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Abstract

The chronobiology of various physiological phenomena that impact tumour drug delivery has not been established. Since the
delivery of therapeutic agents is directly influenced in part by tumour vascular volume (VV), vascular permeability (VP) and local
blood flow (BF), we have performed a series of studies to assess the natural rhythms of these functions in tumour and normal
tissues. Preliminary results by Hori et al. Cancer Res 1992, 52, 912-916, have demonstrated fluctuations in tumour blood flow in
subcutaneous (s.c.) rat tumours with a higher rate at 15-21 h after light onset (HALO) compared with 3-9 HALO. We used the
GW-39 and LS174T human colon carcinoma xenografts grown s.c. in nude mice for these studies. VV, VP and BF were determined
at 3, 7, 10, 13, 17, 20 and 23 HALO. In separate studies, dosing with a small therapeutic agent ([*H]-5-fluorouracil (5-FU)) or a
macromolecule (['3'1]-131-MN-14-anti carcinoembryonic antigen (CEA) immunoglobulin G (IgG)) was done at 10 and 17 HALO
and 3, 10 and 17 HALO, respectively, and tissue and tumour uptake was determined in each group. Well-defined peaks and nadirs
were observed for all three vascular functions. The peaks for VV and VP were similar in tumour and normal tissue whereas BF rate
had a unique rhythm in tumour. Using cosinor analysis of the BF rate, we have found that the acrophase (peak) for tumour BF
occurs at approximately 17 HALO in both tumour xenografts, while maximal liver, lung and kidney BF occurred at 10-13 HALO.
Tumour BF rate ranged from the lowest value of 1.34+0.54 pl/g/min at 20 HALO to the highest value of 2.79+0.57 pl/g/min at 17
HALO. Liver BF rate ranged from 4.1+1.1 ul/g/min at 3 HALO to 10.22+1.31 pl/g/min at 10 HALO, and was 5.8341.37 pl/g/min
at 17 HALO. Thus, the rhythm of tumour and normal tissue BF are different, creating a window of opportunity when tumours can
be targeted with a therapeutic agent. At 3 h postinjection, the %ID/g of 5-FU in tumour at 10 HALO was 0.144+0.09 and at 17
HALO was 0.3240.12 (P <0.02). In liver at 10 HALO, uptake was 0.13+£0.06 and at 17 HALO was 0.07+0.03 (P <0.05). At 24 h
postinjection, the %ID/g of [3'I]-MN-14 IgG in tumour at 10 HALO was 11.50£1.58 and at 17 HALO was 1.5-fold higher at
16.964+2.35 (P <0.001). In liver at 10 HALO, uptake was 6.4740.49 and at 17 HALO was 30% lower at 4.48+0.81 (P <0.01). These
results suggest that small shifts in the chronobiology of BF in tumour and in normal tissue can have a sizeable impact on the dis-
tribution of chemotherapeutics and antibody-based drugs. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In radiotherapy, the efficacy of treatment depends
upon the local oxygen concentration that is governed by
the local blood flow (BF). Transient reduction in the
tumour BF can also be an advantage for the activity of
drugs that are more cytotoxic in a hypoxic or acidic
environment [1]. In addition, such transient reductions
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can be used to manipulate drug pharmacokinetics. For
example, if the BF were reduced when drug levels in the
tumour are maximal, the exposure time of tumour cells
to the drug would increase.

