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Abstract:

This thesis examines the perivascular innervation and ultrastructure of blood vessels in 
the normal human liver and colorectal liver métastasés and compares them with two 
different animal models of liver métastasés in order to examine their suitability for 
future pharmacological studies.

Liver métastasés and macroscopically normal liver from human resection specimens 
(n=13) and the two animal models (Hooded Lister rat with MC28 liver tumour, n=14 
and nude rats with HT29 liver tumours, n=14) were studied immunohistochemically 
for the presence of various types of immunoreactive nerves. The ultrastructure and 
perivascular innervation of blood vessels supplying liver métastasés were examined by 
transmission electron microscopy.

In the normal human liver, perivascular immunoreactive (IR) nerve fibers containing 
PGP, NPY and TH were observed along the interlobular blood vessels, the sinusoids 
and the central vein of the hepatic lobule. The greatest density of immunoreactive nerve 
fibers was seen for PGP followed (in decreasing order) by NPY and TH. VIP, SP and 
CGRP immunoreactivity was observed only in nerve bundles associated with large 
interlobular vessels. SOM-IR, ANP-IR and AT II-IR nerves were absent. In contrast, 
no perivascular immunoreactive nerves were observed in colorectal liver métastasés. 
Electron microscopy confirmed the absence of perivascular nerves in liver métastasés. 
It also showed that the vessel walls were composed of a layer of endothelial cells 
surrounded by an incomplete, or very rarely in the periphery of the tumour a complete, 
layer of synthetic phenotype of smooth muscle-like cells.

In the normal livers of nude and Hooded Lister rats perivascular immunoreactive nerve 
fibers containing PGP, NPY, TH, CGRP and SP (in dereasing densities) were 
observed around the interlobular blood vessels near the hilum and in the portal tracts. 
VIP immunoreactive nerves were absent. No immunoreactive nerves were observed in 
the hepatic lobule. In contrast, no perivascular immunoreactive nerves were observed in 
either MC28 or HT29 tumours. Electron microscopy confirmed the absence of 
perivascular nerves in both of these tumours. Smooth muscle cells were not observed 
in the vessel walls in these animal models. These results compared with those on 
human liver and colorectal liver métastasés suggest that these two animal models may 
be suitable for pharmacological studies involving vascular manipulation for hepatic 
artery infusion chemotherapy.
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1.1. General Introduction

Hepatic métastases from colorectal cancer are a frequent clinical problem and account 
for up to 50% of all deaths in patients with colorectal cancer. Their presence 
consistently decreases survival. Several studies have shown the benefits of hepatic 
resection in carefully selected patients with colorectal liver métastasés (Fortner et al, 
1986; Scheele et al, 1990). However, the vast majority of patients are unsuitable for 
resection; largely because of widespread disease (Scheele, 1993). Over the past three 
decades several modalities of treatment have been resorted to for the management of 
unresectable liver métastasés. These include systemic and locoregional chemotherapies 
(Moertel e ta l ,  1975; Kemeny et al, 1990; Kemeny et al, 1992a&b),^hepatic artery 
ligation (Taylor. 1978% hepatic artery embolisation (Hunt et al, 1990), internal or 
external radiotherapy (Borgelt e ta l,  1981; Dritschilo et al, 1986; Armstrong e ta l,  
1994), immunotherapy (Begent e ta l ,  1986; Hennigan e ta l ,  1993), cryosurgery 
(Chamley e ta l,  1989), percutaneous alcohol injection (Amin eta l,  1993), interstitial 
hyperthermia (Hugander, 1990) and interstitial laser photocoagulation (Amin et al, 
1993). None of these have crystallised into significantly improved patient survival. 
However, over the past decade several studies have shown a trend towards improved 
survival in patients treated with hepatic artery infusion chemotherapy (Williams et al, 
1989; Hunt e ta l, 1990).

The factors which limit the efficacy of hepatic artery infusion chemotherapy include 
poor drug delivery to the tumour as colorectal liver métastasés are hypovascular 
compared to the surrounding normal hver, poor control of extrahepatic disease (Allen- 
Mersh, 1989) because of inadequate concentrations of chemotherapeutic drugs in the 
systemic circulation, arteriovenous shunting which results in the partial loss of 
advantage of local administration and hepatic toxicity because of high intrahepatic 
concentration of chemotherapeutic agent. In addition, the catheter related problems such 
as gastroduodenal artery or hepatic artery thrombosis, haemorrhage or displacement of 
catheter may necessitate the withdrawal of the catheter.

Various methods have been used to improve the drug delivery to the tumour and 
improve the efficacy of hepatic artery infusion chemotherapy. These include:

i) degradable starch microspheres which slow down blood flow by embolizing the 
microcirculation of the liver and the tumour (Lorenz et al, 1989; Hunt et al, 1990). 
This increases local drug concentration and prolongs contact of the drug with the 
tumour, both of which are direct results of stasis in tumour microcirculation.
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ii) Inspired by their use in contrast radiography for renal neoplasms, vasoconstrictors 
such as angiotensin II and noradrenaline have been used empirically to target hepatic 
arterial infusion chemotherapy to the hepatic tumours (Sasaki et al, 1985; Hemingway 
et al, 1991a; Goldberg et al, 1991a&b). It is suggested that vasocon^tors constrict 
the normal blood vessels in the normal liver but fail to constrict the tumour vessels. 
Hence, the blood carrying chemotherapy is effectively diverted to the metastatic focus. 
The observations in some tumours (not liver métastasés) that tumour blood vessels lack 
smooth muscle layer in their media (Krylova, 1969) form the basis of vasoconstrictive 
targeting of hepatic arterial infusion chemotherapy. The absence of smooth muscle cells 
in the walls of tumour blood vessels in colorectal liver métastasés has never been 
demonstrated. An understanding of the differences of structure and control of blood 
vessels supplying the normal liver and the liver métastasés may form the basis of 
devising a better way of delivering intrahepatic arterially administered chemotherapy.

In this thesis I have examined the perivascular innervation and ultrastructure of blood 
vessels in the normal human liver and colorectal liver métastasés. Various animal 
models of liver métastasés are available for research. In order to examine their 
adequacy, perivascular innervation and ultrastructure of blood vessels in the normal 
liver and liver métastasés have also been examined in two different animal models; a 
syngeneic tumour model (Hooded Lister rat with MC28 cell line tumour, a sarcoma) 
and a xenogeneic tumour model (nude RH-r«i/ rat with HT29 cell line tumour, a 
carcinoma).

In the remainder of this chapter a review of literature is presented covering the topics of 
the natural history of colorectal liver métastasés, various treatment options available for 
liver métastasés, regulatory control mechanisms in the blood vessels, histology and 
nerves of the liver, blood supply of liver métastasés, and structure and innervation of 
tumours.

The details of all the methods used within this thesis are described in chapter 2.

The experimental work is described in chapter 3 to 5. Perivascular innervation and the 
ultrastructure of blood vessels in human colorectal liver métastasés were examined 
using light microscope immunohistochemistry and transmission electron microscopy. 
The results of these experiments are detailed in chapter 3. In chapter 4, perivasbi^ 
innervation and the ultrastructure of blood vessels in the Hooded Lister rat with 
syngeneic MC28 fibrosarcoma liver tumouçare examined using both light microscope | 
immunohistochemistry and transmission electron microscopy. Using the same two 
experimental techniques perivascular innervation and ultrastructure of blood vessels
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were examined in the nude (RH-mw) rat with xenogeneic HT29 tumour,(^ïuiman 
colon^carcinoma cell line). The results of this study are described in chapter 5.

Chapter 6 contains a more broad discussion of the results described in this thesis and 
discusses future possibilities.

7.2. Natural History of Colorectal Liver Métastasés

Colorectal cancer is the second most prevalent cancer accounting for about 19,000 
deaths in the U.K. each year (OPCS, 1990). The liver is the most common site of 
colorectal métastasés (Welch and Donaldson, 1979); the latter occur in about 70% of 
patients at postmortem (Pestana et al, 1964) and account for up to 50% of all colorectal 
cancer deaths.

Colorectal liver métastasés are slow growing tumours. The time taken by an occult 
metastasis to develop into a metastatic focus of 2 cm is estimated to be about 3 years 
(Allen-Mersh, 1991). The rate of growth declines with increasing size of the tumour; 
the doubling time is about 3 months for an occult metastasis while that for overt 
métastasés is 5-6 months (Finlay et al, 1988). It has been estimated that a metastasis is 
present for at least 4 years before it kills the patient (Finlay et al, 1988). Extra-hepatic 
spread is often secondary to spread from the liver (Weiss et al, 1988).

Over the past two decades many reports have been published which show potential 
treatment advantages (Cady e tal, 1974; Niederhuber etal, 1984; Shida eta l,  1995). 
However, there has been a lack of suitable controls to quantitate these benefits.

