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Abstract

The blood supply of solid tumours affects the outcome of treatment via its influence on the microenvironment of tumour
cells and drug delivery. In addition, tumour blood vessels are an important target for cancer therapy. Intravital microscopy of
tumours growing in ‘window chambers’ in animal models provides a means of directly investigating tumour angiogenesis and
vascular response to treatment, in terms of both the morphology of blood vessel networks and the function of individual vessels.
These techniques allow repeated measurements of the same tumour. Recently, multi-photon fluorescence microscopy
techniques have been applied to these model systems to obtain 3D images of the tumour vasculature, whilst simultaneously
avoiding some of the problems associated with the use of conventional fluorescence microscopy in living tissues. Here, we
review the current status of this work and provide some examples of its use for studying the dynamics of tumour angiogenesis
and vascular function.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The blood supply of solid tumours plays a critical
role in cancer therapy. Blood flow rate within
individual vessels, intercapillary distances and vascu-
lar permeability are key parameters dictating the
efficiency of drug delivery to tumours. Most solid
tumours vascularize via angiogenesis, the process by
which new blood vessels develop from pre-existing
ones. The angiogenic “switch” is triggered by micro-
environmental changes such as the development of
hypoxia, which occur as the solid tumour grows.
These changes result in an increased production of
pro-angiogenic, as opposed to anti-angiogenic, growth
factors such as vascular endothelial growth factor
(VEGF), which induce the proliferation and migration
of vascular endothelial cells [1]. The angiogenic
process is complex and under tight molecular control,
which has been reviewed elsewhere [2]. Once
established, the tumour vasculature differs markedly
from that in the host tissue. The vascular wall is
poorly developed, often with a discontinuous endo-
thelial cell lining, relatively poor investiture with
vascular smooth muscle cells or pericytes [3,4] and an
irregular basement membrane [5]. These features
contribute to a high intrinsic vascular permeability
to macromolecules [6,7], with development of high
interstitial fluid pressure [8]. Tumour vascular net-
works also feature complex branching patterns and
lack of hierarchy [9-11]. The result is a high
geometrical resistance to blood flow leading to both

spatial and temporal heterogeneity in blood flow rate
[12,13]. In turn, these characteristics lead to a sub-
population of tumour cells existing in a microenviron-
ment featuring hypoxia, low pH and substrate
depletion, which triggers further angiogenesis and
selection for an aggressive phenotype [14]. Hypoxia is
classically associated with resistance to radiotherapy
but is also a marker for poor prognosis in a number of
other treatment settings [15,16].

In the light of these considerations, it is clear that
the tumour vasculature influences the outcome of
treatment. In addition, the tumour vasculature is an
attractive target for therapy because of its accessibility
to blood-borne anti-cancer agents, the reliance of most
tumour cells on an intact vascular supply for their
survival and its role as a major route for metastatic
spread [2,17,18]. For research in these areas, it is
essential to measure both morphological and func-
tional parameters of the tumour vasculature in vivo.

Specialized sites for tumour transplantation allow
optical access to tumours in vivo for dynamic studies
(intravital microscopy). This usually involves surgical
implantation, in the dorsal skin [19] or cranium [20],
of a metal or plastic frame supporting either a single-
or double-sided glass coverslip (window chamber),
through which the growing tumour can be observed
microscopically. Conventional trans-illumination and
fluorescence imaging of such preparations yields
valuable information in the focal plane, although the
presence (or absence) of out-of-plane objects can lead
to ambiguity in determinations of such parameters as
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inter-capillary distance, vessel lengths, branching
ratios and leakage of fluorescent markers. Accurate
determination of the complete three-dimensional
vascular matrix is therefore desirable. In this article,
we describe the application of multi-photon fluores-
cence microscopy to studies of the morphology and
function of tumour blood vessels in situ, in dorsal skin
flap window chambers. As examples, we compare the
morphological characteristics of two tumour types,
with different sensitivities to the tumour vascular
targeting agent, combretastatin A-4 3-O-phosphate
(CA-4-P), and the effect of this agent on tumour
vascular permeability.