In chemotherapy, immunotherapy and gene therapy,
blood flow plays an important role in the delivery of
appropriate agents [2,3], which in turn influences the
efficacy of therapy. Tumours with a greater blood flow
and vascular permeability have been shown to be better
targeted [4]. Pharmacological modulation of the tumour
blood flow further enhances the delivery of drugs to
tumours [5]. Since functional differences exist in the
microcirculation of normal tissue and tumours, it has
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been possible to use pharmacological agents, like
angiotensin II (AT II), to selectively enhance tumour
blood flow and thereby increase drug delivery and
therapeutic outcome [6]. Similarly, Zhou and colleagues
have used propranolol or AT II to increase the uptake
of radiolabelled antibody or drug-conjugated antibody,
and thus achieved a greater tumour growth inhibition
[7]. In another key study, B-adrenergic blocking agents
were capable of increasing tumour:blood and tumour:
liver delivery of macromolecules, such as '*’I-labelled
antibody conjugates. These radio- or drug—conjugate-
treated mice had smaller tumour sizes and a greater
number of regressions than mice that did not receive the
B-blocker [8]. However, Pimm has reported that
although propranolol and pindolol could increase BF in
some tumours, uptake of macromolecules was not
increased [9]. In past publications, we have demon-
strated that tumour vascular properties affect tumour
targeting [10,11]. However, the chronobiology of many
physiological phenomena that impact upon tumour
targeting with non-specific and specific agents has not
yet been established. Preliminary results by Hori and
colleagues have demonstrated circadian fluctuations in
tumour blood flow in subcutaneous rat tumours, with a
56% higher rate at 15-21 HALO compared with the
rate at 3-9 HALO [12].

Circadian rhythms in DNA synthesis of tumour cells
have also been reported [13,14]. These results suggest
that there might be an optimal time to administer
anticancer drugs, since they exert their greatest effects
when cells are actively dividing and/or in specific phases
of the cell cycle. For example, doxorubicin was shown
to be more effective when administered at 16 HALO
than at 4 HALO [15]. The time during which tumour
blood flow increases (approximately 16 HALO) co-
incides with the time during which tumour growth
becomes more rapid [16].

In this report, we investigate the natural rhythms of
vascular permeability (VP), vascular volume (VV) and
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local blood flow (BF) in tumorous and normal tissues
and the effects of these rhythms on accretion of small
molecule and micromolecule therapeutics.

2. Methods and materials
2.1. Animal model

Non-tumour-bearing male athymic nude mice from
Taconic (Germantown, NY, USA; 5-6 weeks old or
with a minimum starting weight of 18 g) were used for
these studies. Male mice were selected to avoid the
influence of the oestrous cycle on tissue proliferative
activity and physiological function. Mice were implan-
ted either with 200 pl of a 10% GW-39 human colonic
tumour suspension or 200 pl containing 1x107 LS174T
human colonic tumours cells grown in culture. GW-39
tumours have been serially propagated in animals since
1966 [17]. LS174T was purchased from ATCC (Rock-
ville, MD, USA) and grown in Roswell Park Memorial
Institute (RPMI) 1640 media containing 10% fetal
bovine serum, 1% L-glutamine and 1% penicillin-
streptomycin. Animal care was provided in accordance
with institutional guidelines. Animals were placed in
one of three 12:12 light: dark schedules as shown in Fig.
1 for 3 weeks prior to the start of any study to allow for
the standardisation of chronobiological rhythms. Room
temperature was maintained at 224+2°C.

2.2. Quantitation of vascular volume (VV') and vascular
permeability (VP)

VV and VP were normalised to tumour size. VV and
VP were quantitated using an in vivo labelling method
of red blood cells (RBC). Animals were injected intra-
venously (i.v.) with 2.5 ng stannous chloride (Dupont/
NEN Products, N. Billerica, MA, USA), followed 30
min later by an intravenous injection of 15 uCi (0.56

Fig. 1. Animals were placed on one of three 12:12 light:dark schedules as shown for weeks prior to the start of any study to allow for standardisa-
tion of chronobiological rhythms. Room temperatures were kept at 22+2°C. Shading around 3, 7, 10, 13, 17, 20 and 23 are the HALO samples. The
time collection is the time of day over a 24 h cycle. The black shading indicates when the lights were switched off in each of the three rooms. During

HALO 1-12 the lights were on and from 12-24 the lights were off.
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MBq) *°™TcQ, (Mallinckrodt, St. Louis, MO, USA)
and 3 pCi (0.11 MBq) of !?°I-labelled irrelevant isotype
matched MAb (Ag8). One hour later, the animals were
anaesthetised and bled by intracardiac puncture. The
animals were killed by cervical dislocation and the tis-
sues were removed, weighed and counted with a gamma
scintillation counter. VV and VP were calculated using
the following formulas [10,17]:

VV =ul blood/g tissue

— (99mTC/g tissue)/(9ngC/g blOOd) X 10001

VP = total plasma in tissue — intravascular plasma

= [(lzsl/g tumour)/(1251/g plasma)]
—[VV x (1-haematocrit)].