For any potential treatment benefits to be recognized, a rigid comparison must be made 
with the natural history of the disease. This could be done by including a ‘no treatment 
arm’ in any study. However, it is usually not feasible to have a 'no treatment arm' in 
prospective studies (Taylor, 1985) as most patients desire some form of treatment even 
if its efficacy is not proven (Allen-Mersh, 1989). Therefore, our knowledge of the 
natural history of colorectal liver métastasés is largely based on previous retrospective 
studies. These studies, like any other retrospective study, have inherent shortcomings 
such as improper or non-randomisation of patients (Pestana et al, 1964; Jaffe et al, 
1968; Nielson eta l,  1973), and inclusion of both synchronous and metachronous liver 
métastasés (Pestana et al, 1964); the latter possibly giyej  ̂rise to an element of lead time 
bias. In addition, the issue is confused by the inclusion, in some of the studies, of 
primary liver tumours i.e. hepatoma or a heterogeneous group of liver métastasés (Jaffe 
et al, 1968), including secondaries from breast, melanoma and lung. Despite these 
drawbacks, a review of these studies highlights certain factors that might influence
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prognosis of colorectal liver métastasés. These studies are summarised in table 1.1 and 
some of them are discussed briefly in the following section.

Table 1.1 Survival of patients with untreated liver métastasés

A uthor, Tumour Survival Longest
year extent (m onths) survival

Mean Median
Pestana et al, 
1964

* 9 * 11 years

Swinton et al, 
1967

* 13 * 46 months

Bengmark and 
Hafstrom, 1969

Liver
Intermediate
SoHtary

5.7 8
20 months

Cady et al, 
1970

* * 13 7 years

Nielson et al, 
1973

Few
Several
Multiple

* 18
9
5

12 years

Wood et al, 
1976

Solitary 
One lobe 
Widespread

7 16.7
10.5
3.1

36 months

Bengtsson e t  
al,
1981

<25%
25-75%
>75%

* 6.2
5.5
3.4

*

Goslin et al, 
1982

<4
>4

* 24
12

59 months

Lahr etal,  
1983

Unilobar
Bilobar

* 12
4.5

67 months

5̂  —= data not provided.

Pestana et al (1964) reported a mean survival of 9 months in untreated patients with 
colorectal hver métastasés. Jaffe et al (1968), in their review of 353 patients, observed 
that the course of untreated liver métastasés from colorectal cancer is different from 
those arising in other primary cancers. They reported that the median survivals of 
patients with liver secondaries from stomach cancer, biliary tract cancer, and 
colorectal cancer were 2,1.4 and 4.9 months respectively. In addition, in the subgroup 
of patients with colorectal liver métastasés, survival was found to be comparable 
regardless of the site of the primary tumour, whether in the colon or the rectum. They 
observed that undifferentiated primary, multiple as opposed to single métastasés, 
deranged liver function tests, and the presence of jaundice with or without ascites were 
poor prognostic signs. Bengmark and Hafstrom (1969) reported a mean survival of 5.7 
months. Although they did not find any significant differences in the survival of
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patients with single or multiple hepatic métastasés, many of the subsequent reviews 
(Taylor, 1985; Greenway, 1988; Hughes, 1988a) stressed the correlation between the 
degree of hepatic involvement and patient survival.

Wood (1976) reported a mean survival of 3.1 months in patients with widespread liver 
métastasés. Mean survival for multiple métastasés confined to one lobe was 17 months 
and for solitary liver metastasis was 25 months. Similarly, Wagner et al (1984) studied 
252 patients and showed that the median survivals of patients with widespread 
métastasés, multiple métastasés confined to one lobe, and solitary métastasés were 10, 
15 and 21 months respectively.

Goslin et al (1982) and Steele and Ravikumar (1989) divided patients into 2 groups 
according to the number of métastasés in the liver; those having 4 or less and those 
having more than 4. Median survival in the two groups were 24 and 10 months 
respectively.

A/part from the extent of hepatic involvement many other factors have been related to 
poor survival. In a series of 269 patients, Cady et al (1970) reported a mean survival 
time of thirteen months and survival rates at the end of one and two years were 33% 
and 14% respectively. Presence of intestinal symptoms, direct local extension of the 
disease, involvement of locoregional lymph nodes and peritoneal métastasés were 
related to poor survival. Steele and Ravikumar (1989) reported median survivals of 6 
and 18 months in symptomatic and asymptomatic patients respectively. Goslin et al 
(1982) found that patients with well differentiated liver tumours had longer survival (30 
months) than patients with moderately differentiated or undifferentiated tumours (17 
and 6 months respectively).

The above discussion highlights the lack of a well defined and uniform system of 
describing the extent of hepatic involvement by tumour. This makes valid comparison 
between one study and another difficult. Describing the tumour as solitary, multiple, 
bilateral or widespread does not give an exact indication of the tumour load or the 
proportion of hepatic parenchyma replaced by the tumour (percentage hepatic 
replacement-PHR). Percentage hepatic replacement is a more sensitive measure of 
tumour load as it takes into account the variation in liver size between patients. Using 
this criteria hepatic involvement can be divided into 4 groups of PHR; <25%, 25-50%, 
50-75%, and >75%. PHR can be assessed subjectively at laparotomy. However, it can 
be more objectively assessed using ultrasound, computed tomography (CT) or 
scintigraphy. Although there is an inverse relationship between PHR and survival 
(Purkiss and William, 1992; Finan e ta l,  1985), there are considerable inter observer 
variations in the measurements of PHR using different modalities. Therefore, there is a
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need for an accurate and standardised measurement of PHR. Lately, however, Purkiss 
and William (1992) have reported an accurate correlation between PHR assessed by 
CT-planimetery and the actual measurements in cadaver hvers with métastasés.

Although the majority of patients with colorectal liver métastasés succumb within one 
year of the diagnosis, there remains a small number who, despite having no treatment, 
survive for up to 5 years (Pestana et al, 1964; Jaffe et al, 1968; Cady et al, 1970; 
Nielson et al, 1973; Baden and Anderson, 1975). This reflects a variable biological 
behaviour of the tumour and/or possibly a variable relationship between the tumour and 
the host.

1.2.1. Summary:

The prognosis of colorectal liver métastasés remains dismal and has not improved in 
recent years (Kune et al, 1990). The survival of these patients is influenced by several 
factors. These include general condition of the patient (Steele and Ravikumar, 1989), 
presence or absence of extra-hepatic tumour (Nielson et al, 1973; Wood et al,  1976 
Purkiss and Williams, 1992), histological grade of the tumour (Goslin et a l,  1982 
Finan et al, 1985) and the extent of the tumour load in the liver (Taylor et al, 1985 
Greenway, 1988). These produce a wide range of survival patterns with an occasional 
patient surviving for up to five years or longer. However, the average median survival 
is about 7 months (Bengmark and Hafstrom, 1969; Gray, 1980). Since present day 
imaging techniques have made it possible for these métastasés to be detected at an early 
age, inclusion of large number of patients with small métastasés in any study can 
favourably bias that treatment protocol. This should be given due consideration for 
evaluating any treatment regimen in future.

1.3. Treatment of Colorectal Liver Métastasés

The treatment of colorectal liver métastasés is one of the most controversial and 
inconclusive areas of modem cancer management. The great confusion over the 
management of colorectal liver métastasés stems from the fact that no one treatment 
modahty is clearly superior to any other. The mode of therapy frequently depends upon 
which cancer therapist the patient sees. In the following section, a brief overview of 
various treatment options for colorectal liver métastasés is presented followed by 
detailed discussion of hepatic artery infusion chemotherapy.

1.3.1. Resection:

Many reports are available in the literature showing improved patient survival after 
hepatic resection for liver métastasés (Scheele et al, 1990; Scott et al, 1995) (table
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1.2). Several factors appear to influence survival after resection. These include extent 
of hepatic involvement (Ekberg et al, 1986), Dukes’ stage of the primary tumour 
(Adson et al, 1984), presence of extrahepatic métastasés (Ekberg et al, 1986), length 
of disease free interval (from the time of surgery for the primary to the appearance of 
the métastasés) (Hughes, 1988b), presence of sattelite nodules (Scheele e ta l,  1990), 
disease free resection margins (Cady et al, 1992), biological behaviour of the tumour 
(Cady and Stone, 1991) and loss of more than 1(X)0 ml of blood during the resection 
(van Ooijen et al, 1992). It has been suggested that an ideal patient for resection of 
colorectal liver métastasés would be the one with Dukes' A or B primary tumour 
(Butler e ta l,  1986; Savage and Malt, 1992) and long disease free interval (Hughes, 
1988b) from the time of resection of the primary, with three or fewer métastasés (less 
than 25% PHR) (Ekberg et al, 1986; Greenway, 1988), no satellite nodules or extra
hepatic spread (Scheele et al, 1990), and in whom safe resection can be achieved with 
1 cm tumour free margins (Ekberg et al, 1986; Cady et al, 1992). Unfortunately, this 
strict criteria is met by only 1-3% of all patients (Scheele, 1993), and the majority need 
some form of adjuvant and/or palliative therapy.

Table 1.2 Survival after hepatic resection for liver métastasés

Author,
year

No. of 
patients

Survival 
(months) Median

Survival (%) 
lyr 3yr 5yr

Wanebo etal, 1978 25 36 92 28
Iwatsuki etal, 1983 24 * 73 52.1
Tomas etal, 1984 34 * 33 23
Coppagffl/., 1985 25 * 58 25
Ekberg etal,  1986 72 22 30 16
Butler etal, 1986 62 36 50 34
Nordlinger et al, 1987 80 * 40.5 24.9
Fortner etal, 1986 69 * 65 49
Scheele etal, 1990 173^ * 40
Savage and Malt, 1992 104 25 76 36 18
Nakamura et al, 1992 31 * 44.7 44.7

Scoii e tal, 1995 49 24 57.9 18.4

^ only those cases have been shown here that underwent curative resection. 

