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In vivo models for early development of colorectal liver metastasis
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A European study estimated that 2.9 million cancer cases

were diagnosed and over 1.7 million cancer deaths

occurred in 2004. The second most prevalent form of can-

cer diagnosed was colorectal cancer and accounted for

13.2% of all cases. Colorectal cancer was responsible for

203,700 deaths (Boyle & Ferlay 2005). Only lung cancer

was responsible for more cancer deaths. Globally each

year, almost one million cases of colorectal cancer are

registered and almost half a million deaths are attributed

to this disease (Parkin et al. 2001). At diagnosis, as many

as 25% of colorectal cancer patients have established liver

metastases (Kavolius et al. 1996). The primary locus of

the colorectal tumour is frequently managed by either

surgery alone or in combination with neo-adjuvant and

adjuvant oncological therapy (Nelson et al. 2001).

Management of the metastatic spread to other organs is a

therapeutic challenge. Despite advances in the oncological

management of disseminated colorectal cancer (Allegra &

Sargent 2005; Twelves et al. 2005), surgical resection of

liver metastases remains the only therapeutic intervention
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Summary

In Europe, colorectal cancer is the second most prevalent form of cancer diagnosed.

Globally each year, almost one million cases of colorectal cancer are registered and

almost half a million deaths are attributed to this disease. This high mortality is

associated with the development of liver metastases. For oncological advances to

occur, accurate in vivo models are required to study colorectal cancer metastasis

development. These models, by increasing our understanding of the early stages of

colorectal liver establishment, will facilitate the development of novel therapeutic

interventions and allow the clinical effects of these interventions to be studied. By

analysis of current in vivo models for early development of colorectal liver metasta-

sis, this review examines available methods of the tumour cell preparation, introduc-

tion and monitoring in vivo. An insight into the technical problems which can occur

will be discussed. The implications of these different techniques on the resulting

metastasis picture will be analysed. Existing in vivo models are assessed regarding

the accuracy of the metastatic picture they portray.
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that offers the possibility of long-term survival and cure

(Mutsaerts et al. 2005). This therapeutic option is depen-

dent on both patient and tumour characteristics. For

many, it is not a viable option (Scheele et al. 1995).

Intravital videomicroscopy (IVVM) now allows dynamic,

real time imaging of biological events in an in vivo model

system (Figure 1). This technique has proven particularly

useful in the study of tumour blood flow and the therapeutic

effects of vascular disruptive agents (Iga et al. 2006). IVVM

has enabled the early development of colorectal metastasis

particularly tumour cell arrest, adhesion and extravasation

to be analysed in great detail (Table 1). For accurate study

of novel therapeutic agents targeted at these early stages, an

in vivo model must be established which closely resembles

the genuine tumour development process.

The purpose of this review will be to examine current

in vivo models of colorectal metastasis. It will analyse the

current models focusing on the different techniques used. By

providing an overview and analysis of the tumour cell prepa-

ration, introduction and monitoring in vivo, this review will

provide an insight into the problems that can occur.

The effects that the different techniques have in altering the

picture of metastasis portrayed will also be discussed.

Model of metastasis

In vivo models deployed should provide a true reflection of

the physiological processes that occur in the cancer patient.

As early as 1889, it was proposed that metastasis occurred

in a non-random pattern. Indeed this was the basis of

Stephen Paget’s ‘seed and soil’ hypothesis (Paget 1889). This

hypothesis, as well as the metastasis process, has been stud-

ied intensely in the interim period. The ‘seed and soil’

hypothesis has been adapted and now consists of three sepa-

rate entities (Onn & Fidler 2002; Fidler 2003). First, cancers

consist of different cell subpopulations each of which has its

own phenotypes. Current research (Bao et al. 2006; O’Brien

et al. 2007) is closely examining these cell subpopulations to

determine whether every cancer cell possesses the ability to

initiate and sustain tumour growth or whether only a subset

of cells, cancer stem cells, possess such potential. O’Brien

et al. (2007) identified human colon cancer-initiating cells in

immunodeficient mice hosts post-transplantation. All human

colon cancer-initiating cells were CD133+. The majority of

the tumour cells were CD133) and were unable to initiate

tumour growth. Bao et al. (2006), in glioma tumours, also

identified CD133+ cells. Within glioma tumours in vitro and

in vivo, a higher proportion of these CD133+ cells were

found to survive ionising radiation. These CD133+ cells

were found to initiate DNA repair, post-radiotherapy, more

(a) 

(b) 

(c) 

Figure 1 (a) Intravital videomicroscopy (IVVM) image

shows labelled red blood cells within the hepatic circulation of

rat. A hepatic venule is seen. (b) This image shows labelled

red blood cells predominantly within the hepatic sinusoids.

