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Abstract

Networks of blood vessels in normal and tumour tissues have heterogeneous structures, with
widely varying blood flow pathway lengths. To achieve efficient blood flow distribution,
mechanisms for the structural adaptation of vessel diameters must be able to inhibit the formation
of functional shunts (whereby short pathways become enlarged and flow bypasses long pathways).
Such adaptation requires information about tissue metabolic status to be communicated upstream
to feeding vessels, through conducted responses. We propose that impaired vascular
communication in tumour microvascular networks, leading to functional shunting, is a primary
cause of dysfunctional microcirculation and local hypoxia in cancer. We suggest that anti-
angiogenic treatment of tumours may restore vascular communication and thereby improve or
normalize flow distribution in tumour vasculature.

Vascular networks, especially terminal vascular beds of the microcirculation, are often
simplistically portrayed as symmetrical arrays of vessel segments in which all flow
pathways are equivalent (FIG. 1a). By contrast, real vascular networks have a large degree
of topological and structural heterogeneity!= and include long and short flow pathways
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(FIG. 1b). Two main causes for this heterogeneity have been identified?. First, capillaries
must supply the entire tissue, whether adjacent to the main feeding vessels or in more
remote regions. Second, the generation of vascular networks by angiogenesis is driven by
stochastic events, resulting in randomness of the topological arrangement®. Vascular
maturation and pruning reduce this irregularity, but substantial heterogeneity remains. Not
only does this heterogeneity have important consequences for blood flow distribution23:6.7,
but it also generates a fundamental biological problem, referred to as the ‘shunt problem’:
the potential to form functional shunts — that is, short low-resistance, high-flow pathways
that bypass long pathways. If such pathways are present, they can draw blood flow away
from more remote regions of a tissue, which consequently reduces the delivery of solutes,
including oxygen and drugs, to these regions.

The control of tumour growth by restricting angiogenesis has attracted tremendous attention
in recent years. The initial work using anti-angiogenic drugs alone was promising but did
not translate into long-term positive clinical results for cancer patients®. Instead, an
alternative strategy has emerged: the use of anti-angiogenic drugs to improve, or
‘normalize’, tumour circulation, thereby improving the delivery of drugs to tumour tissues
and increasing the efficacy of chemotherapy?®. It is well known that tumour microvasculature
shows striking abnormalities, with irregular, leaky vessels, disordered network structure and
impaired transport characteristics that lead to highly heterogeneous tissue oxygenation and
regions of hypoxia®. However, the anatomical changes involved in vascular normalization
and the mechanism or mechanisms by which anti-angiogenic drugs can normalize the
circulation have been unclear, and normalization does not occur in all tumour types20.

In this Opinion article, we outline the factors causing the shunt problem and the possible
mechanisms by which it is overcome in normal tissues. We argue that impairment of these
mechanisms is a primary reason for the aberrant properties of tumour microcirculation. We
propose that the restoration of mechanisms that counteract functional shunting underlies the
successful normalization of tumour circulation by anti-angiogenic drugs, resulting in
improved tumour oxygenation and the more uniform delivery of other chemotherapeutic
agents. Failure to prevent functional shunting may result in unsuccessful normalization or
resistance to anti-angiogenic therapy1.

The shunt problem

In a heterogeneous vascular network, long flow pathways coexist with short arteriovenous
(AV) connections (FIG. 2a). Owing to vascular plasticity?, vessel diameters are subject to
remodelling or structural adaptation13-15 in response to stimuli derived from the metabolic
and haemodynamic environment!6. Consider first the consequences of such an adaptation
for the two vessel segments labelled ‘feeding arteriole’ and ‘short AV connection’ in the
schematic network shown in FIG. 2a. Both vessels are embedded in the same parenchymal
tissue and carry the same blood; therefore, they receive similar local metabolic signals (FIG.
2b). Blood pressure is also similar in both vessels. The total pressure drop along the long
flow pathways containing the feeding arteriole is the same as that across the short AV
connection. The wall shear stress varies inversely with vessel length, and so it is higher in
the short AV connection than in the feeding arteriole, if they have similar diameters.
Increased shear stress triggers an increase in luminal vessel diameter!”=20, which tends to
decrease blood flow resistance in the short AV connection compared with that in the feeding
arteriole and consequently establishes the AV connection as a functional shunt that diverts
most of the blood flow away from nutritional vessels. Using model simulations, it can be
shown that the same problem can occur in more complex structures with heterogeneous
pathway lengths21, and would lead to inadequate or inefficient blood supply to the tissue. In
particular, little oxygen can be extracted during the short transit time of blood passing

Nat Rev Cancer. Author manuscript; available in PMC 2011 June 7.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pries et al.