* data not available.
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1.3.2. Chemotherapy:

Chemotherapy, administered either systemically or locoregionally, is the most 
commonly prescribed palhative therapy for colorectal liver métastasés. Although several 
regimens are available, success, in terms of improved patient survival, has been 
somewhat limited.

1.3.2.1. Systemic chemotherpy:

Systemic chemotherapy may be administered either orally or intravenously. 5- 
Fluorouracil (5-FU) is the most commonly prescribed single agent and can be 
administered by both routes. It produces réponse rates of the order of 21% (Martin et 
ai, 1990). The results of combination chemotherapy are not superior to those of 5-FU 
alone (Kemeny et ai, 1983; Richards, 1986) and there are no significant gains in 
survival (Mayer, 1992). Various substances have been used to increase the biological 
effects of 5-FU. These include allopurinol (Hafstrom et al, 1994), phosphonacetyl-L- 
aspartate (PALA) (Ardalan et al, 1988), interferon (Kemeny et al, 1990; Wadler et al, 
1990) and fohnic acid (Kemeny et al, 1993).

The use of allopurinol has been abandoned because of its severe central nervous system 
toxicity (Mayer, 1992). Recently, the combination of slow intravenous 5-FU and 
phosphonacetyl-L-aspartate (PALA) has shown some promising results with 42% 
response rate (Ardalan et al, 1988; O' Dwyer et al, 1990) in nonrandomized studies. 
However, the results of randomized controlled trials are not yet available.

Although the results of several randomized studies have shown better response rates of 
5-FU and folinic acid (leucovorin) compared with 5-FU alone (Petrelli et al, 1985; 
Arbuck, 1989), other studies have claimed that the reported advantages of the 
combinations are offset by the use of high dose 5-FU in the control arm (Valone et al, 
1989). In addition, the use of folinic acid is associated with higher gastrointestinal 
toxicity (Grem et al, 1987). A recent meta-analysis of most of the reported studies has 
concluded that overall survival is not improved by the use of folinic acid and 5-FU 
compared with 5-FU alone (Advanced Colorectal Cancer Meta-Analysis Project, 1992). 
In summary, there is no consensus among surgical oncologists on the use of folinic 
acid; some recommending its use as the first hne treatment (Taylor, 1992) while others 
more reluctant to accept it as a new gold standard.

1.3.2.2. Locoregional Chemotherapy:

In view of the poor results obtained with systemic chemotherapy, attention was focused 
on locoregional drug delivery to the hver. Following intravenous administration only a
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fraction of the drug reaches the liver. In contrast, administration of the drug into the 
feeding vessels of the liver (portal vein or the hepatic artery) can achieve high local drug 
concentration and theoretically produce improved tumour response rates.

Previous attempts at portal venous infusion failed to improve tumour response or 
patient survival rate (Chu etal,  1988). Since established liver métastasés receive most 
of their blood supply from hepatic arterial blood (Breedis and Young, 1954; Taylor et 
al, 1979), attention was focused on drug administration through the hepatic artery and 
several different regimens are available (Table 1.3). Many of the randomized controlled 
trials have compared hepatic arterial infusion of 5-FU or 5-fluorodeoxyuridine with 
systemic administration of the drug and shown significantly better tumour response 
rates in the hepatic arterial chemotherapy group (42%-62%) compared to the systemic 
group (10%-21%) (Goldberg et al, 1990; Ensminger, 1993). Although a trend 
towards improved survival in the intra-hepatic arterial chemotherapy group has been 
reported using 5-FU (Hunt et al, 1990). This reached a significant level in only one 
study (Rougier eta l,  1992).

Table 1.3 Results of intrahepatic arterial chemotherapy for liver 
métastasés

Author, No. of Drug Response Median survival
year patients combination rate (%) (months)
Massey etal, 1971 10 5-FU 60 <6
Ansfield etal, 1975 381 5-FU 55 5
Grage etal, 1979 31 5-FU 34 10
Johnson e tal, 1985 40 FUDR 44 12
Rougier era/., 1987 43 5-FU 25 14
Chang etal,  1987 32 FUDR 62 15
Schneider et al. 78 Mitomycin C 14 9
1989
Schlage etal, 1990 33 5-FU 27 14
Wagman etal, 1990 14 FUDR 57 22
Kemeny etal, 1992 25 FUDR 40 15

25 FUDR+DEX 71 23

Paquet era/., 1992 21 5-FU 70 14.4

5-FU= 5 fluorouracil, FUDR= 5-fluorodeoxyuridine, DEX= dexamethasone
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Degradable starch microspheres have been administered with chemotherapeutic agents. 
Microspheres, when administered via the hepatic artery, slow down blood flow by 
embolizing the microcirculation of the liver and the tumour. Decreasing hepatic arterial 
blood flow by 90% should theoretically increase the arterial concentration of cytotoxic 
drugs by at least ten fold (Ensminger and Gyves, 1984). However, in addition to 
causing stasis, microspheres increase intrahepatic arteriovenous shunting (Ziessman et 
al, 1983; Gyves et al, 1983; Goldberg et al, 1987) and retrograde passage of hepatic 
arterial perfusate to extrahepatic intra-abdominal organs (Ziessman et al, 1983; 
Starkhammer et al, 1988). Both these factors contribute towards the loss of regional 
administration. In a randomized study. Hunt et al (1990) found a tendency towards 
increased survival in patients receiving degradable starch microspheres and 5-FU 
compared with those who received no treatment (13 months Vs 9.6 months 
respectively).

Similarly, vasoconstrictive drugs such as angiotensin II have been used simultaneously 
with intrahepatic arterially administered chemotherapy to increase drug delivery to liver 
métastasés (Goldberg et al, 1991a&b; Carter et al, 1992). It has been suggested that 
vasoconstrictors improve drug delivery to the tumour by diverting the flow of blood to 
the tumour i.e. by improving tumour to normal liver (T:N) ratio. Increased flow 
through the tumour circulation delivers increased amount of chemotherapeutic agents 
infused via the hepatic artery (Hemingway et al, 1992). However, present day 
vasoconstrictive targeting of hepatic artery infusion chemotherapy is limited by its short 
duration of action (Sasaki et al, 1985; Hemingway et al, 1992).

One major drawback of locoregional chemotherapy is that it does not influence the 
progression of extrahepatic métastasés which are eventually fatal (Allen-Mersh, 1989). 
Therefore, Safi et al (1989) have suggested combined systemic and locoregional 
chemotherapy.

1.3.3. Hepatic artery ligation with or without distal arterial or portal 
venous infusion:

Hepatic artery ligation is associated with significant morbidity and mortality and has no 
effect on patient survival (Almersjo et al, 1972). Similarly, hepatic artery ligation with 
distal arterial (Taylor et al, 1978) or portal vein infusion (Gerard et al, 1991) of 5-FU 
showed no survival benefits compared with untreated controls.

1.3.4. Hepatic artery embolization:

Embolization of the hepatic artery under radiological control is an alternate way of 
occluding arterial blood flow to the liver and hence to the metastatic focus. In a
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randomised trial, Hunt et a l  (1990) found no survival benefits in patients with 
colorectal liver métastasés treated with hepatic artery embolization compared with 
untreated controls. The combination of chemotherapy and embolization of hepatic 
microcirculation by degradable starch microsphere has been discussed above.

1.3.5. Radiotherapy:

External beam radiation palliates symptoms such as pain, fever and nausea (Borgelt et 
al, 1981). However, it fails to prolong patient survival (Taylor, 1985). Although intra
hepatic arterial infusion of yttrium-90 microspheres is associated with high tumour 
response rates (Grady, 1979; Gray et al, 1992), its use is associated with significant 
morbidity and no overall survival improvement (Novell et al, 1991). Similarly, Hind et 
al (1992) reported that the uptake of i^ii-Hpiodol in large metastatic tumours was very 
poor and Bretagne et al (1988) found no significant reduction in tumour size in 
patients with colorectal liver métastasés treated with ^^^I-lipiodol. Implantation of 
radioactive wires (such as radioactive iridium wires) into the tumour tissue, under 
ultrasound guidance, at laparotomy is well tolerated (Dritschilo et al, 1986; Armstrong 
et al, 1994) and in a non-randomized study Armstrong et al (1994) reported a median 
survival of 18 months and 1, 2, 3 and 5 year survivals of 75%, 42%, 17% and 8% 
respectively. Further randomized studies are needed to evaluate this method.

1.3.6. Immunotherapy y cryosurgery y percutaneous alcohol injectiony high 
frequency ultrasound radiationy interstitial hyperthermia and interstitial 
laser photocoagulation:

1311 labelled anti-CEA (carcinoembryonic antigen) (Begent et a l,  1986) and 
lymphokine activated killer cells (Okuno et al, 1993) are still in the experimental 
stages. Cryosurgery (Ravikumar et al, 1994), percutaneous alcohol injections (Amin et 
al, 1993) and high intensity focused ultrasound (Vallencien et al, 1992) are associated 
with low tumour response rates. Similarly, interstitial hyperthermia of the tumour has 
no proven survival benefits (Hugander et al, 1990). Recently, it has been shown that 
interstitial laser photocoagulation has improved tumour response rates but effects on 
patient survival were not assessed (Amin et al, 1993).