2.2.1. Blood flow measurements

BF was calculated by measuring [3°Rb]- uptake [18] as
first used by Saperstein [19]. The animals were killed 1
min after caudal injection of 5 pCi of [8*Rb]. The tissues
were collected, weighed and counted. The per cent
injected dose per gram (%ID/g) within 1 min after i.v.
injection is analogous to the tissue vascular perfusion as
a percentage of cardiac output per gram. The following
formula was used to calculate BF (ul/g/min)=per cent
injected dose/gramxtotal blood volume (TBV=1.2 ml
for a mouse). For GW-39, 10 mice per HALO were used
and for LS174T tumours, five mice per HALO were
used. The averagetstandard deviation (S.D.) for each
group is presented. The two-sample r-test was used to
test the difference of two vascular values. Critical values
of the T-distribution for a two-tailed test were obtained
from J.H. Zar [20].

2.2.2. Cosinor analysis

In studies that have 7 HALO points, points were fit to
a 24 h cosine by the method of least squares [21,22] and
cosinor analysis was used to find the best-fit cosine
curve. These curves allowed us to determine the acro-
phase (time of highest value) mesor (rhythm-adjusted
mean value) and amplitude (half of the peak—trough
difference). Results of cosinor analysis were used to
compare acrophases of cosinor curves specifically, since
estimates of acrophases were approximately normally
distributed and standard error estimates were available
from the cosinor analysis [22].

2.3. Radioantibody preparation

MN-14 anticarcinoembryonic antigen (CEA [23]) for
accretion studies and non-specific Ag8 for VP studies
were radioiodinated by the chloramine-T method [23].
Free radioiodine was removed from the product by size
exclusion over a PD-10 column (Pharmacia, Piscat-

away, NJ, USA) equilibrated with 0.04 M phosphate-
buffered saline (0.04 M phosphate, 0.15 M NaCl, 0.02%
NaNj3), pH 7.4, containing 1% human serum albumin.
Routine quality assurance of the radioiodinated
antibody was performed by size-exclusion high perfor-
mance liquid chromatography (HPLC) using Zorbax
GF-250 (Dupont, Wilmington, DE, USA) columns to
ensure < 5% aggregation and <4% free radioiodine.

2.4. Tumour accretion studies

To determine the uptake of a particular agent in the
tumour and normal tissues as a function of different BF
rates (different HALOs), separate groups of animals
bearing size-matched, s.c. tumours were injected i.v.
with 30 puCi of [*HJ-5-fluorouracil (5-FU) and 10-15 pCi
of the agent of interest. Uptake was monitored 3 h post
5-FU and at 24 h post radioantibody and six mice per
time point were used. At the time of sacrifice, mice were
given sodium pentobarbital, bled by cardiac puncture,
and then killed by cervical dislocation. Tumours and
organs (liver, kidney, lung) were excised, weighed and
counted in a scintillation counter using appropriate
windows for [!3'I]. Samples were then stored frozen for
11 half lives (90 + days) for radioiodine decay and then
recounted in a B-counter for [*H]. Counts per minute
(CPM) per tissue were normalised to tissue weight and
for total CPM injected and recorded as the per cent
injected dose per gram (%ID/g). Differences in accre-
tion at 10 and 17 HALO for 5-FU and at 3, 10 and 17
HALO for ["*']-immunoglobulin G (IgG) were eval-
uated by a two-tailed ¢-test. The test measures the
probability that differences between treatment groups
could occur by chance alone. A P value of <0.05 was
considered significant.

3. Results
3.1. Chronobiology of vasopermeability

We have used the method of Sands and Gallagher to
measure vascular volume (VV; Tc99m-RBCs) and vas-
cular permeability (VP; ['*°1]-IgG) in GW-39 s.c. nude
mice. A fixed periodicity (Fig. 2) for VV with a peak at
23 HALO (6 a.m.) of 80.5£15.9 pl/g and secondary
peaks at 17 and 13 HALO (12 a.m. and 8 p.m.) of
62.4+11.7 and 57.4+4.6 pul/g, respectively, was observed
for the tumour. VV for the remaining four time-points
was under 14 pl/g (P<0.001 compared with 13, 17 and
23 HALO). Peak times of VV were similar for liver,
lung and kidney, although the variability between the
seven points was much less in kidney (range of
48.8+15.2 pl/g at 20 HALO to 106.2+£12.8 ul/g at 23
HALO). Fluctuations in tumour VP (Fig. 3) also exist,
with the average peak VP occurring at 17 HALO
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and nadir VP in normal liver and lung was identical to
the tumour. The kidney profile was similar, although
the amplitude was not as great as for liver, lung or

(105.7429.6 pl/g/h) and at 23 HALO (84.5+31.1 pl/g/h).