(c) The liver parenchyma has a green autofluorescence labelled

(D). The sinusoid vessels are black (E). Three labelled (red)

colorectal cancer cells are seen – (A, B & C). (A) is adherent

to the sinusoidal walls. The other two (B & C) have

migrated out of the sinusoid vessel and into the liver

parenchyma.
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effectively than CD133) cells. These results suggested that the

CD133+ cells confer radioresistance on glioma tumours and

could cause tumour recurrence postradiation therapy. These

results suggest that a cancer hierarchy may exist. Only a pro-

portion of tumour cells may be responsible for tumour prolif-

eration. These stem cells may also be responsible for tumour

recurrence after conventional oncological management. Sig-

nificant advances in oncological management may occur

through targeted cytotoxic therapies directed at these cancer

stem cells. Secondly, the process of metastasis is selective for

tumour cells which have the ability to embolize, invade,

adhere, extravasate and establish metastasis in distant organs.

Lastly, metastasis requires multiple interactions between the

tumour cell and the regulatory mechanisms of the adjacent

microenvironment (Liotta & Kohn 2001; Fidler 2002b).

The modified hypothesis provides a framework which any

novel in vivo model should adhere. Deviation from these prin-

ciples will result in physiological disruption (Figure 2) and

produce an inaccurate reflection of metastasis development.

Not only will a distorted image be obtained, but the model

will be invalid for accurate assessment of therapeutic interven-

tions. An in vivo model mirroring the genuine metastatic pro-

cess would allow each stage of metastasis to be studied and be

better understood. An accurate model would also facilitate the

development of specific therapeutic interventions and enable

the clinical effects of such an intervention to be analysed.

Colorectal cancer cell line selection

Perhaps the most significant factor affecting the biological

accuracy of the in vivo model is the selection of an appro-

priate colorectal cancer cell line. Some studies have uti-

lized a synergic colorectal cancer cell line (Reinmuth et al.

2003; Steinbauer et al. 2003; Sturm et al. 2003), others

have compared synergic and non-synergic lines (Haier

et al. 2003),while others have deployed non-synergic

human colorectal cancer cells in a Sprague–Dawley host

(Enns et al. 2004, 2005; Schluter et al. 2006). Returning

to the ‘seed and soil hypothesis,’ the third principle states

that tumour cells interact with the microenvironment and

homeostatic mechanisms (Fidler 2003). The biological

accuracy of a cancer model that uses human colorectal

cancer cells to develop metastasis in a rat liver has to be

questioned. Although the comparison between human

HT29 colorectal cells and rat CC531 colorectal cancer

cells showed no differences over the 30 min observation

period (Haier et al. 2003), the differences between the

hepatic architecture and homeostatic mechanisms in a rat

and a human are likely to produce a distorted image of

metastatic development. Synergic models therefore areTa
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likely to provide a more accurate representation of meta-

static development.

With cultured cell lines, there is the issue of phenotypic

drift. Current colorectal cell lines have frequently undergone

multiple passages. HT29 human colorectal cancer cells, for

example provided by the European Collection of Cell Cul-

tures, have undergone 135 passages. Further culturing of

these cells in different laboratories and in different countries

is likely to alter tumour cell characteristics. As phenotypic

drift occurs, different representations of hepatic metastasis

development could be obtained from colorectal cancer cells

initially derived from the same cell colony.