2. Multi-photon fluorescence microscopy of living
tissues

Until recently, detailed three-dimensional informa-
tion about the structure and organisation of vasculature
in tumours and normal tissues was only obtainable
from serial reconstruction of thin histological sections
[21] or from vascular casting techniques [11], both of
which are incompatible with repeated observation of
living material. Confocal microscopical observations
[22,23] of the vasculature can be carried out, where
preparations are thin or prepared ex vivo. However,
these techniques are not ideally suited to the imperfect
optical conditions of living tissue because excessive
deposition of excitation energy outside the focal plane
causes bleaching of chromophores and other photo-
damage and the short wavelengths used are susceptible
to scattering and to changes in refractive index in
different tissue compartments. A technique, which
shows considerable promise for non- (or minimally)
invasive three-dimensional biological imaging, is
multi-photon microscopy [24]. The particular advant-
age of multi-photon imaging resides in the use of
intense near-infrared (NIR) light to induce non-linear
absorption in a probe fluorophore. That is to say, that
excitation of the fluorophore is only achieved where
simultaneous absorption of two or more photons
occurs. The non-linear absorption is proportional to
the intensity to the power n (where 7 is the number of
photons absorbed by the fluorophore, typically 2),
thereby confining the excitation to the vicinity of the
focal plane of the imaging lens. This inherent
sectioning capability allows the collection of three-

dimensional data without the use of a confocal aperture
(since fluorescence is generated only in the focal
volume, allowing simplified detection systems to be
employed [25]). Since NIR is inherently scattered to a
lesser degree than visible light (Rayleigh scat-
tering o wavelength ) and linear absorption of the
NIR is low for most biological applications, thick (ca.
500 pm) samples may be imaged [26]. Photobleaching
and photodamage are also greatly reduced due to the
confinement of excitation to the focal volume [27]. In
practice, efficient excitation of a fluorophore is
obtained using NIR at approximately twice the wave-
length (two-photon excitation) of that required in
conventional fluorescence microscopy (one-photon
excitation).

In some cases, the inherent sectioning ability of
multi-photon microscopy is its greatest disadvantage;
that is to say, that one cannot (as with confocal
microscopy) simply open-up the collection pin-hole
and observe a greater depth of field (albeit whilst
reducing the lateral resolution). In addition, the
acquisition of high resolution three-dimensional data
sets is very time-consuming and typically limited by
both the scan rate of the multi-photon microscope
(although video rate systems are now available) [28,29]
and the excitation powers that can be readily employed
without significant photo-damage or toxicity.

A plethora of biological applications for multi-
photon microscopy has been identified [30-32],
although it should be pointed out that current
technological limitations do restrict these in vivo
applications to readily accessible sites such as the skin
[33], the eye [34] and window chamber preparations
for tumours. The key advantage of multi-photon
microscopy for investigation of tumour vascular
structure and function in vivo lies in its ability to
obtain three-dimensional resolution at depth within
the tumour. In addition, dynamic experiments, follow-
ing tumour development, angiogenesis, treatment and
resultant vascular remodelling, are possible at multi-
ple time-points without compromising the model. In
practice, measurement of gene expression, angio-
genesis, drug delivery and vascular permeability has
been demonstrated possible [35-39]. We have also
demonstrated the utility of multi-photon microscopy
for imaging fluorescence lifetime within the intra- and
extravascular compartments of tumours in vivo and
developed methods for quantifying vascular parame-
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ters from 3D multi-photon images of tumour vascular
networks [36,40,41].

3. Therapeutic targeting of the tumour vasculature
with combretastatin A-4 3-O-phosphate (CA-4-P)

CA-4-P is currently in clinical trial as a tumour
vascular targeting agent [42]. It is a tubulin binding
agent structurally related to colchicine that causes
rapid depolymerization of cytoskeletal microtubules
in endothelial cells. Rapid signalling from the tubulin
to the actin cytoskeleton results in re-organization of
the actin cytoskeleton of endothelial cells in culture,
resulting in cells rounding up and actin blebbing at
cell margins [43]. These changes are thought to relate
to an increase in vascular permeability and the very
rapid and extensive decrease in blood flow, commonly
observed in tumours in vivo [44]. The P22 rat sarcoma
has previously been shown to be relatively sensitive to
CA-4-P [45,46]. However, some tumour models, such
as the HT29 human colorectal adenocarcinoma,
grown as a xenograft in immuno-compromised
(SCID) mice are relatively insensitive to CA-4-P
and similar agents [44,47]. It is important to identify
the vascular features that determine tumour sensitivity
to CA-4-P in order to develop second-generation
vascular targeting drugs and to predict which tumours
will respond to these agents in the clinic. We have
developed a multi-photon fluorescence microscopy
technique for this purpose, following intravenous
administration of fluorescently labelled 70 kDa
dextran. In this review, we present data comparing
the vascular features of the P22 tumour growing in its
syngeneic host (BDIX rat) with those of the same
tumour and the HT29 tumour growing in SCID mice.