Page 3

through a shunt with a limited surface area and a long diffusion distance to most tissue cells.
Therefore, maldistribution of flow with a high degree of shunting would result in low
oxygen extraction?2,

The absence of flow maldistribution and functional shunting in normal vascular networks, as
evidenced by the substantial oxygen extractions achievable by normal tissues, implies that
powerful biological counter-measures to the shunt problem exist. The arguments given
above imply that the mechanisms that prevent functional shunting cannot be based purely on
haemodynamic and metabolic signals that are locally generated in each segment but must
also respond to the need of the feeding arteriole to supply multiple capillaries and, similarly,
the need of the corresponding venule to drain multiple capillaries. This necessitates the
transfer of information about the existence of capillaries and/or their metabolic status to their
feeding and draining vessels23 on both the arterial and the venous sides (FIG. 3a). The
direction of propagation for this information must be exclusively from distal to proximal
vessels — that is, against the direction of blood flow in arterial vessels and with the
direction of blood flow in venous vessels. A reversal of signal transmission at branch points,
resulting in the ‘re-entry” of the signal into distal segments, would stimulate growth in short
AV pathways and so induce functional shunting (FIG. 3b).

Mechanisms of information transfer

A probable mechanism for information transfer in the downstream (that is, venous) direction
is the generation of metabolites in response to low oxygen availability in the capillary bed;
these metabolites can then travel with the blood to larger draining vessels. Many studies
have shown the importance of various substances, including ATP and nitric oxide (NO)
released from erythrocytes, and adenosine in the control of tone (that is, the degree of
vascular contraction)24-28, Prolonged changes in tone evoke corresponding changes in
vessel structurel229:30 providing a potential mechanism for the adaptation of vascular
structure to avoid the formation of functional shunts. Information transfer by this convective
mechanism is inherent in the downstream direction only.

The situation is more complex for the upstream (that is, arterial) vessels, as information
transfer must occur against the direction of blood flow (FIG. 3a), and it is crucial that this
direction is maintained throughout the arteriolar vessel tree (FIG. 3b). Conducted responses
along vessel walls provide a mechanism for information transfer in the upstream direction.
Such conducted responses are known to be involved in the regulation and coordination of
vascular tone31-33, They are propagated through gap junctions, which interconnect the
endothelial and smooth muscle cells in the vessel wall and provide a pathway for the
diffusion of ions and other small solutes3#3>, The connexins that form vascular gap
junctions are Cx37 (also known as GJa4), Cx40 (also known as GJab), Cx43 (also known as
GJal) and Cx45 (also known as GJy1)36-40, Several types of conducted response have been
described, with propagation occurring through either endothelial cells or smooth muscle
cells, involving different types of gap junctions and ion channels, and decaying at different
rates with distance travelled3241,

Conducted responses along vascular walls can therefore provide the necessary transfer of
information from distal to proximal vessels along arterial trees. However, it is not obvious
how the re-entry of such signals into downstream branches is prevented (FIG. 3b). One
possibility is the participation of heteromeric gap junctions (in which one hemichannel is
composed of different connexins) and heterotypic gap junctions (in which hemichannels
from two cells forming a gap junction are each composed of a different type of
connexin)#2-47. Both heteromeric and heterotypic gap junctions may exhibit asymmetrical
gating and conduction properties, especially if Cx45 is involved*’, and may thus function as
rectifiers that allow information transfer in one direction only. The expression of connexins
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in the vasculature is non-uniform and dependent on flow conditions. For example, blood
flow differentially regulates the expression of Cx37, Cx40 and Cx43 (REF. 48); endothelial
expression of Cx43 increases with decreasing vessel size*? but is upregulated at branch
points, where blood flow is disturbed®0. Such connexin expression patterns may lead to gap
junction configurations that limit the re-entry of signals into short AV connections.