Methods of transplantation

The ‘seed and soil hypothesis’ states that a tumour is a het-

erogeneous population of cells; selection occurs during the

metastasis establishment and that tumour and microenviron-

mental interactions occur (Fidler, 2002; Fidler 2003). Many

of the recent models have used colorectal cancer cells cul-

tured in vitro. The colorectal cancer cells are labelled with

calcein (Haier et al. 2003; Steinbauer et al. 2003; Enns et al.

2004, 2005) or transfected with green fluorescent protein

(GFP) (Steinbauer et al. 2003; Sturm et al. 2003) prior to

introduction to the animal. The tumour cells are then intro-

duced into the circulation of the animal (Figure 2) to mimic

haematogenous colorectal cancer spread in the human

patient (Haier et al. 2003; Steinbauer et al. 2003; Enns et al.

2004, 2005). This model is intrinsically flawed regarding the

second principle of the ‘seed and soil’ hypothesis (Fidler

2003). While the colorectal cancer introduced will be a

heterogeneous population and interactions will occur

between tumour cells and the microenvironment, there is no

selection occurring. In the human patient, colorectal cancer

cells, that reached the blood stream and disseminated, had

already exhibited many aggressive or metastatic character-

istics. In contrast, colorectal cells that had been passaged

in vitro have demonstrated none of these characteristics.

Current metastatic models could therefore portray an early

metastasis development model that is far less efficient than

in a human colorectal cancer patient. Genetically engineered

animals, that spontaneously develop cancer and subsequent

metastases, are the most biologically accurate models of

metastasis. Smad3 mutant mice were shown to develop met-

astatic colorectal cancer (Zhu et al. 1998). Subsequent

groups (Philipp-Staheli et al. 2002; Domino et al. 2007)

Figure 2 This figure graphically depicts the metastatic process, focussing on the early stages. Initially the colorectal cancer cells at the

primary locus proliferate. Subsequently, these malignant cells become invasive and adopt a migratory phenotype. The invasion pro-

cess if successful will allow the tumour cells to enter the circulation. In vivo, colorectal cancer cells can metastasize using a haemat-

ogenous or lymphatic method. For simplicity, only haematogenous spread is discussed. The haematogenous route of spread is utilized

in many recent in vivo studies shown in Table 1. The cancer cells are then carried via the portal circulation to the liver where the

sinusoids are the vessels with the smallest diameter. The figure then depicts the two different methods proposed for tumour cell arrest

– mechanical entrapment and specific tumour cell adhesion. After the initial arrest, there is also evidence to support different methods

of early metastatic development. Tumour cells can either undergo extravasation into the parenchyma and subsequent proliferation or

undergo initial proliferation intravascularly followed by liver infiltration. If the tumour cells successfully complete these stages, they

proliferate within their new environment and can develop into macroscopic liver metastasis.
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have used these mice to examine different factors influencing

colorectal cancer development and progression. However,

these models are not amenable to the intravital microscope –

an essential tool for real time observation of tumour devel-

opment. Tumour cells must be labelled to allow detection

in vivo.

Direct haematogenous introduction negates the effect of

immune surveillance. Physiological immune surveillance

mechanisms are artificially challenged by haematogenous

bolus introduction of tumour cells to varying extents as the

immune system would take time to detect and process the

newly introduced cellular matter. The variability of the

immune response between species and individuals within

species may account for experimental differences seen in

tumour natural history. Recent research using orthotopic

tumour models examined human colorectal cancer in female

BALB ⁄ c mice (Flatmark et al. 2004). Twelve colorectal can-

cer strains were implanted. The results showed considerable

variation between the cell lines with regard to tumour prop-

agation and dissemination. One of the twelve colorectal can-

cer cell lines produced liver metastasis and this only

occurred in two of 10 animals. While the method of colorec-

tal cancer cell introduction is different – orthotopic vs. hae-

matogenous – immunosurveillance and clearance was

occurring. This theory is further supported by other ortho-

topic research. A further study looking at HT29 human

colorectal cancer cells produced similar results (Flatmark

et al. 2004) in immunocompetent mice (Guilbaud et al.