Multi-photon techniques are amenable to measure-
ment of vascular function as well as morphology and
we have used it for investigating the permeability of
tumour blood vessels to macromolecules. The tumour
vasculature is characterized by its high permeability
for plasma solutes, including proteins, which leads to
the development of high interstitial fluid pressure.
This is thought to be a barrier to the uniform tumour
uptake of high molecular weight anti-cancer agents,
which are highly dependent on convection for trans-
port across the vascular wall and through the
interstitium [48]. An increase in vascular permeability

is thought to be an early step in the development of
new tumour blood vessels from pre-existing vessels
(angiogenesis) and its measurement may therefore not
only provide an insight into this process but also a
means of detecting an early response to treatments
designed to inhibit tumour angiogenesis. Tumour
vascular permeability is therefore an important
parameter to measure in tumour biology. More
specifically, an increase in tumour vascular perme-
ability is thought to be an important step in tumour
vascular shutdown following CA-4-P treatment [44]
and pretreatment vascular permeability may also be a
predictive factor for response to treatment [47]. In this
review, we illustrate the utility of multi-photon
fluorescence microscopy for investigations of tumour
vascular permeability by measuring the effect of CA-
4-P treatment on leakage rate of FITC-labelled 40 kDa
dextran from the vasculature of the P22 rat tumour.
Extrapolation of the data to calculation of tumour
vascular permeability to 40 kDa dextran is discussed.
In all these experiments, tumours were grown in
surgically implanted transparent dorsal skin flap
window chambers and images obtained in the living
animal, as described in Appendix A.

4. Experimental approaches to study tumour
vascular networks by multi-photon fluorescence
microscopy

4.1. The multi-photon microscope

For the studies presented here, microscopy was
performed using a multi-photon microscope system
based on a modified Bio-Rad MRC 1024MP work-
station, comprising a solid-state-pumped (10 W
Millennia X, Nd:YVO,, Spectra-Physics), self-
mode-locked Ti:Sapphire (Tsunami, Spectra-Physics)
laser system, a-focal scan-head, confocal detectors
and an inverted microscope (Nikon TE200) [36].
Enhanced detection of the scattered component of the
emitted (fluorescence) photons is afforded by the use
of three, in-house developed, non-descanned detec-
tors, situated in the re-projected pupil plane (re-
imaged objective back aperture). Due to geometrical
constraints of the animal models, non-ideal long
working distance objectives must be used and, here,
a 10x Nikon Plan Fluor objective was used (16 mm
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WD, 0.3 NA) for in vivo imaging. Excitation of both
Cascade Blue™ and FITC fluorescence was possible
using two-photon absorption at 800 or 890 nm (where
indicated in the text) and isolated from background
auto-fluorescence due to endogenous fluorophores
using 455 and 540 nm filters (30 nm bandpass),
respectively. Stacks of images of the tumour vascu-
lature were acquired using Bio-Rad software and
stored for off-line analysis. Details of the imaging
techniques are described in Appendix B.

4.2. Measurement of morphological vascular
parameters

Morphological vascular parameters were measured
in tumours growing in both rats and mice, as
described above. The first step towards quantification

LT AL

is delineation of tumour vascular networks in three-
dimensional multi-photon images. In our experiments,
this was achieved with tracing software (3D Trace)
developed in-house [40,41] and illustrated in Fig. 1.
This entailed manual and semi-automatic tracing
through the data sets combined with automatic vessel
diameter measurement. The traced networks were
then represented by a list of points, each with an
associated diameter, a sufficient number of points
being required to ensure that a straight line joining
adjacent points approximated the true course of the
vessel. Distinct vessels were defined to be lengths of
vasculature between branching points. These repre-
sentations of the networks were used to calculate
statistics and could also be used to recreate the
networks in the Virtual Reality Modelling Language
(VRML) such that they can be visualised by 3D

UL - n

Fig. 1. Vascular delineation in a P22 tumour. Image (a) shows original volume-rendered data before stitching. Each panel measures 1.3%x1.3
mm. Image (b) shows the stitched data. Image (c) shows a detail of the tumour vasculature during the vessel tracing procedure and the final
traced image. Red traces indicate a higher level of confidence than blue traces and the green nodes represent vessel branching points. Image (d)
shows a tumour growing in a dorsal skin-flap window chamber in a mouse.
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surface-rendering software and visually compared to
the volume-rendered data sets.

Several different statistics were collected. As well
as straightforward statistics of vascular length, diam-
eter, surface area and volume, the more complex
measurements of tortuosity, interstitial distance to the
nearest vessel and fractal dimension were made, as
described in Appendix C.