1.3.7. Summary:

Many treatment options have been shown to increased tumour response rates but they 
have failed to crystallise into improved patient survival. Despite the availability of a 
large number of treatment modalities for the treatment of colorectal liver métastasés, 
surgical resections remain the only hope of cure. Unfortunately, resection can only be 
offered to a small proportion of patients because of widespread métastasés. The
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management of multiple liver métastasés from colorectal cancer differs from one centre 
to another. The reason for this lack of consensus is the fact that apart from surgery, no 
treatment option is clearly superior to any other. Taylor (1992) has recommended the 
following approach:

1) Sohtary hver métastasés requiring hepatectomy should be considered for resection as 
a separate procedure following full investigation. Small easily accessible métastasés can 
be dealt with synchronously.

2) Multiple métastasés in one lobe should be considered for resection provided there is 
no disease elsewhere.

3) Multiple liver métastasés in both lobes (PHR<50%) with no disease elsewhere 
should be considered for locoregional treatment.

4) Multiple liver métastasés (PHR>50%) with or without obvious disease elsewhere 
may not be suitable for any specific treatment but if systemic approaches are considered 
5-FU and leucovorin are the best available.

1.4. Neuroendothelial Control o f  Vascular Tone

It was a common belief for several years that the tone of blood vessels is controlled 
only by the perivascular nerves (Bumstock, 1993). However, recent research has 
firmly established that the vascular endothelium also plays an essential role in the 
control of vascular tone (Furchgott and Zawadzki, 1980; Palmer et al, 1987; Rubanyi, 
1992). In the following section the precise role played by perivascular nerves and 
endothelium in the control of vascular tone is discussed. Various types of 
neurotransmitters released by the perivascular nerves are also briefly discussed.

1.4.1. Perivascular nerves:

The nerves around blood vessels are divided into perivascular nerves and paravascular 
nerves (Bumstock, 1980). The perivascular nerves form a fine plexus of nerves around 
the tunica media i. e. at the advential-medial border and are responsible for the control 
of the tone of that blood vessel. The paravascular nerves are arranged in larger nerve 
bundles that mn in the adventitia of the blood vessels and are destined for the vascular 
and nonvascular stmctures further along that blood vessel (Bumstock, 1980). The 
following section deals with different types of perivascular nerves. To facilitate 
understanding, certain anatomical and physiological terms need explanation. These are 
discussed first.
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1.4.1.1. Vascular neuromuscular junction:

The terminal branches of autonomic perivascular nerves form a fine plexus at the 
adventitial-medial border of blood vessels (Fujiwara and Uehara, 1984; Bumstock, 
1986). These nerve fibres are devoid of Schwann cell covering and have fusiform 
dilatations called varicosities (1-2 pm in diameter) separated from each other by 
intervaricose region (0.1-0.3 pm in diameter). The relationship of these nerve 
varicosities with vascular smooth muscle cells is not fixed (Bumstock, 1975; 
Bumstock et al, 1980), and the junctional cleft varies from about 60 nm to as much as 
2 pm in some large arteries (Bumstock, 1975; Bumstock, 1985).

1.4.1.2. Neuromuscular transmission in the blood vessels:

The neurotransmitters are released from nerve varicosities at the adventitial-medial 
border of blood vessel and reach the outer layers of smooth muscle cells of the media. 
The smooth muscle cells of the inner media receicve electrical signals via gap junctions 
between the smooth muscle cells (Bumstock, 1977; Bumstock, 1986).

1.4.1.3. Neurotransmitters and neuromodulators:

A neurotransmitter is a substance released from the nerve terminals (or in case of 
autonomic neuromuscular junction, from the nerve varicosities) and acts on the post- 
synaptic membrane to produce its effects. A neuromodulator, on the other hand, is a 
chemical substance that modifies the process of neurotransmission (Bumstock, 1993). 
It does so either by acting on the pre-junctional membrane by increasing or decreasing 
the amount of the transmitter released or by acting on the post-junctional membrane by 
altering the duration or the extent of response (Bumstock, 1993). A neuromodulator 
may be a circulating hormone, or a locally produced substance like histamine, 
bradykinin or arachidonic acid derivative or the neurotransmitter may itself act as the 
neuromodulator (Bumstock and Rale vie, 1994). When a neurotransmitter, acting as a 
neuromodulator, modifies its own release, it almost always attenuates it and the process 
is called autoinhibition (Mione etal, 1990). Considering the variable relationship of the 
nerve varicosities and the vascular smooth muscles (as mentioned above), 
neuromodulation seems to play an important role (Bumstock, 1993).

1.4.1.4. Dale’s principal and the concept of cotransmission:

Until about two decades ago it was a common belief among physiologists that each type 
of nerve cell makes and releases only one type of neurotransmitter. This was called 
Dale's principle. However, Abrahams et al (1957) suggested that in the hypothalmo- 
hypophysial tract the same nerve terminals that release oxytocin and vasopressin might
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also release acetylcholine. Using electron microscopy Gerschenfeld e ta l  (1960) 
demonstrated two different types of vesicles in the neurohypophysial terminals of the 
toad. Day and Rand (1961) and Bum (1968) showed that, in the developing rabbit, the 
stimulation of post-ganghonic adrenergic nerves produced cholinergic contraction of the 
smooth muscle of the intestine of the newborn rabbit which switched over to adrenergic 
relaxation several days later. Boatman et al (1965) showed that the cholinergic 
vasodilator responses in the blood vessels of the hind leg of the newborn dog were 
replaced, two weeks later, by adrenergic vasoconstrictor responses. Singh (1964) 
reported that the stimulation of the vagus nerve in frog resulted in the release of four 
different types of neurohormones (acetylcholine, histamine, 5-hydroxytryptamine and a 
polypeptide) from its gastric branches. On the basis of this evidence Bumstock (1976) 
suggested that one type of nerve may be able to synthesise, store and release more than 
one type of neurotransmitter, a process known as co-transmission (Priestly and Cuello, 
1982; Osbome, 1983). Various types of cotransmission are discussed in relation to the 
different types of nerves in the following section.

1.4.1.5. Sympathetic perivascular nerves:

The classic view proposed that sympathetic nerves synthesise, store and release 
noradrenaline. However, there is now ample morphological and functional evidence 
showing that NPY (Lundberg et a l, 1982; Ekbald et al, 1984) and adenosine 5"- 
triphosphate (ATP) (Sneddon and Bumstock, 1984; Suzuki, 1985) are also released 
from sympathetic nerve endings as cotransmitters.

NPY has been found in almost all perivascular sympathetic nerves (Ralevic and 
Bumstock, 1993) with the exception of noradrenaline containing nerves in the brown 
adipose tissue of rat which completely lacks NPY (Cannon et al, 1986). NPY is stored 
with noradrenaline and ATP in large dense cored vesicles (80-90nm) (Stjame et al, 
1986). The relative proportion of ATP and noradrenaline released during 
cotransmission varies between different vessels (Bumstock, 1993). In addition to the 
regional variations, the release of ATP and NPY is also dependent on the type of 
stimulus; the release of ATP being maximal at short bursts of sympathetic stimulation 
( I s  or less) while that of NPY is maximal at high frequency intermittent bursts of 
stimulation (Lundberg etal, 1986).

In most blood vessels ATP synergizes the vasoconstrictor actions of noradrenaline by 
acting on P2x-purinoceptors. However, in the coronary artery of rabbit, it synergizes 
noradrenergic vasodilatation by acting on Piy-purinoceptors (Bumstock, 1993).
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In many blood vessels, NPY has little direct post-junctional action. However, it has 
powerful neuromodulatory action since it potentiates the post-junctional action of 
noradrenaline and ATP (Saville et al, 1990). In addition, it has potent pre-junctional 
inhibitory action on the release of noradrenline (Dahlof et al, 1985). Whether pre- or 
post-junctional actions are dominant in a particular case is dependent on the anatomy of 
that neuromuscular junction. Pre-junctional inhibition is predominant when the synaptic 
cleft is narrow and post-junctional actions are predominant in wide synaptic clefts 
(Bumstock, 1993).

1.4.1.6, Parasympathetic Nerves:

Parasympathetic innervation of blood vessels is much less extensive as compared to 
sympathetic innervation, with many blood vessels having no parasympathetic nerve 
supply (Ralevic and Bumstock, 1993). On the basis of colocalization studies in various 
mammalian tissues, VIP has been said to be stored in and released from 
parasympathetic nerves along with acetylcholine (Lundberg et al, 1981).

Acetylcholine has direct vasodilator actions in only a few blood vessels e.g. feline 
posterior auricular artery. In most blood vessels an intact endothelium is essential for 
acetylcholine induced vasodilatation (Furchgott and Zawadzki, 1980), an effect which 
is either abolished or may even be reversed in the absence of an intact endothelium 
(Bumstock and Ralevic, 1994). The physiological role of acetylcholine released by 
parasympathetic nerves is not yet clear as it is considered unlikely that acetylcholine 
released by parasympathetic nerves would traverse the tunica media of blood vessel 
without degradation, particularly in large blood vessels, and act on the endothelium to 
cause vasodilatation (Bumstock, 1993).