2001). However in the immunocompromized severe com-

bined immunodeficient (SCID) mouse, significantly higher

rates of lymph node metastases and liver and lung metasta-

ses occurred. Immune reactions have also been observed in

longer haematogenous experimental models. CT26 synergic

murine colorectal cancer cells were introduced into a

BALB ⁄ c mouse host (Steinbauer et al. 2003). Metastatic

development was monitored and comparisons made between

cells labelled with GFP and cells labelled with conventional

techniques. No significant differences were noted in early

metastasis development. However, a significant reduction in

the late metastatic growth of GFP expressing CT26 colorec-

tal cancer cells was observed. This phenomenon was only

noticed in the immunocompetent mice. Further experiments

in immunodeficient mice demonstrated that this cancer cell

clearance was immune mediated. In the previously healthy

colorectal cancer patient, colorectal cancer development and

dissemination will occur despite immunosurveillance in an

immunocompetent patient. A sudden introduction of

1 · 106 colorectal cancer cells (Haier et al. 2003; Enns et al.

2004, 2005) into the circulation will not accurately portray

tumour cell dissemination. Instead the speed of introduction

will allow at least initial escape from the immune system.

This may in part explain why when human HT29 colorectal

cells and rat CC531 colorectal cancer cells were introduced

haematogenously into Sprague–Dawley rats (Haier et al.

2003), no significant differences were found between the

adhesive properties of the two cell lines over the 30 min

observation period. The introduction of a cell bolus and the

short duration of the experiment will prevent immune sur-

veillance from influencing the early stages of hepatic metas-

tasis development. In longer experiments, significant

differences are likely to be detected between the growth of

these two tumour cell lines. In the rodent host, the human

cancer cell line is more likely to be recognized as foreign

matter and an immune response triggered. This response is

likely to inhibit metastasis development.

Arguments continue whether haematogenous or ortho-

topic introduction of colorectal cancer cells provide a more

accurate model. Orthotopic implantation (Guilbaud et al.

2001; Reinmuth et al. 2003; Sturm et al. 2003; Flatmark

et al. 2004) from the principles of the ‘seed and soil hypoth-

esis’ is likely to portray a more accurate picture of the

metastasis process. A heterogeneous population of colorectal

cancer cells is allowed to establish itself. Selection will occur

throughout the dissemination process and tumour microenvi-

ronment interactions occur. The disadvantage is that this

process of implantation makes analysis of events in early

metastasis development hard to analyse with any degree of

accuracy. Both theories of mechanical entrapment (Naumov

et al. 1999; Chambers et al. 2001; MacDonald et al. 2002)

and cell specific adhesion (Haier et al. 2003; Sturm et al.

2003; Enns et al. 2004, 2005) have been proposed for colo-

rectal cell arrest within the hepatic microcirculation. A

model of intravascular proliferation of tumour cells prior to

extravasation has also been described (Al-Mehdi et al. 2000;

Sturm et al. 2003). Accurate analysis of the above steps

requires large numbers of tumour cells within the circulation

at any specific time point. The bolus of cells, introduced in

the haematogenous in vivo models, makes analysis of the

early steps of metastasis development much easier. With the

orthotopic model, the number of tumour cells within the cir-

culation at any given time point will be significantly less

than the haematogenous bolus. In addition in the orthotopic

model, the introduction of tumour cells into circulation will

be more erratic. Observations and experiments will be pro-

longed. This not only will increase observation error and

variation, thereby reducing statistical validity but present

problems with preservation of normal physiological para-

meters in the host.

In the haematogenous models, calcein AM is frequently

used to label the colorectal cancer cells (Haier et al. 2003;

6 J. H. P. Robertson et al.

� 2007 The Authors

Journal compilation � 2008 Blackwell Publishing Ltd, International Journal of Experimental Pathology, 89, 1–12