4.3. Assessment of vascular permeability

Multi-photon microscopy provides a means of
precisely localizing fluorescence within a three-dimen-
sional image, thus avoiding out-of-focus fluorescence,
which is a significant complication for quantifying
vascular leakage of a fluorescent marker in conven-
tional fluorescence microscopy [49]. In the current
study, tumour vascular leakage of a purified 40 kDa
dextran conjugated to fluorescein (FITC—dextran,
Sigma) was measured in the P22 tumour growing in
dorsal skin-flap window chambers implanted into rats.
Intravascular tissue was delineated in 3D within
sample regions of each image stack, so that fluores-
cence intensity within intravascular and extravascular
tumour tissue could be measured over time following
injection of the fluorophore. These leakage data were
used to calculate the clearance constant K; for the
dextran, in rats treated with either 30 mg/kg CA-4-P or
the equivalent volume of saline. K; equates to the
apparent tumour vascular permeability—vascular sur-
face area product (PS). Details of these techniques are
given in Appendix D.

5. Dynamics of the tumour microcirculation
5.1. Repeated imaging of the tumour vasculature

Fig. 2 shows a typical volume-rendered vascular
network from a P22 rat tumour growing in a dorsal
skin-flap window chamber. This figure illustrates the
potential for multi-photon fluorescence excitation
techniques for repeated measurements within the
same vascular network. Fresh administration of the
vascular marker was required each day, as most of it
was cleared from the bloodstream within a 24-h
period. However, there was some carry-over of the
Cascade Blue—dextran conjugate from day 1 to day

2, resulting in an elevated, somewhat punctillate
background fluorescence compared with that
recorded on day 1. To avoid this problem, we
imaged the vasculature on day 3 using the green
fluorescence from a fluorescein—dextran conjugate,
with a suitable emission filter to exclude blue
fluorescence from any residual Cascade Blue—dex-
tran marker. Qualitative comparison of the day 3
image in Fig. 2 and a second tumour region, which
was only imaged on day 3, did not reveal any
obvious differences in vessel number or appearance,
suggesting that there were no gross vascular changes
associated with repeated imaging (data not shown).
However, functional assessment of the vasculature
would need to be carried out to determine whether
there are subtle vascular effects associated with this
procedure.

Development and remodelling of the vasculature
could be seen between day 1 (Fig. 2a) and
subsequent days (Fig. 2b—d), although most of the
vascular features remained constant over this time-
course. The most obvious change in the imaged
region was an increase in size of some individual
vessels, rather than development of new vasculature
In several cases where there was an apparent
appearance of new blood vessels, careful inspection
of images revealed that extremely thin blood vessels
were present on day 1, as precursors of the enlarged
vessels seen later. In other cases, individual vessels
appeared to get narrower over the time-course of the
experiment. In one example indicated by the arrow
in Fig. 2, an initial small and highly twisted vessel
grows progressively wider from day 1 to day 3,
whilst retaining its twisted morphology. This vas-
cular remodelling during tumour progression has
received very little attention but may be extremely
important for its effects on treatment outcome. For
instance, such twisted regions of tumour blood
vessels could impose very high stresses on the
vascular wall leading to an imperfectly formed leaky
structure. Whilst vessel remodelling is the most
prominent feature in the sequence shown in Fig. 2,
development of new vasculature at the expanding
edge of a tumour can be observed in a similar way.
Such studies have been performed in window
chamber tumours using conventional transmitted
and epi-fluorescence light microscopy [50,51], and
multi-photon microscopy [35].
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Fig. 2. Repeat imaging of the P22 tumour vasculature over 3 days. x— co-ordinates recorded from the stage micrometer vernier scale were used
to re-visit the same single region of the tumour on subsequent days. Each image was reconstructed from a stack of 51 serial images spaced 2 pm
apart, representing a 100-pm-thick optical section. (a) Day 1; (b) day 2; (c) day 3 am; (d) day 3 pm, 4 h after the first image. Mean vessel
diameter in the P22 tumour is approximately 13 um. Arrow indicates a site of vascular remodelling.

5.2. Vascular networks in different tumour types

Fig. 3 shows typical examples of HT29 and P22
tumour vascular networks. Qualitatively, the most
obvious difference between the tumour types is that
the blood vessels in the HT29 tumours are often
observed to orientate along the tumour radii, whereas
the arrangement in the P22 tumours is much more
uniform. Quantitative analysis of all the tumours in
the study was carried out from surface-rendered
images such as those illustrated in Fig. 3, following
the vessel tracing procedure illustrated in Fig. 1 and
automated vessel diameter measurements. The main
purpose of this analysis was an attempt to identify
morphological parameters, which could potentially
explain the sensitivity of the P22 tumour versus the

resistance of the HT29 tumour to the vascular
targeting drug, CA-4-P.