Although there is a VV peak at 13 HALO, VP is at its
lowest at that time (31.2£5.2 pl/g/h). The time for peak
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tumour, with the exception of a peak at 17 and a trough
at 20 HALO. This perhaps reflects the unique role of
kidney; i.e. continuous exchange of material between
capillaries and nephron tubules. These results suggest
that the mechanism(s) regulating the natural rhythm of
VP (e.g. vascular endothelial growth factor (VEGF)
production) is not unique to tumours. However, it
highlights a preferred time of day when macromolecules
are more likely to permeate blood vessels, which may
provide a window of opportunity for dosing, in parti-
cular, when delivering a tumour-specific agent such as
an antibody.

3.2. Chronobiology of blood flow

GW-39 BF in the tumour ranged from the lowest
value of 1.34+0.54 ul/g/min at 20 HALO (3 a.m.) to the
highest value of 2.794+0.57 pl/g/min at 17 HALO (12
a.m.; P<0.01; Fig. 4). The differences between time
points could not be accounted for by differences in the
blood clearance of 8¢Rb, since blood values were similar
at each time-point measured (data not shown). Cosinor
analysis of the tumour data shows that the mesor is
1.924 and the amplitude is 0.369 (Table 1). The acro-
phase occurs at 232 degrees. Curve fitting thus indicates
that for the GW-39 tumour, the highest point occurs at
10.47 p.m. and the lowest point occurs at 6.27 p.m. In

(a) Tumour

3.59
GW-39 Study

284 | S174T Study L

2.14

(ul/g/min)

1.4
07- \

0.0-

Blood flow rate

HALO

(c) Kidney
704

56

424

(ul/g/min)

284

Blood flow rate

14

HALO

contrast, normal tissue BF peaked at 10-13 HALO. For
example, liver BF peaked at 10.22+1.31 pl/g/min at 10
HALO (5 p.m.) and was only 5.83+1.37 pul/g/min at 17
HALO (P<0.001). Cosinor analysis of liver data
showed an acrophase of 182 degrees or 12.13 HALO
and the lowest point occurring at 0.13 HALO. Simi-
larly, lung BF peaked at 10 HALO (5 p.m.) with a value
of 16.70+5.09 pl/g/min and was lowest at 20-23 HALO
(10.26£0.95; P<0.02) and kidney also had the highest
BF at 10 HALO (60.35+£10.06 pl/g/min) and the lowest
at 2023 HALO (35.644.51; P<0.001). These results
suggest that the regulation of tumour BF at any partic-
ular time of day is different from the regulation of BF in
normal tissue. It may also be possible to take advantage
of the discrepancy in time of peak BF to dose when BF
is maximal for tumour and less than maximal for nor-
mal tissue to deliver higher and more efficacious doses
of cytotoxic therapy.

Using a second human colonic xenograft model
(LS174T tumours implanted s.c. in nude mice), the BF
rate was calculated at the same seven HALO points. As
shown in Fig. 4, the acrophase for liver BF was at 11
HALO (5:00 p.m.) and for tumour BF was 15.5 HALO
(10:30 p.m.; P=0.056), suggesting that regulation of
tumour BF is similar in different tumour xenografts and
that normal tissue BF regulation is distinct from tumour
regulation.
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Fig. 4. Blood flow (BF) rate ([**Rb] distribution) was determined in mice bearing GW-39 or LS174T colon tumours — two studies each with five
mice per time-point (n= 10 total) for GW-39 subcutaneous (s.c.) tumours and one study with five mice per time-point for LS174T s.c. tumours by the