Sturm et al. 2003; Enns et al. 2004, 2005). The principle

focus of these experiments is to study the very early stages

of metastasis development – tumour cell arrest, adhesion

and extravasation. These experiments are short – minutes to

hours. The calcein AM is not only an effective cellular label

for this purpose but is not known to have any physiological

effect on the tumour cell. The study of tumour cell arrest,

adhesion and extravasation in orthotopic models is more dif-

ficult from a tumour cell labelling perspective. Orthotopic

experiments are prolonged and involve colorectal cancer cell

division. This cell division creates problems with calcein AM

and nanosphere fluorescent probes (MacDonald et al. 2002)

as will be discussed in the next section. In order to optimize

tumour cell signal, either GFP or exogenous administration

of polymer substrate would have to be used. GFP has been

shown to stimulate an immune reaction in longer experi-

ments (Steinbauer et al. 2003). Early metastasis development

in the liver, after colorectal cancer cell dissemination from

the primary site of orthotopic implantation, is likely to be

affected. The alternative labelling technique involves the ha-

ematogenous administration of polymer substrate (Weissle-

der et al. 1999). Haematogenous polymer could influence

the early stages of metastasis development. This technique

(Weissleder et al. 1999) is also more appropriate for label-

ling metastases than individual cells and is associated with

high background liver fluorescence (Hoffman 2002).

Host and surgical techniques used

To date, most in vivo models studying the early stages of

colorectal liver development have used rodents (Table 1).

For metastasis development to occur, multiple interactions

occur between the introduced tumour cells and rodent liver.

To ensure an accurate clinical picture, a cell line comparable

with these hosts should be selected. This will be discussed in

more detail later. At best, these early models will provide

only some representation of the human metastasis process as

there is no close correlation between the species. Models in

higher primates are therefore likely to provide more accurate

representation. However, higher order primate studies are

yet to emerge.

The host and particularly techniques deployed to establish

the experimental model can affect the validity of the metasta-

sis model. Much current work relies upon the host, under

anaesthetic, undergoing an abdominal incision (Haier et al.

2003; Reinmuth et al. 2003; Steinbauer et al. 2003; Sturm

et al. 2003; Enns et al. 2004, 2005). The anaesthetic and the

stress of surgery introduce novel variables into the metastasis

model. In addition, subsequent exposition of the liver, involv-

ing mobilisation and partial exteriorisation for IVVM

observation, can distort metastasis development (Haier et al.

2003; Steinbauer et al. 2003; Sturm et al. 2003; Enns et al.

2004, 2005). This mobilisation of the liver has the ability to

disrupt the hepatic architecture and microenvironment of the

colorectal cells. Vessels in the microcirculation could easily

become compressed. It has been argued by some (Enns et al.

2005) that this compression could be in part responsible for

tumour cell mechanical entrapment (Koop et al. 1995; Nau-

mov et al. 1999). Trauma sustained during mobilisation could

also trigger inflammatory responses which would add yet

another variable to the metastasis model. Cannulation of the

blood vessels required for colorectal cancer cell introduction

has recognized complications and effects on the animal host

and the introduced cell line (Kikkawa et al. 2002; Haier et al.

2003; Steinbauer et al. 2003; Enns et al. 2004, 2005). These

problems and resulting distortion to the metastasis develop-

ment are likely to be more significant in smaller rodents. In

mice, the tissues are more friable and mobilisation of the liver

can induce more significant trauma. During an experiment,

alterations to the normal physiological parameters of the ani-

mal host can occur which again will be more exaggerated in a

smaller host. In addition to the stresses of anaesthetic and lap-

arotomy, further stresses from insensible loss and hypovola-

emia and hypothermia can occur during the experiment. Even

with close monitoring of pulse, mean arterial pressure, pulse

oximetry and temperature and adherence to protocols to

maintain values with in normal parameters, this is an artificial

system at best. Another host factor to consider is the immune

status. It has been shown in longer experiments that the

immune system can play a critical role (Guilbaud et al. 2001;

Steinbauer et al. 2003; Flatmark et al. 2004). SCID animal

hosts used to accommodate xenogenic cell lines greatly alter

the normal physiological criteria (Guilbaud et al. 2001).

The method of tumour cell introduction can have a signifi-

cant effect on metastasis development. Earlier models used

intra-portal routes via mesenteric veins (Luzzi et al. 1998;

Naumov et al. 1999; Ding et al. 2001; Ito et al. 2001; Kikk-

awa et al. 2002; Steinbauer et al. 2003). This method of

introduction not only caused transient disruption of a usu-

ally low pressure system but could account for the phenome-

non of mechanical entrapment (Ding et al. 2001; Ito et al.