In most vessels, VIP has powerful direct vasodilatory action i. e. this action is 
independent of an intact endothelium. Arterioles are more sensitive to its vasodilatory 
actions than larger arteries (Larsson et al, 1976; Lee et al, 1984).

NPY and nitric oxide synthase (NOS) have been colocalized in some neurones in 
cranial parasympathetic ganglia which also contain ChAT and VIP (Leblanc et a l , 
1987; Cavanagh et al, 1989). Similarly, NPY has been colocalized with VIP in rat 
cerebral arteries (Gibbins and Morris, 1988). Similarly calcitonin gene-related peptide 
like immunoreactivity has been reported in parasympathetic cholinergic neurones in 
pontine and sacral parasympathetic nuclei (Batten et al, 1988; Senba and Tohyama,
1988). The exact functional significance of these colocalizations is not known.
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1.4.1.7. Sensory and sensory-motor nerves:

Perivascular sensory and sensory-motor nerves utilise substance P, calcitonin gene- 
related peptide and ATP. Using colloidal gold particles of different sizes, Gulbenkian et 
al (1986) have demonstrated that both substance P and calcitonin gene-related peptide 
coexist in the same vesicles. Their actions are briefly discussed below.

In most arteries, substance P has potent vasodilator actions which is dependent on an 
intact endothelium (Barja et al, 1983; Furchgott et al, 1983; Benny et al, 1986). 
However, vasoconstriction (Barja et al, 1983; Lee et al, 1984) and no effect (Barja et 
al,  1983) have also been described. In veins, substance P causes relaxation by an 
endothelium independent mechanism (RegoU etal,  1984).

In addition to vasodilatation, substance P causes degranulation of mast cells with the 
release of histamine and proteases (Brain and Williams, 1988); the former causes the 
extravasation of plasma and an important action of the latter is the break down of 
calcitonin gene-related peptide which is a cotransmitter alongwith substance P at 
sensory-motor nerve endings as mentioned above.

Calcitonin gene-related peptide has potent direct vasodilator actions on most vessels
i. e. this action is not dependent on intact endothelium (Hanko et al, 1985). However, 
in the case of the rat aorta, CGRP causes endothelium dependent relaxation (Brain et 
al,  1985).

1.4.1.7.L Interaction o f substance P, calcitonin gene-related peptide 
and ATP in sensory neuromodulation:

When calcitonin gene-related peptide is injected intradermally with substance P, long 
lasting vasodilatation produced by calcitonin gene-related peptide is replaced by a 
transient one (Brain and Williams, 1988). This change is brought about by pro teases 
released from mast cells by substance P. In contrast, calcitonin gene-related peptide 
potentiates substance P transmission in the spinal cord by i) inhibiting a specific 
substance-P endopeptidase (Le Greves et al, 1985) and ii) by increasing the release of 
substance P from dorsal spinal cord in vitro (Oku et al, 1987).

1.4.2. Role of endothelium in the control of blood vessel tone:

In 1980, Furchgott & Zwadski reported that endothelium was essential for 
acetylcholine induced vasodilatation. Moreover this vasodilatation was mediated by the 
release of a chemical substance which they called endothelium-derived relaxing factor 
(EDRF). Since then endothelium-dependent vasodilatation has been documented in
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response to a large number of substances including acetylcholine, ATP, ADP, 5- 
hydroxytryptamine, substance P, vasopressin, arachidonic acid, neurokinin A, 
histamine, bradykinin and thrombin. In addition to causing vasodilatation, endothelium 
has been shown to produce vasoconstriction by the release of various vasoconstrictor 
substances.

1.4.2.1. Endothelium-derived relaxing factor (EDRF):

EDRF is a diffusible/transferable substance with very short biological half life (Griffith 
et al, 1984) that brings about vasodilatation by causing inactivation of guanylate 
cyclase and increasing the production of cyclic 3 "5 "-cyclic guanosine monophosphate 
(Holzmann e ta l,  1982; Rapaport and Murad, 1983). Its production is dependent on 
extracellular calcium (Long et a l, 1985). Superoxide anion (Oi") inactivates it 
(Rubanyi, 1988) and its actions are antagonised by haemoglobin and methylene blue.

On the basis of chemical and pharmacological resemblances between EDRF and nitric 
oxide (NO), including mechanism of actions, antagonism of actions by haemoglobin 
and methylene blue and inhibition of platelet aggregation, Ignarro et a l  (1987) 
proposed that EDRF was identical to NO. Using chemiluminescence. Palmer et al
(1987) showed that cultured endothelial cells release NO in response to bradykinin and 
this caused relaxation of vascular smooth muscle. Moreover, this relaxation was 
indistinguishable from that produced by EDRF.

1.4.2.2. Endothelium-derived constricting factors:

It has been shown in the coronary and femoral artery of dog that hypoxia causes the 
release of a transferable substance that causes constriction of respective blood vessels 
(Rubanyi and Vanhoutte, 1985). Later, it was shown by several studies that 
endothelium-mediated constriction was manifested by many vessels. The nature of 
endothelium derived constricting factor varies not only with anatomical location of the 
blood vessels but also with the type of stimulus. At least four different types of 
endothelial derived constricting factors have been described. These include: 1) 
metabolites of arachidonic acid (Katusic eta l,  1987), 2) oxygen derived free radicals 
(Katusic and Vanhoutte, 1989), 3) endothelin (Brain et a l,  1988), 4) and an 
unidentified diffusible factor released from hypoxic/ anoxic tissue (O'Brien and 
McMurray, 1984).

1.4.3. Summary:

The tone of blood vessels is under dual control of perivascular nerves and endothelium. 
Perivascular nerves exert their influence on blood vessels tone by the release of various

32



chemical substances (neurotansmitters and neuromodulators) from the varicosities of 
autonomic nerves. Endothelium exerts its effects by the production of various diffusible 
substances (EDRF and EDCFs). An interaction between all these factors determine the 
state of contraction of blood vessels as well as blood flow in them.

1,5. Histology of the Liver

The liver is situated in the upper abdomen. It is surrounded by the peritoneum over 
most of its surface except for the triangular bare area on its posterosuperior surface and 
the sites of attachment of the peritoneal ligaments. Deep to the peritoneum, a layer of 
fibroelastic connective tissue called Glisson's capsule surrounds whole of the organ. In 
the region of the porta hepatis, this fibroelastic tissue surrounds the vessels and the 
hepatic ducts which enter and leave the hilum of the liver respectively. It is the 
extension of this fibroelastic connective tissue, along the vessel and the branches of the 
hepatic ducts, within the liver substance that divides the liver parenchyma into its 
lobules which are the structural subunits of the liver. In the following section the 
histology of the liver is briefly described with particular reference to the intrahepatic 
blood vessels.

1.5.1. Classical liver lobule, the acinus and the portal lobule:

In a section examined under the low power, the liver is composed of epithelial 
parenchymal cells (hepatocytes) arranged in anastomosing and branching cords called 
the hepatic plates or cords. Hepatic cords present a remarkably uniform appearance 
throughout the liver but the structural subunits of the liver called classical liver lobules 
are recognisable only with difficulty. These form a repeating pattern of roughly 
hexagonal areas in which the fenestrated plates of parenchymal cells are arranged 
radially around a central vein and are separated from each other by the capillaries of the 
liver called the hepatic sinusoids (Mall, 1906). At places where three or more liver 
lobules come in contact, there is a triangular area of connective tissue, called the portal 
tract or portal area. The portal tracts are occupied by the branches of the hepatic artery 
and the portal vein and one of the radicals of the hepatic duct. These are referred to as 
the portal triad. In contrast to the classical liver lobule, the centre of which is occupied 
by the central vein, other structural and/or functional units have been proposed. One of 
these is the portal lobule which consists of all the parenchyma around a portal tract. It is 
triangular in shape with the portal tract lying in the centre of the lobule and a central 
vein occupying each comer of the lobule (Elias, 1949a,b) (Fig. 1.1). In addition to the 
classical and the portal lobules, the hepatic acinus has been described as the structural 
and the functional unit of the liver (Rappaport et al, 1954). This consists of a roughly 
ovoid mass of parenchymal cells around each terminal arteriole, venule, and bile duct
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that branch laterally from the portal area (Fig. 1.1). In the present thesis the term liver 
lobule is used to refer to the classical liver lobule.

Portal
lobule

Acinus
Liver lobule px

Fig. 1.1 Schematic diagram showing the lobular architecture of the liver. Classical liver 
lobules are hexagonal in shape and have portal tracts (PT) at the comer and central vein 
(CV) at the center of the lobule. In the triangular portal lobule central vein lies at the 
comer and the portal tract lies at the center of the lobule. The acinus unit is composed of 
a mass of hepatic parenchyma situated around the terminal branches of the hepatic 
artery and the portal vein.
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1.5.2. Blood supply o f the liver:

The liver is unique in that it receives blood from two afferent sources; the hepatic artery 
and the portal vein contributing about one third and two thirds of the total blood 
flowing to the liver respectively (Taylor et al, 1979). When they reach the liver, the 
hepatic artery and the portal vein divide into interlobar branches which follow the 
connective tissue septa between the lobes. Interlobar vessels divide into interlobular 
branches which are found in the interlobular connective tissue. Some of these are 
continued into the interlobular connective tissue of the portal tracts. From the branches 
of the portal vein in the portal tract, further branches are given that run between the 
lobules and empty into the hepatic sinusoids. All these divisions of the hepatic artery 
(and the portal vein) have been variously called interlobular, distributing, terminal and 
inlet branches. In the present thesis, these will be referred to as interlobular branches of 
the hepatic artery and the portal vein. Hepatic sinusoids form the intralobular blood 
vessels. They drain into the central vein of the hepatic lobule which is a tributary of the 
sublobar vein. Sublobar veins empty into the hepatic veins which are tributaries of the 
inferior vena cava.