Figs. 4-7 show the results for the morphological
analysis of vascular networks in the P22 and HT29
tumours. There were no obvious differences between
the vascular development of the P22 tumour in its
syngeneic rat host and in the SCID mouse, although
more data in the mouse would be needed to confirm
this assertion. There were some obvious relationships
between several morphological parameters and
tumour size for both tumour types. Fig. 4 shows that
the average length of individual vessels tends to
increase with tumour size, whereas the average
diameter does not. Consequently, the average surface
area and volume of vessels also tend to increase with
tumour size (Fig. 5), although this relationship is less
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Images (b) and (e) show the original volume-rendered data, (c¢) and (f) show the surface-rendered images of vascular networks following

vascular tracing and diameter measurements.

apparent than that for average length because of the
influence of diameter on the calculations. The fact that
diameters, on average, remain constant as vessels
lengthen can be interpreted in a number of ways.
Firstly, it suggests an active process, rather than (or in
addition to) a physical stretching effect, which might
occur as a result of proliferation of surrounding
tumour cells. This active process may involve vaso-
dilation and/or remodelling of the vascular wall to
maintain vessel diameter. In any case, these data
suggest that the tumour vasculature adapts in an
attempt to maintain its blood supply as the tumour
grows. Fig. 6 illustrates this effect for these window
chamber tumours. The vessel density clearly
decreases with tumour size, suggesting that angio-
genesis is out-paced by tumour cell proliferation.

However, as shown by the plots of vessel length
density, surface area density and volume density (%
vascular volume), the potentially catastrophic effect of
a decreasing vascular density on the tumour’s blood
supply is offset by the lengthening of individual
vessels and accompanying maintenance of vessel
diameters. These results mask any variations in
diameter within individual vessels over time but are
consistent with the qualitative changes observed in
tumours that were repeatedly imaged on consecutive
days, which showed both temporal increases and
decreases in diameter of individual vessel, as illus-
trated in Fig. 2.

Despite the qualitative differences in the vascular
networks between HT29 and P22 tumours, there were
few differences in the measured vascular parameters
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between the two tumour types. However, the average
vessel diameter and average interstitial distance (Figs.
4 and 7) were significantly lower in the P22 tumours
than in the HT29 tumours ( P<0.05 for the difference
between the means of all tumours in each group;
Student’s ¢-test). Interestingly, although the tortuosity
and fractal dimensions were not significantly different
in the two tumour types overall, both parameters
tended to decrease with tumour size in the HT29
tumours, whereas they remained constant for the P22
tumours (Fig. 7). This reflects the different patterns of

vascularization observed for the two tumour types. As
shown in Fig. 3, there is a band of highly vascularized
tissue at the periphery of HT29 tumours, with vessels
extending into the tumour centre. As tumours grow,
the tortuous vessels in the highly vascularized
peripheral band will contribute relatively less to the
overall measurements, with a subsequent decrease in
overall vessel tortuosity with increased tumour size. In
contrast, vascular networks in the P22 tumour are
more homogeneously organized within the tumour
mass.
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Analysis of fractal dimensions of the vasculature
in growing tumours can inform on the nature of the
driving forces for angiogenesis and the efficiency of
the blood supply for drug delivery in established
networks [52]. The fractal dimension describes the
self-similar nature of a network and, in a normal
capillary network, reflects a space-filling (compact)
structure (fractal dimension of 3.00 in 3D and 2.00
in 2D) [52]. The fractal dimensions of the P22 and
HT29 tumours were both significantly lower than
3.00 (Fig. 7), indicating a significant difference from
normal. In a previous publication, we found that

projecting the 3D vascular networks of sample P22
and HT29 tumour networks onto a 2D plane gave
fractal dimensions that were very close to theoretical
values for a “percolation” and “diffusion-limited”
model of tumour angiogenesis for the two tumour
types, respectively [41]. The fractal dimensions
calculated from the full 3D images, as used in the
current study (Fig. 7), are rather lower than the
theoretical values for these models and, as discussed
previously, are probably a reflection of the fact that
tumour growth is somewhat confined in two
dimensions within the window chamber [41].
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Fig. 6. Total vessel counts per mm® tumour tended to decrease with tumour size (a). However, due to individual vessels lengthening with
increased tumour size (Fig. 4), total vascular length density (b) was less affected by tumour size. Total vascular surface area density (c) and
vascular volume density (d) are even less affected by tumour size because of the influence of vessel diameter (which does not change with
tumour size, Fig. 4) on these calculated values. Regression lines are plotted as in Fig. 4.