Effects of faulty anti-shunt mechanisms

Experimental analysis of the structural effects of reduced information transfer in vivo is
difficult owing to problems with suppressing the relevant mechanisms for a prolonged time
while monitoring the changes in vascular network structure and function. Mathematical
simulations offer a useful alternative, as the effects of parameters and mechanisms
implemented in the model can be analysed individually. The mathematical model considered
here6:21.23.51 assumes that there is structural vascular adaptation in response to local
pressure, wall shear stress and the oxygen partial pressure (Po,), as well as in response to
signals transferred upstream by conduction and downstream by the convection of
metabolites with the blood (BOX 1). The model was validated by comparing measured and
predicted distributions of vessel diameters and flow velocities. FIGURE 4 shows the
structure of a microvascular network (specifically, a rat mesentery network) and the
simulated distributions of blood flow rate, wall shear stress and upstream conducted signal
in the network under normal conditions.

The consequences of changes in information transfer characteristics were simulated using
this model. FIGURE 5 shows the effects of changes in the conduction strength constant,
with an arbitrary reference value of 1, and the decay time of the metabolic signalling
substance, which determines the strength of downstream information transfer. Reducing the
conduction strength below a critical value (~0.8) leads to functional shunting, as shown by
the reduction in the flow-weighted mean path length for blood travelling through the
microvascular network. As a consequence, more distal tissue regions are under-perfused and
a substantial oxygen deficit develops. A similar level of oxygen deficit is observed if re-
entry of the conducted signal into distal vessels is allowed. The effects of reduced signalling
to draining venules by convection (achieved by shortening the decay time of the metabolic
signalling substance) are similar but milder, because the resistance to blood flow is lower on
the venous side and has less of an impact on flow distribution.

In summary, these simulations show that the absence of anti-shunt mechanisms, especially
the upstream conduction of signals along arterial vessels, can lead to the development of
functional shunting, such that a large proportion of the blood flow passes through short flow
pathways while other regions of the tissue are inadequately supplied. Under these
conditions, a high average rate of perfusion may coexist with substantial hypoxia.

In vivo evidence of functional shunting

On the basis of the results from the simulations described above, it is justified to consider
experimental or clinical evidence for functional shunting. In situations of shock or
ischaemia—reperfusion, functional shunting and maldistribution of the microcirculation are
increasingly identified as relevant pathophysiological components and predictive
parameters, on the basis of both the measurement of global parameters (such as the oxygen
extraction ratio) and intravital microscopic observation of the microcirculation22:52-54,
These findings point to the importance of local flow regulation in preventing functional
shunting. However, the mechanisms underlying microvascular shunting in these acute
events have not been fully elucidated, and the connection to conducted signals remains to be
established.
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Indications with respect to the possible involvement of gap junctions in the structural
adaptation of blood vessels are sparse and derive from studies focused on embryonic
vascular development in mice lacking one or more of the vascular connexins Cx37, Cx40,
Cx43 and Cx45 (REFS 55-57). Cx45-deficient mice exhibit a vascular phenotype in which
initial vessels generated by vasculogenesis fail to develop into appropriately sized mature
vascular networks®°. According to the concept presented in FIG. 3b, the effect of Cx45 on
the maturation of vascular networks during early development may involve its asymmetrical
gating characteristics in heterotypic gap junctions®’.

Although mice lacking Cx37 or Cx40 do not exhibit notable vascular phenotypes during
development, animals with a complete deficiency of both connexins die perinatally,
exhibiting severe vascular dysmorphogenesis, haemorrhages and congestion®6:57. The
described vascular morphology is reminiscent of those seen clinically in vascular anomalies
or malformations. For these conditions, several genetic alterations and molecular pathways
have been discussed, and some of the mechanisms involved, including those involving Sox
genes and Notch—delta-like protein 4 (DLL4) signalling, were shown to be associated with
the development of arterial identity®8—60, In the vitel-line membrane of the chicken embryo,
the expression of Cx40 was recently shown to be one of the earliest and most consistent
markers of arterial vessels®®. These observations provide further evidence that
communication through gap junctions is a crucial component in the development and
maintenance of normal vascular structures.