[®*Rb] tracer method. The mean at each time-point is recorded.
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Table 1
Cosinor analysis of blood flow (BF) rate rhythm

Tumour Liver
Mesor 1.924 2.988
Amplitude 0.369 3.176
Acrophase 232° (15.47 h) 182° (12.13 h)
Low point 11.27h 0.13h

In the final studies, the effect of circadian blood flow
differences on accretion of small and large molecular
weight therapeutic agents was determined. We assessed
the uptake of [*H]-5-FU (<1 K) and ['3'I]-anti-CEA
IgG (150 K) into tumour and normal tissues of GW-39
tumour-bearing nude mice. Fig. 5 (a) shows that at 3 h
postinjection, the %ID/g of 5-FU in tumour at 10
HALO was 0.14£0.09 and at 17 HALO was 2.3-fold
higher at 0.324+0.12 (n=06 per group; P<0.02). In con-
trast, in the liver at 10 HALO, uptake was 0.13£0.06 and
at 17 HALO was 1.9-fold lower at 0.071+0.03 (P <0.05).
Kidney and lung accretion of 5-FU were also sig-
nificantly higher with a 10 HALO dosing compared
with the 17 HALO dosing. Fig. 5 (b) depicts results for
macromolecular IgG distribution. At 24 h postinjection,
the %ID/g of '3'I-MN-14 IgG in tumour when dosed at
10 HALO was 11.50+1.58 and when dosed at 17 HALO
was 1.5-fold higher at 16.96+2.35 (n=6 per group;
P<0.001). In contrast, in the liver uptake was
6.4710.49 for a 10 HALO dose and was 30% lower at
4.4840.81 for the 17 HALO dose (P <0.01). The accre-
tion for a 3 HALO dose was similar in tumour to the 10
HALO and for other tissues to the 17 HALO dose (data
not shown). The tumour/normal tissue uptake ratios are
presented in Table 2. Ratios (tumour:normal tissue) for
5-FU accretion are 12-24-fold higher at 17 HALO
compared with those doses at 10 HALO. These effects
are not accounted for by differences in blood levels at 10
and 17 HALO since the tumour:blood ratio is only 3-

(a) [*H]-5-FU
0.8

0.6 1

% ID/g

17 HALO

Tumour [ Liver

fold at 17 HALO compared with 10 HALO. Ratios for
IgG uptake were 1.6-2.3-fold higher with a 17 HALO
dosing, compared with results at the 3 and 10 HALO
dosing. These results suggest that small shifts in the
chronobiology of BF in tumour and in normal tissue
can have a sizeable impact on the distribution of che-
motherapeutics and antibody-based drugs.

4. Discussion

The studies presented are the first to show detailed
fluctuations in the VV, VP and BF rate of tumour and
normal tissue blood vessels as a function of the light:
dark cycle. The striking changes in each vascular
parameter as a function of the time of day imply that
when comparing vascular function between different
tumours [4,10,24] or between one tumour growing at
different sites [11], it is important to make the assess-
ment at the same time of day. The lack of a constant
value during a 24-h period for a given function suggests
that the mechanism regulating each function is influ-
enced by some built-in circadian rhythm.

The regulation of tumour blood vessel structure and
function is an active area of investigation [25]. Chron-
omodulation of vascular function represents a new level
of exploration of these physiological phenomena, which
can readily be linked with the current dogma. For
example, present knowledge supports the primary role
of VEGF at regulating vessel permeability. Many
human tumours synthesise and secrete high levels of
VEGF, which is both mitogenic for endothelial cells and
stimulates microvascular permeability [26]. Tumours
that secrete more VEGF exhibit higher in vivo vessel
permeability and greater accumulation of drugs [27].
Two high-affinity VEGF receptors (flit-1 and KDR)
have been identified on endothelial cells [28,29]. Both
VEGF receptors are also upregulated in the endothelial

(b) ["*"I1-1gG
20

10

% ID/g

1]

17 HALO

10 HALO

E==3 Kidney Lung

Fig. 5. Uptake (per cent injected dose per gram; (%ID/g)) of (a) [’H]-5-FU at 3 h postinjection and (b) ['3'I]-IgG at 24 h postinjection in GW-39
tumour-bearing nude mice. The average of six mice at each hour after light onset (HALO) point was recorded.
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Table 2
Tumour:non-tumour ratios at various HALOs of dosing
[*H]-5-FU ['1)-1gG
10 HALO 17 HALO 3 HALO 10 HALO 17 HALO

Tumour/liver 0.37 4.46 2.30 1.77 3.79
Tumour/kidney 0.07 1.13 2.09 1.78 3.37
Tumour/lung 0.13 3.17 1.40 1.29 2.98
Tumour/blood 0.62 1.85 0.75 0.68 1.28

HALO, hours after light onset.