Description of the vascular networks in the P22
tumour as fitting a “percolation” model is consistent
with results for two other tumour types studied in
this way [52] and implies that growth occurs in
response to a random local property of the growth
substrate. The driving forces for “diffusion-limited”
angiogenesis could be physical variables such as
pressure or concentration gradients of angiogenic
factors, for example. These preliminary studies
illustrate the potential power of fractal analysis not

only for describing the vascular patterning in
tumours but also for helping to understand the
controlling factors in tumour angiogenesis.

These observed differences in vascular morphol-
ogy between the tumour types may contribute to their
different sensitivities to CA-4-P. Further studies
investigating potential differences in vascular function
and peri-endothelial cell support between tumours
with very different sensitivities to CA-4-P are cur-
rently in progress.
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5.3. Vascular permeability

Fig. 8 illustrates measurement of leakage of 40
kDa dextran from the vasculature of the P22 tumour
growing in the rat. In the examples illustrated, K;
for leakage of dextran from the tumour vasculature
of the animal treated with CA-4-P was approx-
imately twice that in the untreated animal, suggest-
ing that CA-4-P increases vascular permeability in
the P22 tumour very rapidly after treatment. This
result is typical of an extended study, in which
tumour K; was calculated for six treated and seven
untreated rats (unpublished data). The lifetime of
extravascular fluorescence was found to be the same
as that of intravascular fluorescence (data not
shown), suggesting that there are no significant
differences between the local environments experi-
enced by the fluorophore during transit through the
vascular wall.

Since the diffusive permeability of unperturbed
tumour blood vessels is usually very high, it is
possible that the uptake of even high molecular
weight compounds such as dextran is blood flow
(rather than permeability) limited under certain
circumstances. In this instance, K; cannot be
assumed to equate to PS but rather will approach
the tissue blood flow rate. However, the increase in
K; in the CA-4-P-treated animal cannot be inter-
preted as an increase in tumour blood flow rate
during the time-course of the experiment because we
have extensive data demonstrating a rapid and
profound decrease in blood flow rate following
CA-4-P treatment in this window chamber model
of the P22 tumour [45]. It follows that, if uptake of
FITC dextran into the P22 tumour is influenced by
blood flow rate under the conditions of this experi-
ment, the K; values obtained will underestimate the
true value of PS and its increase after CA-4-P
treatment. Furthermore, previous experiments have

Fig. 7. The average distance in the interstitium to the nearest
capillary (a) tended to increase with tumour size in both tumour
types. This parameter was also significantly smaller in the P22
tumours than in the HT29 tumours. The tortuosity of vessels (b) and
fractal dimension of vascular networks (c) tended to decrease with
tumour size in the HT29 tumours, whereas these parameters
remained relatively constant with tumour size for the P22 tumours.
Regression lines are plotted as in Fig. 4.

a)
60 F TCHT29
- 0 P22 mouse
£ 3f |—e—P22rat
2
o 90
g
s 45
]
T 40
©
£ 35
[
o 30
£
25
200 1 2 3 4 5
tumour diameter (mm)
b)
20r -x--HT29
[ X O P22 mouse
18 ——P22 rat
2 16}
[72] | .
S *
14|
s y .,
o F O e
= o12p 2 % R=20
i \b\'
10 ® AN
. o R=.91"_ x
80 1 2 3 4 5
tumour diameter (mm)
c)
2171 . ~%--HT29
L O P22 mouse
i —e— P22 rat
c 2] X
L [ N
2
o 19 N
£ r N °
T [ Y \s\
g 18 o @
® i R=.98
= [ o*
1.7 .
[ R=.34 "
1'60 1 2 3 4 5

tumour diameter (mm)



G.M. Tozer et al. / Advanced Drug Delivery Reviews 57 (2005) 135-152

0 min

control

CA-4-P

20 min

147

40 min

kS 11 Control 1- CA-4-P
3 Ki = 0.002 ml/ml/min Ki = 0.004 ml/ml/min
& 08 08}
>
S >
£ 06
E E 0.6
e
[
S E 04 0d
o
g
> 0.2 0.2
£
7
Q 04 1 ! ! 1 1 0 ! 1 1 1 1
20 40 60 80 100 0 20 40 60 80 100

time (minutes)

Fig. 8. CA-4-P increases vascular permeability to 40 kDa dextran in the P22 tumour in rats. Images show leakage of 40 kDa FITC—dextran from
the tumour vasculature at selected time-points in a control tumour and a tumour in a CA-4-P-treated rat, which are representative of tumours
from a larger group (vessel diameter 635 um). Graphs show Patlak plots of vascular leakage of dextran from a single vessel from each of the

two tumours shown.