1.5.3. Structure o f the hepatic sinusoids:

Hepatic sinusoids are lined by sinusoidal endothelial cells and Kupffer cells. The 
sinusoidal endothelial cells have a dark nucleus and attenuated cytoplasm with pores or 
fenestrae. These fenestrae, and the gaps in between adjacent endothelial cells and the 
lack of basal lamina, allow free exchange of substances between the sinusoidal lumen 
and the space of Disse (Wright et al 1983). Kupffer cells are stellate in shape. They 
normally lie on the luminal side of the sinusoidal endothelial cells or they may be 
interposed between adjacent endothelial cells. Pit cells are the third type of cells 
observed in relation to the hepatic sinusoids. They are located in the sinusoidal lumen in 
contact with endothelial cells and Kupffer cells. They contain characteristic 
intracytoplasmic granules and rod shaped vesicles. Their function is unknown.

1.5.4. Perisinusoidal space o f Disse:

Sinusoidal endothelial cells are separated from the hepatic plates by the space of Disse. 
Although optically empty, the space of Disse contains collagen, glycosaminoglycans 
and glycoproteins. Intralobular nerves are also observed running in the space of Disse 
(Motta and Porter, 1974). Also located in the space of Disse and sometimes inserted 
between the adjacent hepatocytes are the fat storage cells (also called Ito cells, 
perisinusoidal cells and lipocytes). They contain numerous intracytoplasmic fat droplets 
composed of vitamin A. Their cell body is prolonged by long processes which extend
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into the space of Disse surrounding endothelial cells. It has been shown in the human 
liver that these cells are close to the nerve endings. This suggests that fat storage cells 
may contract and regulate flow in the microcirculation.

1.5.5. Hepatocytes:

Hepatocytes make up approximately 80% of the cell population of the liver. They are 
polygonal in shape and are arranged in plates or cords between the sinusoids. 
Hepatocytes have rounded nucleus with one or two prominent nucleoli. The majority of 
hepatocytes have a single nucleus but about 25% of the hepatocytes are binucleate. In 
addition to the usual intracytoplasmic organelles, the hepatocytes have abundant rough 
endoplasmic reticulum and numerous ribosomes (Bruni and Porter, 1965; Fawcett, 
1955); the latter give marked basophilia to the hepatocytes on light microscopy.

The bile canaliculi, which are intralobular bile channels, lie between adjacent 
hepatocytes and are walled by a portion of the cell membranes of adjacent hepatocytes. 
Bile canahculi are connected to the interlobular bile ducts by the terminal ductules called 
canals of Herring. The interlobular bile ducts unite to form interlobar ducts which leave 
the liver and unite to form common hepatic duct.

1.5.6. Summary:

In summary, interlobular branches of the hepatic artery, portal vein and interlobular 
radicals of hepatic duct are present in the large inteterlobular connective tissue septa and 
in the portal tracts. Interlobular blood vessels empty their blood into the sinusoids 
which are the most frequent type of intralobular blood vessels. The sinusoids are 
drained by the central vein of the hepatic lobule. The central vein is a tributary of the 
sublobar vein which empties into the hepatic veins.

1.6. Nerve Supply of the Liver

The innervation of the liver has attracted considerable attention from both the anatomical 
and physiological points of view. The following section deals with the extrinsic 
innervation followed by the intrinsic nerve supply of the liver.

1.6.1. Extrinsic innervation o f the liver:

Extrinsic hepatic nerves are derived from the coeliac plexus and the vagal trunks 
(Alexander, 1940; Pick, 1970). The nerves are arranged in two groups as they enter the 
hilum of the liver (porta hepatis); anterior and posterior. The anterior group is situated 
anterior to the hepatic artery and is composed of rami of the left coeliac ganglion and a 
branch of left vagal trunk. This branch of the vagus traverses the gastrohepatic ligament
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and joins the anterior hepatic plexus near the porta hepatis. This branch accompanies 
the accessory hepatic artery when present and sends two large branches to join anterior 
hepatic plexus (Pick, 1970). The posterior group is situated posterior to the hepatic 
artery and is composed of branches from the right coeliac ganglion and right vagal 
trunk. They continue into the liver after giving off branches to the bile and the cystic 
ducts and the gall-bladder. The hepatic ducts receive branches from the anterior hepatic 
plexus. Both anterior and posterior hepatic plexuses are partly ganglionated (Pick, 
1970).

The arrangement of hepatic nerves in the cat is similar to that found in man but the 
contribution made by the left coeliac ganghon is less than that made by the right coeliac 
ganglion (Pick, 1970). Although some authors claim that the right phrenic nerve gives a 
twig to join hepatic plexus (Raigorodsky, 1928), others have, however, denied such a 
contribution (Alexander, 1940; Pick, 1970).

1.6.2. Intrinsic innervation of the liver:

A large amount of literature is available on the intrinsic innervation of the liver in 
various mammalian, amphibian and reptilian species (Ungvâry and Donath, 1969; 
Nobin et al, 1978; Amenta et al, 1981, Moghimzadeh et al, 1983; Burt et al, 1989; 
Scoazec et al, 1993). However, there is no general consensus on the distribution of 
intrahepatic nerves. This is partly because of species differences and partly because of 
the conflicting results obtained by different investigators in the same species (Kyosola 
et al, 1985; Scoazec et al, 1993). In the following section, the pattern of nerve 
distribution in the human liver is discussed followed by a description of species 
variations.

1.6.2.1. Distribution of nerves in the human liver:

In 1887, Macallum reported the distribution of nerves in post-mortem human liver 
specimens. Using silver impregnation technique he demonstrated that the nerves were 
present both around interlobular blood vessels in the portal tract and within the hepatic 
lobules. About 40 years later, using the silver impregnation technique, Riegele (1928) 
also demonstrated the presence of nerves along the blood vessels of portal tract and 
within lobule of the human liver. He also reported the presence of intralobular nerves in 
the liver of monkey, cat and rabbit.

Nonidez (1937) and Alexander (1940) have confirmed the presence of intrahepatic 
nerves around interlobular blood vessels and interlobular branches of bile ducts. 
However, they did not observe any intralobular nerves in the human hver. Nobin et al 
(1978) described the distribution of nerves in the human liver using formaldehyde-
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induced fluorescence, microspectrofluorometry, biochemistry and electron microscopy. 
Using formaldehyde-induced fluorescence, they demonstrated the presence of 
catecholaminergic nerves along the branches of the hepatic artery and the portal vein. In 
addition, they showed that the catecholaminergic nerve fibres formed a dense network 
closely related to individual liver cells and sinusoids. However, the density of this 
network was not uniform in the liver parenchyma and some lobules were found to be 
more densely innervated than others. Using electron microscopy, they demonstrated 
that the nerves were more often observed along the branches of the hepatic artery than 
along those of the portal vein. In the hver lobule, the nerves were observed in the space 
of Disse with their varicosities in the vicinity of hepatocytes. Sometimes, nerve 
varicosities were observed in association with Kupffer cells, sinusoidal endothelial cells 
and Ito cells. The varicosities of these nerves were found to contain small and dark 
dense cored vesicles which are characteristic of catecholamine containing nerve endings 
(Bumstock, 1980). On the basis of only one type of nerve varicosities observed in the 
liver, they concluded that these nerves were almost exclusively of adrenergic type. 
These findings agreed with their own earlier findings (Nobin et a l ,  1977). 
Microspectrofluorometric recordings from the fluorescent fibres in the liver parenchyma 
showed excitation/ emission maxima at 410/480, which is typical of catecholamines. 
Chemical analysis of the hver specimens of eight patients revealed high concentration of 
noradrenahne.

Kyosola et al (1985) investigated the distribution of nerves in specimens of the liver 
obtained from 34 patients undergoing laparoscopy for suspected liver diseases (8 of 
these specimens were found to be histologicaUy normal). They confirmed the presence 
of adrenergic nerves along the interlobular blood vessels. However, in their study 
intralobular nerves were observed only occasionally (in 11 out of 34 specimens), and 
when present, were randomly oriented indicating a lack of functional nerve supply to 
the liver lobule. The results of different studies on the distribution of nerves in the 
human hver are summarized in table 1.4.