(EC) lining of tumour vasculature, compared with sur-
rounding normal vessels [30,31]. Therefore, changes in
the expression of VEGF and/or its receptors may
account for the striking differences in VP as a function
of HALO. Another downstream factor that regulates
tumour vessel permeability is nitric oxide (NO). A
change in expression of the enzyme NO synthase (NOS)
would alter the amount of NO available and thus alter
VP. Many tumour lines have recently also been shown
to produce a diverse amount of NOS [32]. Therefore,
determining if a periodicity exists for NOS and VEGF
expression may also help elucidate the mechanism gov-
erning fluctuating VP in both tumour and normal tissue.

Several striking observations can be found in the
reported studies. First, the peaks and nadirs for VV and
VP are the same for tumour and for normal tissues,
while the BF rate peaks at a later time of day than does
the normal tissue BF rate. This observation on BF is
consistent with the study reported by Hori on fluctua-
tions in tumour blood flow in s.c. rat tumours, which
demonstrated a higher rate at 15-21 HALO compared
with 3-9 HALO [12]. The overlapping peaks for VP in
tumour and non-tumour tissue can still afford an
advantage in targeting, in particular, when using an
antibody-based therapeutic approach that binds a
tumour-associated antigen. Another important finding
is that the times for maximum VV and VP and BF in the
tumour do not completely overlap with each other.
Although 17 HALO is a peak time for all three vascular
parameters, unique regulatory mechanisms exist for
each vascular function.

Blood flow rate is an important factor regulating drug
delivery to tumours and therapeutic outcome. There-
fore, the possibility of influencing the distribution of
drugs to tumours by administering vasoactive agents is
of clinical interest. These agents can increase or decrease
vascular resistance to flow by altering tumour vascular
diameter (vascular tone; [9]). There are two general
approaches taken to selectively affect tumour BF. In the
first approach, normal tissues distant from the tumour
are actively vasodilated or vasoconstricted with minimal
effects on tumour vasculature, but sufficient to induce
changes in systemic arterial blood pressure (BP). BF to
the tumour would then be governed by changes in per-
fusion pressure secondary to changes in systemic BP

[33]. In the second approach, the normal tissue vascular
bed in which the tumour is growing is actively vasodi-
lated or vasoconstricted with minimal effects on the
tumour vasculature. The parallel arrangement of the
vasculature in the two beds would result in the flow of
blood away from the tumour if the normal tissue vaso-
dilates and towards the tumour if the normal tissue
vasoconstricts. Numerous papers have reported on the
effect of short-term modulation of tumour BF such as
noradrenaline, angiotensin (AT II), hydralazine and
dexamethasone [34-37]. Studies with the potent vaso-
pressor, AT II, consistently show that after systemic
infusion, tumour BF is increased relative to most nor-
mal tissues since normal tissue vasoconstricts more
readily than tumour tissue [12,38].

The data presented suggest a new concept of BF reg-
ulation has emerged related to chronobiology. BF cir-
cadian rhythms for the tumour and normal tissue differ,
a phenomenon that may be related to the unique struc-
ture of the tumour vasculature. The natural BF period-
icity in both GW-39 and LS174T tumour xenografts,
which is distinct from the rhythm found in normal
tissues, provides a window of opportunity for improved
tumour:normal tissue targeting of various sized agents.
In addition, it raises several questions: (1) What is the
nature of the regulation governing the BF rate rhythm
in each tissue? (2) Since larger tumours tend to have a
lower blood flow than smaller tumours [39], are the
chronorhythms for BF similar for small (<0.2 g) and
for large tumours (>1.5 g)? (3) Are vaso-modulating
agents that affect BF equally effective at different
HALOs?