shown that, on average, the diameter of tumour
blood vessels does not change significantly within 1
h after this dose of CA-4-P [45], suggesting that an
increase in the vascular surface area (S) could not
account for the increase in K;. Finally, it should be
mentioned that the term P strictly corresponds to an
‘apparent’ permeability term reflecting the fact that
leakage of dextran probably occurs via convection

(movement along hydraulic and osmotic pressure
gradients) as well as via diffusion along concen-
tration gradients across the vascular wall. Therefore,
it is not possible to determine, from the measured
increase in K;, whether CA-4-P treatment is causing
physico-chemical changes in the vascular wall
affecting dextran’s diffusion or convection or both.
These preliminary data illustrate the potential for
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multi-photon microscopy for the assessment of
apparent tumour vascular permeability—vascular sur-
face area product (PS product) in vivo.

6. Conclusions

Multi-photon fluorescence microscopy is a techni-
que that can be successfully applied to the inves-
tigation of vascular morphology and function of
tumours growing in transparent window chambers.
The ability to carry out repeat observations within
individual tumours is a major advantage of this
technique over previously available methods for
investigating tumour vascular morphology in three
dimensions. Repeat observations demonstrated a
degree of vascular remodelling that is clearly an
important part of tumour development. Techniques for
quantifying vascular parameters in 3D images of
tumour vascular networks were applied to two tumour
types, revealing several differences that could be
associated with their different responses to the tumour
vascular targeting agent, CA-4-P. Vascular remodel-
ling during tumour growth was also confirmed by the
analysis of vascular parameters as a function of
tumour size. Fractal analysis provided not only a
mathematical description of tumour vascular network
patterns but also a means for helping to identify the
factors controlling tumour angiogenesis. The utility of
multi-photon microscopy for measuring tumour vas-
cular function, as well as morphology, was demon-
strated by measurement of the vascular leakage of 40
kDa dextran following CA-4-P treatment. CA-4-P was
found to approximately double the apparent perme-
ability—vascular surface area product of tumour blood
vessels, which is consistent with the effects of the
drug on endothelial cells in vitro and is likely to
contribute to the blood flow shutdown observed for
this agent.

As multi-photon techniques become more widely
available, their utility for measuring tumour vascular
morphology and function, repeatedly in the same
tumour and in three dimensions, will find applications
in a number of fields. In particular, measurement of
vascular parameters is crucial for understanding the
process of tumour angiogenesis and investigating
methods for improving drug delivery and therapeutic
targeting of the tumour vasculature.
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Appendix A. Methods for animal experiments

All animal procedures were carried out in accord-
ance with the UK Animals (Scientific Procedures) Act
1986 and with the approval of the Ethical Review
Committee of the Gray Cancer Institute. Early
generation transplants of the P22 rat carcinosarcoma
were grown in transparent window chambers, surgi-
cally implanted into a dorsal skin-flap of male BDIX
rats, as described previously [45] and based on a
technique originally described by Papenfuss et al.
[53]. Briefly, rats were anaesthetized and two circular
areas of skin on opposing sides of a dorsal skin-flap
were thinned to the fascia layer. These were sand-
wiched between two glass cover-slips spaced approx-
imately 250 pm apart and held in an aluminium frame
(window chamber, Fig. 1). A fragment of P22 tumour
was placed on one fascial surface before closure of the
chamber. This system allows optical access to the
tumour, whilst providing mechanical protection and
stability. Window chambers of the appropriate size for
mice were implanted into SCID mice in a very similar
fashion to that described for rats above, except that,
due to the relative optical transparency of mouse skin,
the epidermal layers and panniculus muscle of one
skin layer were left intact and the tumour fragment
was placed directly onto the muscle surface. All layers
of skin on the opposite skin surface were surgically
removed.

Rats were anaesthetized for experiments between 7
and 14 days following surgery, when tumours ranged
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from 0.8 to 4.2 mm in diameter. Body temperature
was monitored via a rectal temperature probe and
maintained at 35-37 °C using a thermostatically
controlled heating pad and lamp. A second temper-
ature probe placed on the surface of the glass window
was used to maintain window temperature between 32
and 34 °C. Mice were conscious and restrained in a
plastic jig for intravital microscopy. Tumours were
examined when they reached 0.8—4.7 mm in diameter
(between 7 and 15 days following surgery).