Relevance to tumours

Recently, computational modelling was used to investigate the possible causes for the
aberrant structure of tumour microvascular networks, which have high levels of structural
and functional heterogeneity®1. A near-complete loss of vascular diameter control by
conducted signals was identified as the main alteration in structural vascular adaptation.
Together with an increased randomness of vascular reaction patterns and a generally higher
tendency to grow, this could explain the observed phenotype of tumour microvasculature. In
simulations of network adaptation with modified vascular responses, as described above, it
was predicted that multiple capillary-type vessels would convert into functional shunts,
resulting in flow maldistribution and peripheral under-perfusion (FIG. 6).

Few, but partially contradicting, data are available on the differential expression and
function of vascular connexins in tumours, perhaps because the corresponding genes are not
generally considered to be relevant for angiogenesis and are not included in many studies on
this topic62-64. A central part may be played by the tumour microenvironment, which has
higher levels of reactive oxygen species (ROS; including H,05) than normal tissues®°:66,
Tumours are notoriously hypoxic and, at the same time, subject to increased levels of
oxidative and nitrosative stress, and these factors may interfere with the functioning of gap
junctions. Hypoxia causes dephosphorylation of Cx43 at Ser365, resulting in the loss of
Cx43 function in gap junctions of the myocardiumb’. Conversely, H,O, has been reported to
cause hyperphosphorylation of Cx43, leading to loss of gap junction function in liver cells8,
Vascular endothelial growth factor A (VEGFA\) levels are elevated in most solid tumours?,
and exposure of endothelial cells to VEGFA in vitro was shown to cause a transient loss of
endothelial cell-cell communication®®. This effect correlated with changes in the
phosphorylation of Cx43. The overexpression of VEGFA in tumours is therefore another
potential cause for impaired communication through gap junctions between endothelial cells
in vivo.

In this context, it should be noted that the functionality of an anti-shunt mechanism
involving conductive information transfer does not necessarily correspond directly to the
level of connexin expression or phosphorylation. The ability to suppress functional shunting
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could be equally compromised by merely disabling the mechanism that prevents re-entry of
the signal into downstream vessels at divergent arterial branch points (FIG. 5). Not only the
level of connexin expression but also the configuration of gap junctions in vessel segments
and at branch points may therefore have major effects on the functional behaviour of the
resulting vascular networks.

These considerations support the hypothesis that the deviant properties of tumour
microcirculation largely result from disruption of the conducted responses that transmit
signals along vessel walls. Anti-angiogenesis therapy that inhibits tumour VEGFA-VEGF
receptor (VEGFR) signalling®911.70-72 may restore conducted responses and, therefore, the
anti-shunt mechanisms that are present in normal vascular networks, thereby leading to a
reduction in functional shunting. This mechanism may underlie the reported normalization
of tumour circulation that is caused by the use of anti-angiogenic drugs, leading to improved
tumour oxygenation and chemotherapy drug delivery®. Further studies of the expression and
function of vascular connexins in tumours are needed to provide in vivo evidence for this
hypothesis.

Box 1 | Methods of network modelling

Network modelling is based on experimental in vivo recordings of microvascular
networks with 300-1,000 vessel segments, in which each segment connects two vessel
branch points. For these segments, morphological parameters (such as diameter and
length) and, in some cases, functional parameters (such as flow velocity and haematocrit)
are measured. A computer simulation of network haemodynamics based on these
morphological data is used to predict the distribution of blood flow and oxygen, and the
results are compared with experimental measurements. The next step is the simulation of
vascular-diameter adaptation in response to the following haemodynamic and metabolic
stimuli.

e Shear stress: to coordinate vessel diameters along flow pathways and avoid
excessive viscous energy dissipation in the network

e Pressure: to ensure smaller vessel diameters and higher shear stress on the
arterial side of the network relative to the venous side, and to avoid high blood
pressure in capillaries

e Metabolic stimuli (such as oxygen partial pressure): to ensure that blood flow is
responsive to local oxygen demand, and to avoid the collapse of parallel flow
pathways to a single pathway

e Information transfer through downstream convection of metabolites and
upstream conducted responses along vessel walls: to avoid enlargement of short
arterio-venous connections, which would lead to functional shunting

In the simulation, the diameter of each vessel segment is allowed to vary with time
according to the summed effect of these stimuli, until equilibrium is reached. The
resulting distributions of structural and haemodynamic variables are compared with
observed properties. Distributions corresponding to normal vascular beds cannot be
obtained if any of the listed responses is omitted from the model.