Mann et al (1991) compared the distribution of TH-IR and DBH-IR nerves in the 
human hver with those of total population of nerves, determined by reactivity to neuron 
specific enolase (NSE) antiserum, in the human liver. NSE is a glycolytic enzyme 
present in axons, and can be used as a marker for peripheral nerves (Kato et al, 1982). 
NSE-IR nerves were observed along interlobular blood vessels, within the liver lobule 
along the sinusoids, hepatic cords and the central vein. About 60% of the nerves 
supplying hepatic parenchyma and, virtually all those supplying intra-hepatic 
vasculature showed TH-like and DBH-like immunoreactivities. These findings are in 
agreement with the findings of Fehér et al (1991) who investigated the presence of
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NPY-IR, TH-IR and DBH-IR nerves in the human liver using light microscope 
immunohistochemistry. They demonstrated a dense plexus of NPY-IR nerves around 
portal tract blood vessels and the central vein as well as close to the hepatocytes and the 
sinusoids. TH-IR and DBH-IR nerves had similar pattern of distribution. However, 
they were rarely observed associated with the hepatocytes or the sinusoids.

Table 1.4 Distribution o f  nerves in human liver

Author, year Method ILBV PT s c v
Ungvary and Formaldehyde induced fluoresce + 4- 4- 4-

Donath, 1969 nce for aminergic nerves
Nobin et al., Falck-Hillarp method for demons 4- 4- 4- *

1978 tration of aminergic nerves.
E/M: Before 5-OHDA + 4- 4- *

After 5-OHDA - - - *
Amenta et al., Acetylcholinesterase-positive + 4- 4- *
1981 reaction
Fehér et al.. Immunocytochemistry for:
1991 NPY-IR nerves + 4- 4- 4-

TH-IR nerves + 4- 4- 4-

DBH-IR nerves + 4- + 4-

Ueno et al.. Immunocytochemistry for:
1991 SP-IR nerves + 4- 4- 4-

VIP-IR nerves 4- 4- 4- 4-

Ding et a l . Immunocytochemistry for NPY-IR 4- 4- 4- 4-

1991 nerves at L/M and E/M levels.

Scoazec et Immunohistochemical staining for 4- 4- 4- 4-

al.. NSE and NCAM (various epitopes)
1993

* = not mentioned, + = present, - = absent, E/M = electron microscopy, IVM = light 
microscopy.

The distribution of NSE-IR, S-lOO-protein-IR and NPY-IR nerves in the human liver 
described by Miyazawa et al. (1988) is similar to that of noradrenergic nerves described 
by Nobin et al (1978). A similar pattern of nerve distribution was observed by
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Ding et a l  (1991) for NPY-IR nerves and Scozec et a l  (1993) for nerves 
immunoreactive to antiserum against various components of neural cell adhesion 
molecules (NCAM) (Leu-1, ERIC-1, VC 1.1 and HNK-1).

Using electron microscopy, Bioulac-Sage et al (1990) demonstrated the presence of 
unmyelinated nerve fibres in the human liver lobule. The varicosities of these nerves, 
containing small and large granular vesicles and small clear vesicles, were observed in 
the vicinity of hepatocytes and sometimes in association with the perisinusoidal cells.

Using light and electron microscope immunohistochemistry, Ueno e ta l  (1991) have 
reported the presence of SP-IR and VIP-IR nerves running along blood vessels in the 
portal tract as well as sinusoids and the central vein of hepatic lobules. Miyazawa et al
(1988), however, reported that VIP-IR nerves were restricted to the portal tract where 
they were observed in association with branches of the bile duct and the portal vein.

Amenta et al (1981) has described the presence of 6-hydroxydopamine resistant, 
acetylcholinesterase-containing nerves around interlobular intrahepatic blood vessels in 
the portal tract as well as along the sinusoids.

el-Salhy et al (1993) have described the presence of NSE-IR, neurofilament 
polypeptide-IR, S-IOO-IR, glucagon-IR, somatostatin-IR, NPY-IR, VIP-IR, 
neurotensin-IR, SP-IR, serotonin-IR and galanin-IR nerve fibers in the normal human 
liver in relation to blood vessels and the branches of bile duct in the portal tract. NPY- 
IR nerves were also observed in the lobule along the sinusoids. Occasionally, 
cholecytokinin-IR nerves were observed in the interlobular connective tissue in relation 
to the branches of the bile duct.

1.6.2.2. Differences in the nerve supply of the liver in different species:

1.6.2.2.L Distribution of nerves in the guinea-pig liver:

Goehler et al (1988) have reported the presence of CGRP-IR and SP-IR nerve fibers 
in the interlobular spaces, and occasionally also in the liver parenchyma, of the guinea- 
pig liver. The pattern of innervation of guinea-pig liver reported in different studies is 
summarised in table 1.5.

Using electron microscope, Ohata (1984) has given a detailed account of the 
distribution of nerves in the liver of guinea-pig. He reported the presence of thin 
unmyelinated nerve fibers in the portal tract and the space of Disse within the liver 
lobule. In addition to a few small mitochondria, glycogen particles and occasional 
lysosomes, the varicosities of these nerves contain a mixed population of small
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granular, agranular and large dense cored vesicles which are characteristic of adrenergic 
nerve endings (Bumstock, 1980). Occasionally large mitochondria-rich axon profiles, 
which he suspected to be sensory in type, were also observed. The nerves were found 
to have a variable pattern of termination in the liver lobule, some terminating freely in 
the space of Disse but the majority of intralobular nerves made a synaptic contact with 
hepatocytes. Kupffer cells and Ito cells were also observed to have synaptic contact 
with these nerves. Nerves were also observed in the vicinity of but not making 
synapses with the sinusoidal endothelial cells. Large nerve terminals containing 
numerous mitochondria and scanty small granular and agranular vesicles. 
Table 1.5 Distribution o f  nerves in guinea-pig liver

Author, year Method ILBV PT s CV

Ungvary and Formaldehyde induced florescence 4- 4-

Donath, 1969 for aminergic nerves
Mazzanti et Falck Hillarp method for demons 4- 4- - -

al., tration of aminergic nerves
1977
Metz and Glyoxylic acid method for demons 4- 4- 4- 4-

Forssmann, tration of aminergic nerves
1980

E/M 4- -H 4- 4-

Fuller et al., Glyoxylic acid method for demons 4- 4- 4- -

1981 tration of aminergic nerves

Moghimzadeh Falck-Hillarp method for demons 4- 4- 4- 4-

et a l ,  1983 trating aminergic nerves

Goehler et Immunohistochemistry for:
al.. CGRP-IR nerves 4- 4- ± -

1988 SP-IR nerves 4- 4- ± -

Akiyoshi, H. Glyoxylic acid method for demons
1989 tration of aminergic nerves. 4- 4- 4- *

Cholinesterase-positive nerves 4- 4- - -

+ = nerves present, - = nerves absent, ± = occasionally observed, * = not mentioned. 

CGRP = Calcitonin gene-related peptide; SP = Substance P; IR= Immunoreactive;

S= Sinusoids, CV= Central vein, ILBV= Interlobular blood vessels, PT= Portal tract.
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presumably sensory in type, were also observed ending on hepatocytes or Ito cells. 
Nerve profiles suggestive of cholinergic nature were not observed either in the portal 
tract or within the hver lobule.

1.6.2.2,a. Distribution of intrahepatic nerves in the rat liver:

In contrast to the human and the guinea-pig livers, it has been reported in many studies 
that intralobular nerves are absent in rat liver (Table 1.6). However, Skaaring and 
Bierring (1976) have claimed the presence of acetylcholinesterase-positive nerves 
Table 1.6 Intrinsic innervation of rat liver

Author, year Method ILBV PT s CV

Ungvary and Falck-Hillarp method for demons 4- 4-

Donath, 1969 tration of aminergic nerves
Skaaring and Glyoxylic acid method for demons 4- 4- - -

Bierring, tration aminergic nerves
1977 Modified Karnovsky and Roots 4- 4- 4- *

Thiochohne method
Reilly et al., Glyoxylic acid method for demons 4- 4- - -

1978 tration of aminergic nerves
Modified Karnovsky and Roots 4- 4- - -

with butyrylchohnestase inhibition
Sasaki et al., Immunohistochemical staining for 4- 4- - -

1986 CGRP-IR nerves
Lamers et al.. Immnuohistochemical staining for 4- 4- - -

1988 noradrenaline containing nerves
Inoue et al.. Immunohistochemical staining for 4- 4- - 4-

1989 NPY-IR nerves

Burt et al.. Immunohistochemical staining for:
1989 TH-IR nerves 4- 4- - -

DBH-IR nerves + 4- - -

NPY-IR nerves + + - -

Inoue et al. Immunohistochemical staining for 4- 4- - *

1992 SP-IR nerves

4- = present, - = absent, * = not mentioned.
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within the lobule of rat liver using the modified Karnovsky and Roots thiocholine 
method. Using light microscopy they reported cholinestrase-positive nerve fibers form 
a network in the liver lobule in close relation to hepatocytes and the sinusoids. 
Furthermore, scanning electron microscopy (SEM) revealed light cords apparently 
situated in smooth surfaced channels between adjacent hepatocytes and in the space of 
Disse. Fibers were also observed crossing the sinusoids. They suggested that the cords 
of SEM represent the acetylcholinestrase-positive nerve fibers of the light microscopy. 
Table 1.7 Intrinsic innervation o f the liver of cat, monkey, tree shrew, 
sheep, lizard and frog

Author, year, 
(Species) Method ILBV PT s CV

Jarhult et a l, Falck-Hillarp method for demons 4- 4- 4- *

1980 (cat) trating aminergic nerves
Fehér et a l , Immunohistochemical staining for:
1992 (cat) SP-IR nerves + 4- 4- 4-

Somatostatin-IR nerves + 4- 4- 4-

Forssmann Formaldehyde induced fluoresce + 4- 4- -

and Ito, 1977 nce for aminergic nerves
(tree shrew) E/M + 4- 4- -

Nobin et a l . Falck-Hillarp method for demons- + 4- 4- *

1978 stration for aminergic nerves
(monkey)

Azanza et a l. Acetylcholinesterase-positive nerves + oo OO oo

1989 (frog) Glyoxylic acid method for demons
tration for aminergic nerves + oo oo oo

VIP-IR nerves
4- oo oo oo

Azanza et a l. Acetylcholinesterase-positive nerves 4- oo oo oo

1990 (lizard) Glyoxylic acid method for demons
tration for aminergic nerves 4- oo oo oo

VIP-IR nerves
4- oo oo oo

+ = present, - = absent, * = not described, oo = these species do not have portal tract or 
hexagonal lobules of the liver.
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Subsequently, the same authors (1977) reported the presence of intralobular nerves in 
the liver of Wistar rats using axonal iontophoresis (filling of axons through their cut 
ends with a dye in an electrical field) of cobalt and procion yellow. Despite these 
reports, a large amount of hterature on the innervation of rat liver reports the absence of 
nerves in the hepatic lobules. Further studies are needed to resolve the issue.

