following PFC administration and breath
ing 100% oxygen, an increase in tumor radiosensitivity has also
been reported. FDA administered as a single i.v. bolus (12-20
ml/kg) combined with breathing oxygen/carbon dioxide (95/5,
v/v), gave a maximal enhancement of radiation therapy against
the mouse Lewis lung carcinoma and the Fsa-IIc fibrosarcoma
(14,15). The authors suggest that the ability of FDA to enhance
radiosensitivity of these tumors may be due to FDA-mediated
changes in oxygen delivery to the tumor.

Concurrent administration of PFC and anticancer drugs to
animals with experimental brain tumors in a high oxygen
environment has also been reported to result in a significant
prolongation of survival. Rats bearing a transplanted intracer
ebral RG-C6 tumor and/or 9L tumor were given Fluosol-43 (20
ml/kg, i.v.) and treated with l,3-bis(2-chloroethyl)-l-nitrosurea
in an oxygen environment; survival time following this regimen
was increased compared to treatment with the nitrosourea alone
(7, 8). The authors speculate that Fluosol-43 plus oxygen may
increase the tumor microcirculation and thereby increase drug
accessibility to areas of low blood flow in the tumor.

In rats bearing the solid AH 130 carcinoma, treatment with
FDA (20 ml/kg, i.v.) plus an oxygen environment increased the
inhibition of tumor growth by vincristine as compared to treat
ment with vincristine plus oxygen. Treatment with FDA did
not, however, enhance the action of spadicomycin against the
rat AH 130 carcinoma. Negative results were also observed with
3-[(4-amino-2-methyl-5-pyrimidinyl)ethyl]-l-(2-chloroethyl)-3-
nitrosourea against the rat solid Sato lung Carcinoma, although
measurement of tumor blood flow and PaO2 indicated that both
were increased by administration of Fluosol-DA plus oxygen
(12).
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The literature which relates to the effects of PFC administra
tion on tumor blood flow and therapeutic efficacy presents a
somewhat confusing picture. Although some therapeutic benefit
has been demonstrated in several experimental systems follow
ing RFC-drug or PFC-radiation administration in a high oxygen
environment, it is unlikely that this benefit resulted from the
effects of PFC on blood flow alone. Other factors such as the
effect on tissue oxygen levels, the drug tissue-blood partition
coefficient, and the rate of drug clearance are likely to be
important. In most cases blood flow and drug concentrations
in tissue and blood were not actually measured. The effects of
blood-PFC exchange on blood flow in Walker 256 tumors in
rats was primarily dependent on the site (host tissue) of tumor
growth. Only brain and intracerebral tumor demonstrated sig
nificant increases in flow. This effect was probably related to
an autoregulatory response of the CNS vasculature to provide
an adequate supply of oxygen to central nervous system tissue.
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