Conclusions

The following conclusions can be drawn from the reasoning and results presented here.
Robust anti-shunt mechanisms are needed for the development and maintenance of efficient
and functional microvascular networks. Anti-shunt mechanisms require the transfer of
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information from distal to proximal vessels of both arterial and venous trees. Upstream
information transfer is based on the conduction of signals through gap junction channels in
the vascular wall. The failure of this mechanism leads to maldistribution of the blood flow
and to vascular abnormalities. In tumours, the anti-shunt mechanisms are ineffective,
resulting in vascular aberration, heterogeneous distribution of blood flow and local hypoxia,
as well as resistance to radiation therapy and some types of chemotherapy. Therefore,
improving the function of gap junction channels in tumour-associated endothelial cells and
the tumour microvasculature is a potential approach for improving or normalizing the
tumour circulation to improve the effectiveness of other chemotherapy drugs.

Many points remain to be investigated. For example, the biological mechanisms that prevent
the re-entry of conducted signals into distal vessels are not known. The relationship between
tumour development and the impairment of anti-shunt mechanisms is not understood. The
effect of genetic variations on the gap junctions that are involved in structural adaptation and
their potential effect on the growth of the tumour vasculature should be assessed. Finally,
the development of treatment modalities that interfere (positively or negatively) with the
anti-shunt mechanisms is still an open challenge.
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Glossary

Conducted A signal that is propagated along the wall of a blood vessel through the

response gap junctions that connect adjacent endothelial and/or smooth muscle
cells. In a conducted vasomotor response, a stimulus applied at one point
on a vessel elicits a contraction or dilation at another point. Some studies
show that conducted responses can propagate for several millimetres
without appreciable decay, implying that they regenerate themselves in a
manner analogous to that used by nerve impulses.

Distal Further from the heart. Capillaries are the most distal vessels.

Gap A molecular structure that forms a passage connecting the cytoplasm of

junction two adjacent cells and selectively allows solutes to pass between the cells.
A gap junction consists of two linked hemichannels, called connexons,
each embedded in the membrane of one of the cells. Each hemichannel
consists of six connexins, which are proteins with multiple membrane-
spanning domains.

Proximal Closer to the heart — that is, upstream in arterial vessels and downstream
in venous vessels.

Structural Also known as vascular remodelling. Long-term changes in the structure

adaptation of blood vessels (such as their diameter and wall mass) that occur during
growth, in response to changing functional needs and in various disease
states.

Wall shear The mechanical tangential force per unit area that is exerted on the walls

stress of blood vessels by flowing blood as a consequence of the blood

viscosity. It is directed parallel to the surface of the wall in the direction
of flow and is transmitted to the endothelial cells, which can respond to
changes in wall shear stress. In a cylindrical microvessel, wall shear stress
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Figure 1. Microvascular networks

a | A simplified view of a vascular network in which all flow pathways are equivalent, as is
often assumed. b | A more realistic configuration, showing that blood flow pathways are
heterogeneous, with highly non-uniform lengths. Arrows show blood flow directions in
feeding and draining vessels and illustrate the use of the terms “proximal” and “distal” with
regard to the circulatory system. Colours indicate the change in blood oxygen levels from
high (red) to low (blue) as blood flows through the capillaries.
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Figure 2. The shunt problem