Blood flow rate is directly related to the pressure dif-
ference between the arterial and venous ends of the tis-
sue circulation and indirectly related to the resistance to
flow. Resistance incorporates many factors, including
the effect of blood viscosity, vessel diameter, vessel
length and vessel branching. Various methods have
been employed to qualitatively and quantitatively assess
these parameters in tumour and normal tissues [40,41].
Unlike most normal tissues, the tumour vasculature is
highly heterogencous and does not conform to the
standard ‘normal’ morphology. Its branching pattern is
abnormal and chaotic. Tumour vessels also have less
smooth muscle and minimal innervation. Therefore,
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responses to exogenous and endogenous regulators may
differ between tumour and normal tissue. Furthermore,
the vascular morphology of one tumour differs from
another and to some extent is determined by the growth
pattern of the cancer cells [42]. Although the tumour
microcirculation originates from the pre-existing vas-
cular network of the host, its organisation may be
completely different, depending upon the tumour type,
its growth rate and its location in the tumour mass. As a
result, the structural (e.g. diameter, surface area) and
functional properties (e.g. blood flow, permeability) and
responses to pharmacological manipulation may vary
between different tumours and will probably differ from
normal tissue vessels.

Blood flow is sensitive to changes in pressure differ-
ence. Recently, Li and colleagues reported on the
rhythmic fluctuations in blood pressure (BP) in mice
[43]. Peak BP occurred in the early and late dark period
(12-14 HALO and 22-24 HALO). BP was at a mini-
mum in the middle of the light period (7-8 HALO). If
BP plays a major role in the changes in tumour BF, then
one would expect to see higher tumour BF during the
dark cycle. The data in Fig. 4, showing peak tumour BF
at 13—17 HALO, partially support this expectation. The
drop in BF at 20-23 HALO in spite of high BP is not
consistent. However, other factors beside BP may play a
role in tumour BF.

Based on BF periodicity data, 17 HALO is the opti-
mal time of dosing with small molecular weight
therapeutic agents like 5-FU. This rhythm works well
with the rhythm of the enzyme activity metabolising 5-
FU. The activity of the enzyme dihydrouracil-
dehydrogenase (DHUDase; 1.3.1.2), which results in
catabolism of 5-fluoropyrimidines, has a peak at 3
HALO and a trough at 15 HALO [44,45], thus coupling
increased tumour delivery with decreased drug metabo-
lism. The peak in BF rhythm also coincides with the
optimal time to administer many standard chemother-
apeutic agents (e.g. doxorubicin, cisplatin, methotrexate,
5-FU, mitomycin C) based on rhythms in toxicity [46].

Even though tumour accretion of macromolecules
like IgGs is a slow process requiring 48-72 h to reach
maximal levels, 7-h differences in the time of dosing can
result in significant differences in uptake 24 h later. In a
separate study, we have found that haematopoietic
toxicity was less when radioantibody was administered
later in the day [47]. It may therefore be possible to dose
with radioantibody at a time when accretion is maximal
based on BF rate, and toxicity is minimal, thus magni-
fying the therapeutic window.

Application of these types of observations from mice
to men can be somewhat difficult, since it is not as easy
to control the environment of patients, as it is for
laboratory animals. The significant interpatient varia-
bility in circadian patterns is a real limitation. However,
it may be possible to define specific patient rhythms

based on serum levels of certain markers (e.g. cortisol,
melatonin and select cytokines). Another concern is that
clinically, vascular blood flow is dependent on patient
performance status, co-existing disease states and the
effects of various medications. Further studies are
required to determine whether defined individual
tumour BF rhythms exist and can be used towards a
therapeutic advantage while taking into account the
person’s unique physiology and pathology.

In summary, we have demonstrated well-defined fluc-
tuations in VV, VP and BF rates both in tumour xeno-
grafts and in three normal tissues. Although the
patterns for VV and VP are similar for tumour and non-
tumour tissue, the periodicity of the BF rate differs
between tumour and normal tissue, thereby resulting in
an optimal time to dose that would maximise the
tumour:non-tumour ratios. Such phenomena need to be
taken into consideration when comparing drug target-
ing studies in laboratory animals.
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