Appendix B. Imaging methods for vascular
morphology

Vascular contrast for imaging was provided by
intravenous injection of a purified anionic dextran
(70 kDa) conjugated to a fluorophore (Cascade
Blue™ or FITC, Molecular Probes), at a dose of
40 mg/kg and an excitation wavelength of 800 or
890 nm. Because of its anionic nature and high
molecular size, the fluorescent dye was principally
confined to the plasma throughout the time-course of
experiments. For most experiments, the whole
tumour vasculature was imaged. This involved the
collection of sequential stacks of images for all but
the smallest tumours (the limiting field of view for a
single stack using the 10X objective is 1.3%x1.3
mm). Each stack consisted of a variable number of
slices in the x—y plane, 2 um apart, and took
approximately 13 min to acquire for a typical stack
of 50 slices. Image stacks for the larger tumours
were ‘stitched together’, as illustrated in Fig. 1, by
means of a software application written in-house,
which makes use of the LabWindows CVI program-
ming tools and IMAQ Image Processing library
(National Instruments, Newbury, UK). Briefly, the
stitching procedure starts with selection of one image
from each stack for two adjacent frames in the x-
direction. The point of best positional match of the
two frames is found using normalised cross-correla-
tion of a narrow strip of pixels from the left-hand
image, with a wider rectangle from the right-hand
image. Since the best correlation is achieved using
images that have well-defined features and high
contrast at the edges to be joined, the images to be
used are selected automatically on the basis of
maximum variance in the region of interest. This

process is repeated for all image stacks in the x- and
y-directions and the correlation points found are used
to join the images of each plane in turn, to give a
single stack per tumour. The joins were improved
using mean pixel blending in the frame overlap
regions.

Appendix C. Measurement of vascular tortuosity,
interstitial distances and fractal dimensions

The measurement of percentage tortuosity (7') was
equivalent to that of Norrby [54] and is based on the
distance between branching points along the vascula-
ture (L) and in a straight line (SP):

SP
T=(1-=]x100
(%)

When measuring tissue vascularization in thin
histological sections, a variety of measures of
intercapillary distance have been used [55]. How-
ever, these measurements are not sufficiently defined
when moving to 3D. Measurement of intercapillary
distance in 3D vascular casts of the tumour
vasculature has relied on the operator choosing
suitable vascular loops for measurement [56]. In
order to avoid this subjectivity, we chose to measure
the mean interstitial distance to the nearest vessel
from every point in the tumour, which will be related
to the intercapillary distance. Ideally, this is meas-
ured from every point (voxel) within the tumour
mass and averaged. However, the processing time
that this required was excessive and we chose to
sample the distribution of distances by sampling at
regular intervals through the data set, at the expense
of a larger possible error in the measurement. A
reasonable compromise was to sample every 10
voxels in each direction.

The fractal dimensions of the networks were
measured using published C-language source code
[57], which is an implementation of the fast box
counting algorithm [58]. This measurement required
the re-sampling of the network representations to
finely spaced point sets. The representations were re-
sampled at the imaging resolution, typically 512x512
pixels per slice, or appropriately larger for ‘stitched’
images.
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Appendix D. Assessment of tumour vascular
permeability

Collection of multi-photon fluorescence images
(consisting of a single 3D stack of 11 slices, 5 um
apart, approximating to a depth of 50 pm from the
tumour surface) was started 1 min after injection of
40 mg/kg purified 40 kDa dextran conjugated to
fluorescein (FITC—dextran, Sigma) and then every 4
min for up to 1 h, at an excitation wavelength of
890 nm.

3D images were analyzed using AMIRA visual-
ization and data analysis software (TGS, USA). Ten
vessels from each tumour image were chosen for
analysis on the basis of good image quality and
substantial distance from neighbouring vessels. Diam-
eters of the chosen blood vessels used in this analysis
ranged from 6 to 35 pum. A region of interest was
chosen for each vessel that contained both vascular
tissue and adjacent tumour tissue on either side of the
vessel. Following delineation of the blood vessel
volume, average fluorescence intensities for all pixels
inside and outside the vessel were quantified, in 3D,
over the time-course of the experiment. Results were
plotted as the ratio of extravascular to intravascular
fluorescence intensity (/./[;) versus a transformed time
axis, which equates to a plot of the /.//; values that
would have pertained had there been a constant input
function (constant 7;) over the time-course of the
experiment [59]. The transfer constant, K;, describing
the clearance of FITC—dextran from the plasma in ml
blood cleared per ml tissue per minute, was calculated
from the gradient of the straight-line portion of the
curve. Assuming that tumour vascular leakage of
FITC—dextran is permeability-limited, K; approxi-
mates the apparent vascular permeability—vascular
surface area product, PS. The term ‘apparent’ is used
to indicate that extravasation of dextran probably
occurs via convection along hydraulic and osmotic
pressure gradients, as well as via diffusion along
concentration gradients.
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