a | A microvascular network configuration with a short arterio-venous (AV) connection that
could potentially form a functional shunt, causing most of the blood flow to bypass the
other, longer flow pathways. b | The enlarged section shows factors that influence structural
adaptation of the short AV connection and the feeding arteriole. Both vessels experience
similar conditions, with the exception that the short AV connection is exposed to a higher
wall shear stress. This causes remodelling, with an increase in vessel diameter and,
consequently, an increased flow in the short AV connection, leading to functional shunting.
Conversely, the feeding arteriole experiences lower wall shear stress and a structural
reduction in diameter.
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Figure 3. Mechanisms for avoidance of the shunt problem

a | Pathways for information transfer from distal to proximal vessels. The orange shading,
the black arrow within it and adjacent small arrows represent information transfer by
conducted responses in the upstream direction along the wall of the feeding arteriole. The
blue shading, the black arrow within it and the adjacent small arrows represent information
transfer by the convection of metabolites in the blood along draining venules. Arrows on the
left indicate the direction of blood flow. b | Enlargement to show the paths of the conducted
responses. Conducted response signals travelling upstream along feeding arterioles (solid
arrows) must be prevented from re-entering smaller downstream side branches to avoid
growth of these short arterio-venous (AV) pathways, which could lead to functional
shunting. Dashed arrows represent the direction of blood flow.
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Figure 4. Structure and functional characteristics of a normal microvascular network

An area of the thin mesenteric membrane in a rat was scanned by intravital microscopy, and
vessel diameters, segment lengths, topology and vessel location were determined from video
recordings. From these data, a digital reconstruction of the network with 546 vessel
segments was made and used for mathematical modelling of structural adaptation under
normal conditions. Simulated results are shown as colour-coded visualizations. A distal
capillary region with a central arteriole and peripheral collecting venules are shown and
arrows indicate short arterio-venous (AV) connections that provide a homogeneous capillary
density throughout. a | The vessel types. b | Flow rates expressed as blood volume per time.
¢ | Wall shear stress, which is high in short AV connections (arrows). d | Upstream
conducted signal levels are high in the feeding arterioles and low in the adjacent short AV
connections (arrows). The AV connections remain narrow and do not enlarge to form
functional shunts.
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Figure 5. Effects of altered information transfer on predicted network function

a | The effect of altered upstream information transfer. Conduction strength is given as the
relative sensitivity of diameter adaptation to upstream conducted response signals. The
oxygen deficit is the length of the vessels that are depleted of oxygen as a fraction of the
total vessel length. The mean path length is the flow-weighted mean of all blood flow
pathway lengths in the network. Low mean path length values indicate the presence of
functional shunting. As conduction strength decreases, so mean path length decreases and
the oxygen deficit increases, showing that effective information transfer in the upstream
direction, without re-entry of upstream signals, is necessary to avoid functional shunting and
an oxygen deficit. Points labelled ‘Re-entry allowed’ are the results obtained when
conduction strength equals 1 and re-entry of upstream signal into distal vessels is allowed. b
| The effect of altered downstream information transfer. The metabolic decay time constant
is the time constant in seconds (s) for the decay or uptake of those metabolites that are
responsible for downstream information transfer. As the decay time constant decreases, so
mean path length decreases and the oxygen deficit increases, showing that information
transfer in the downstream direction is required to avoid functional shunting. ¢ | The
distribution of volume flows in a network with normal upstream conducted responses.
Arrows show short arterio-venous connections with low flow rates and that do not form
functional shunts. The circle indicates that the main arteriole supplying the distal region to
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the right has a high flow rate. d | The distribution of volume flows in the network in the
absence of upstream conducted responses, showing shrinkage and low flow in the main
arteriole (circle) supplying the distal region to the right and the enlargement of previously
very small capillary segments into a high-flow functional shunt (arrows).
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Figure 6. Simulated tumour-like structural adaptation

A computer-generated visualization of a microvascular network in rat mesentery, showing a
simulated structural adaptation of vessel diameters according to parameters that are typical
of tumour networks, including a strongly reduced strength of upstream conducted signals
and an increased overall vessel growth tendency. Data are shown for volume flow rate (part
a) and intravascular oxygen partial pressure (Po,; part b). The formation of a functional
arterio-venous shunt (arrow) leads to decreased flow in the more distal vessels (to the right
of the arrow) and, consequently, to low oxygen levels in many vessels.
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