2001). Mechanical entrapment is a theory that proposes that

tumour cell arrest occurs when larger tumour cells become

lodged in microcirculation vessels. Many argue this is arti-

factual due to either compression of the hepatic architecture

or circulatory disruption. Regardless of whether tumour cell

arrest is due to mechanical entrapment or cell specific adhe-

sion, these models provide useful information about cancer

cell extravasation and cancer cell growth in a foreign envi-

ronment (Luzzi et al. 1998; Naumov et al. 1999; Ding et al.
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2001; Ito et al. 2001; Kikkawa et al. 2002; Steinbauer et al.

2003). However, clarification of the mechanism of tumour

cell arrest is extremely important. If tumour cells become

trapped in the microcirculation due to size restriction –

mechanical entrapment, creation of a therapeutic interven-

tion to inhibit this is futile. If, as many argue (Ding et al.

2001; Ito et al. 2001), cell specific adhesion is responsible

then therapeutic interventions targeting the responsible mol-

ecules could significantly impair metastasis development.

The argument, that mechanical entrapment is artifactual, is

strongly supported by the findings of Haier et al. (2003).

Their in vivo model introduced 1 · 106cells in 1 ml of phos-

phate buffered saline (PBS) solution. Venous tumour cell

introduction via the jugular vein could cause cardio-pulmo-

nary dysfunction. Intra-portal introduction was noted, due to

transient dramatic pressure changes, to cause hepatic physio-

logical disruption. The preferred method of introduction was

arterial via the carotid artery. Physiological disruption was

minimalized and the number of adherent cells viewed in the

hepatic circulation by IVVM was greater than with other

methods. Through a series of experiments (Haier et al. 2003;

Enns et al. 2004, 2005; Schluter et al. 2006), this group has

shown that colorectal cancer cells adhere only in metastatic

target organs and this is shown to occur in vessels with

diameters larger than the colorectal cancer cells. Adaptations

to the original model (Haier et al. 2003) have shown that

blocking specific integrins can significantly reduce colorectal

cancer cell adhesion (Enns et al. 2004, 2005) and migration

(Enns et al. 2004). These models clearly demonstrate specific

colorectal organ targeting mediated by cell surface receptors.

Most recently, comparison of colorectal cancer cell lines of

varying metastatic potential has shown that migration rates

correlate with metastatic potential (Schluter et al. 2006).

Reinmuth et al. (2003) created an in vivo model using a

murine host and a murine colorectal cancer cell line. The

tumour cells were introduced intra-splenically to induce

metastases. Administration of S247, a peptide inhibitor of in-

tegrin avb3, was shown to prolong survival, decrease colorec-

tal metastasis and angiogenesis. Models like these helps to

elucidate the essential processes and molecules involved in

metastasis establishment and development. Although identi-

fied in a distantly related species, they provide the insights that

are essential for increased understanding of the metastasis

process and the development of highly specific cancer targeted

therapy.

Labelling

To enable the colorectal cancer cells to be viewed under

the intravital microscope, the cells must be suitably

labelled. Traditional labelling methods have utilized vari-

ous histochemical marker genes – Escherichia coli b-galac-

tosidase gene (Lac Z), Drosophila alcohol dehydrogenase

gene and human placenta alkaline phosphatase gene. These

have been cloned into eukaryotic cells using viral vectors.

The cells have subsequently been differentiated using

appropriate staining protocols (Lin et al. 1990; Lin &

Culp 1991). Although good for analysing cells in culture

systems, these markers require cellular staining and there-

fore the sacrifice of the animal. These techniques are

ineffective for dynamic in vivo assessment of cancer pro-

gression.

Adaptations to conventional markers have occurred. In

particular modifications of the Lac Z labelling system has

allowed in vivo real time detection of b-galactosidase activ-

ity (Tung et al. 2004). These adaptations utilize complex

synthetic graft polymers. When cleaved by target proteases,

the proteins become fluorescent in the infra-red region of the

spectrum (Weissleder et al. 1999; Tung et al. 2000; Chen

et al. 2002). The polymer substrate can be adapted to the

specific protease. As many proteases are cellular specific,

specific cancer cells can be monitored. While specifically

labelling target cells in the animal, there are some limitations

to this system. This system relies on an intravenous infusion

(Figueiredo et al. 2006) of infra-red probes into the animal

host which entails non-selective delivery to the animal

organs. Due to the abundance of proteases within hepato-

cytes, concerns have been expressed (Hoffman 2002) about

high liver background fluorescence. The study of metastasis

development involves monitoring single labelled cancer cells

undergoing tumour cell arrest, adhesion and extravasation

(Haier et al. 2003; Enns et al. 2004, 2005). The high back-

ground fluorescence of the liver will impede accurate analy-

sis of liver metastasis development. Experimental models

investigating the early stages of colorectal metastasis devel-

opment frequently use a haematogenous route of tumour cell

dispersion to mimic blood borne tumour spread. The deliv-

ery of infra-red probes by intravenous infusion is likely to

distort the physiological picture seen in the experimental

model. Not only the volume of the infusion, but the intro-

duction of foreign material into the blood stream simulta-

neously to the colorectal tumour cells, is likely to provide an

inaccurate picture of the metastasis process. Recent studies

(Enns et al. 2004, 2005) have shown adherence of tumour

cells within the hepatic microcirculation to occur within

minutes of injection. Delivery of a substrate for enzymatic

cleavage would have a delay before tumour cells fluoresced

due to substrate delivery to cells and cellular processing of

the substrate. This makes the method unsuitable for the very

early stages of metastasis development. Another method of
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tumour cell labelling uses the luciferase gene which involved

exogenous delivery of substrate (Sweeney et al. 1999). This

marker gene has been transfected into human cancer cells to

monitor tumour growth and regression. Disruption to nor-

mal physiology especially during the early stages of tumour

dissemination definitely occurs with this system. The lucifer-

ase enzyme requires the substrate luciferin to be delivered

for light emission. In addition, due to low image resolution

and signal achieved, an anaesthetic was required. Both these

systems of exogenous substrate delivery are therefore better

suited to the monitoring and identification of established

tumour cells in the in vivo animal model. Antibodies have

been used in cancer imaging but again are more suitable for

imaging established tumour metastasis (Chester et al. 2004).

Fluorescent labelling of the colorectal cancers prior to the

introduction into the animal host is considered favourable

for monitoring the early stages of dissemination. This was

achieved either by tumour cell transfection and altered pro-

tein expression (Hoffman, 2002) or introducing fluorescent

compounds into the cell (MacDonald et al. 2002). These

methods allow immediate visualisation of haematogenously

introduced colorectal cancer cells. Green fluorescent protein

cDNA extracted from Aequorea victoria has been trans-

fected into both pro- and eukaryotic cells with stable expres-

sion of protein obtained (Chalfie et al. 1994). Optimisation

of GFP expression and signal strength has subsequently been

achieved (Cheng et al. 1996; Cormack et al. 1996; Zolotuk-

hin et al. 1996). This has enabled GFP to be used exten-

sively as a tool for cancer research. Hoffman (2002) has

written an excellent review on GFP and its uses. Recently,

several groups utilized GFP to study the early stages of colo-

rectal cancer spread (Steinbauer et al. 2003; Sturm et al.

2003). This protein has many advantages compared with

other methods of colorectal cancer cell labelling. In cells

lines with stable expression, GFP continues to be expressed

in future generations (Hoffman, 2002). This enables easy

observation of tumour growth over a prolonged period of

time. Comparatively, calcein AM (Uggeri et al. 2004) and

other non-toxic cytoplasmic markers produce fluorescent sig-

nals that tend to be relatively short lived and susceptible to

bleaching with exposure to fluorescent illumination (Mac-

Donald et al. 2002). Fluorescent nanospheres have been

deployed in cancer cell labelling. These markers tend to be

photoresistant. However, the distribution of these spheres

throughout the cell can be uneven and during replication the

number of spheres per cell diminishes, leading to decreased

signal strength (MacDonald et al. 2002). Introduction of

nanospheres into cancer cells is likely to alter the character-

istics of the tumour cell. GFP appeared the perfect tumour

cell marker. Recently problems have been identified with this

marker. GFP has now been shown to stimulate an immune

reaction in longer experiments. This was noticed in murine

colorectal cancer introduced into a murine host (Steinbauer

et al. 2003).

As yet, the ideal colorectal cancer cell label for in vivo

staining has not been discovered. Tumour cell labelling prior

to introduction appears to be the most favoured and sensible

approach and is utilized in recent experimental systems.

Table 1 shows the experimental model development and the

refinement of the model to analyse the early stages of colo-

rectal metastasis development. Recent works have used cal-

cein AM (Haier et al. 2003; Enns et al. 2004, 2005).

Despite its disadvantages, calcein AM has not been shown

to cause any immune reaction nor to have an effect on key

tumour cell functions. In HT29 human colorectal cancer,

calcein AM has been shown to have no effect on tumour cell

viability or adhesion (Haier et al. 1999). In addition, as cal-

cein AM is activated intra-cellularly, it will only label viable

tumour cells (Haier et al. 2003; Uggeri et al. 2004). It there-

fore fulfils the role of an efficient tumour cell label as it

causes minimal disruption of normal physiological processes.

Intravital microscope

Another factor which can influence the experimental model

and metastasis development is the type of intravital micro-

scope used. The two types of intravital microscope are

upright (Haier et al. 2003; Steinbauer et al. 2003; Enns

et al. 2004, 2005) and inverted (Naumov et al. 1999; Mac-

Donald et al. 2002; Sturm et al. 2003). Both of these have

effects on part of the third principle of the ‘seed and soil’

hypothesis – the tumour microenvironment. In the upright

scope, the liver is mobilized, exteriorized and viewed in an

animal host lying on its back. This process involves dissec-

tion of the falciform ligament, mobilising and stretching

some of the vasculature. The liver is placed on a viewing

platform outside and above the host. This process can dis-

tort the hepatic microenvironment. Exteriorisation of the

liver involves more extensive physical handling and experi-

mental exposure of the liver to the external environment

than is associated with the inverted IVVM. All of these fac-

tors could have profound effects on the circulation, causing

either vasoconstriction or vasodilatation.

The inverted microscope involves surgical exposition of

the liver with minimal mobilisation. The animal is placed on

its abdomen with the liver above the viewing platform.

Using the inverted microscope, the liver is likely to have less

physical manipulation but is likely to have more compres-

sion. This can distort the architecture of the liver, especially

the microcirculation. The microcirculation, particularly the
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sinusoids (Naumov et al. 1999; Haier et al. 2003; Sturm

et al. 2003; Enns et al. 2004, 2005), appear to play an

important role in tumour cell arrest. This tumour cell arrest

is vitally important. The mechanism of how this arrest

occurs is still contested. Cell specific adhesions (Haier et al.

2003; Enns et al. 2004, 2005) accounting for tumour cell

arrest would allow targeted interventions to be created.

Mechanical entrapment (Naumov et al. 1999; Chambers

et al. 2002), thought by some to be an artefact associated

with compression of the hepatic microcirculation (Enns

et al. 2004), would allow very little therapeutic intervention.

Conclusion

As yet, the perfect model of early colorectal cancer dissemi-

nation and metastasis development has not been established.

For close analysis of early events, the haematogenous

method is preferred over orthotopic as it allows studying of

larger numbers of tumour cells to be examined. Calcein AM

appears to be an effective mechanism of labelling with mini-

mal distortion of the physiological picture. Syngenic cell

lines are likely to provide a more accurate picture of the

metastatic process while both methods of intravital micro-

scope visualisation can contribute to the experimental vari-

ables. It is only with the establishment of a model that

adheres to all of the principles of the ‘seed and soil’ hypoth-

esis that a truly accurate picture of tumour evolution will be

seen. An in vivo model closely mirroring the genuine meta-

static process allows accurate study and an increased under-

standing of the early stages of colorectal liver metastasis

establishment and development. Such a model would facili-

tate the development of specific therapeutic interventions

and enables the biological effects of these interventions to be

analysed (Eble et al. 2006).
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