1.6.2.2.Hi. Differences in the density of the innervation of liver in 
various species:

Similar to the human and the guinea-pig livers, many species such as monkey, dog, 
cat, rabbit and tree shrew have been reported to have intrahepatic nerves distributed 
along both the interlobular blood vessels and the sinusoids of the liver lobule. Some of 
these studies have been summarised in table 1.7.

Moghimzadeh et al. (1982) studied the distribution of adrenergic nerve fibers in the 
liver of various species using the Falck-Hillarp method. They found marked species 
differences in the density of adrenergic innervation in the liver parenchyma. These are 
summarised in table 1.8.

Table 1.8 Table showing comparative density of intrinsic nerves in the 
parenchyma of the liver of different species

Species with high density of 
intraparenchymal nerves

Human, rhesus monkey, baboon, cynomolgus monkey 
and guinea-pig

Species with intermediate 
density of intraparenchymal 
nerves

Rabbit, cat, pig, cow and horse

Species with no intraparen
chymal nerves

Rat and mouse

1.6.3. Origin of various types of intrahepatic nerves:

To find out the origin of intrahepatic nerves, visceral denervation studies either in the 
form of nerve transaction or chemical denervation are commonly used. Other methods 
include retrograde axonal transport of nerve dyes e.g. horseradish peroxidase (HRP) 
and true blue.

Using fluorescence and electron microscopy, Forsmann and Ito (1977) showed that 
chemical sympathectomy with 6-OHDA resulted in complete disappearance of
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intralobular nerves in the liver of the tree shrew, indicating that all intralobular nerves in 
this species were sympathetic in type. Similarly, treatment of the rat with 6-OHDA 
resulted in the disappearance of NPY-IR and TH-IR nerves from rat liver (Burt et al,
1989) indicating that NPY-IR and TH-IR nerves were sympathetic in type. Inoue et al
(1989) reported that transaction of the greater splanchnic nerves distal to the coeliac 
ganglion resultd in the disappearance of all intrahepatic nerve fibers having NPY 
immunoreactivity. Transaction of the greater splanchnic nerves proximal to the coeliac 
ganglion resulted in only partial disappearance of NPY-IR nerves. Bilateral 
subdiaphragmatic vagotomy had no effect on the distribution of NPY-IR nerves in the 
rat hver, indicating that hepatic NPY-IR nerves originated in both the coeliac ganglion 
and the paravertebral sympathetic gangha.

Using horseradish peroxidase injections in rat liver, Carobi and Magni (1981) showed 
that this regularly resulted in retrograde staining of neurones in the rostral pole of the 
nodose ganglion of the left vagus nerve. In addition, a small number of large and small 
cells were consistently labelled in the DRG (dorsal root ganglion) Thv-Thio. They also 
demonstrated (1983) that the nerve fibers of the dorsal motor neurones reach the liver 
via the homolateral hepatic nerves and those of the nucleus ambiguous via the left 
hepatic nerve. Kohno et al (1987), using HRP retrograde axonal flow techniques and 
electron microscopy, showed that the cells of origin directly innervating the liver were 
located mainly in the left dorsal motor nucleus of the vagus. Their mean number was 
175±14.

Sasaki et al (1986) reported that the number of CGRP-IR nerves in the rat liver was 
markedly decreased by bilateral subdiaphragmatic vagotomy or bilateral transaction of 
splanchnic nerves. A combined operation, however, resulted in the complete 
disappearance of CGRP-IR nerve fibers. These results indicate that CGRP-IR nerves 
may have a dual origin. No CGRP-IR nerve cells were observed in the coeliac 
ganglion. Although CGRP-IR nerves were seen passing through it. They also showed 
that CGRP-IR nerves in the DRG Thg-io and Li were continued into the greater 
splanchnic nerves.

Fehér et al (1992) showed that transection of nerves around the hepatic artery and the 
portal vein resulted in the disappearance of SP-IR nerves in the cat liver while SOM-IR 
nerves were not affected by the transection. These results indicated that SP-IR nerves 
originate outside the liver while SOM-IR nerves have their cell bodies of origin within 
the liver.

Bajra and Mathison (1984) have shown that dorsal root rhizotomy at the level of Thg- 
L2 results in complete disappearance of SP-IR nerves surrounding the rat hepatic artery
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and the portal vein. In addition, true blue, a reterograde marker, was identified in dorsal 
root ganglia colocalizing with SP in 40% of cells in dorsal root ganglia at these levels. 
Transaction of the left vagal trunk, which gives off a branch to join the hepatic artery 
and the portal vein, had no effect on the distribution of SP-IR nerves.

Using nerve transaction studies, Inoue et al. (1992) demonstrated that SP-IR nerves 
entered the liver along the hepatic artery, portal vein, hepatic vein and the bile duct. 
SP-IR nerves entering the liver along the portal and hepatic veins were derived from 
both the vagus and greater splanchnic nerves and those associated with the hepatic 
artery and the bile duct stemmed from greater splanchnic nerves only.

1.6.4. Summary:

1. Although there have been reports in the literature that nerves were only observed 
along the interlobular blood vessels of the portal tract in the human liver, a large body 
of evidence has accumulated to indicate that the human liver has intralobular nerves in 
addition to those present around interlobular blood vessels in the portal tract. In the 
portal tract, the nerves are more dense around the branches of the hepatic artery than 
around those of the portal vein (Metz and Forssmann, 1980). In the liver lobule, the 
nerves run in the space of Disse (Forssmann and Ito, 1977; Nobin et al, 1978; Metz 
and Forssmann, 1980). Most of the nerve varicosities are present in relation to the 
hepatocytes (Nobin et al, 1978; Metz and Forssmann, 1980). Sometimes, however, 
the nerve varicosities are associated with Kupffer cells, Ito cells and the sinusoidal 
endothelial cells (Forssmann and Ito, 1977; Nobin etal,  1978).

2. A vast majority of intrahepatic nerves, both in the human and the lower animals, are 
sympathetic in type (Forssmann and Ito, 1977; Burt et al, 1989; Inoue et al, 1989; 
Goehler a/., 1991).

3. The evidence in favour of cholinergic parasympathetic nerves is flimsy as 
acetylcholinestrase-positive reaction in nerves is not specific for cholinergic 
parasympathetic nerves (Garrett, 1981) and Reilly et al (1978) have shown by 
blocking the nonspecific butyrylcholinesterase activity with ISO-OMPA, 
acetylcholinesterase reaction does not demonstrate any intralobular nerves in the hver of 
rat. Moreover, using electron microscopy Ohata (1984) observed only two types of 
nerve varicosities in the liver of guinea-pig, one having characteristics of sympathetic 
nerves and the other presumably sensory in type (see above). Axonal iontophoresis 
with cobalt or procion yellow is also non-specific as these dyes fill up all available 
spaces such as bile canalicuh and the space of Disse (Reilly et al, 1978).
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4. Many types of peptidergic nerves have also been observed in the liver. NPY-IR 
nerves are the commonest types of peptidergic nerves reported to be present in the liver 
(Burt et al,  1989; el Salhy et al, 1993). Other peptides (having known vascular 
effects) present in the perivascular nerves of the liver are VIP (Ueno et al, 1991; el 
Salhy et al, 1993), SP (Ueno et al, 1991; Fehér et al, 1992), CGRP (Goehler et al, 
1988) and somatostatin (Goehler et al, 1988; Fehér et al, 1992).

5. The nerves are scarce in the lobule of the rat hver and, when present, are restricted to 
the periportal region (Metz and Forssmann, 1980; Burt et al, 1989).

6. Guinea-pig liver may have sensory nerves within the liver parenchyma [as evidenced 
by possible sensory nerve endings (Ohata, 1984) and presence of SP-IR and CGRP-IR 
nerves in the liver lobule (Goehler et al, 1988)].

7.7. Blood Supply of Liver Métastasés

As mentioned previously, the normal liver derives two thirds of its blood supply from 
the portal venous circulation and one third from the hepatic arterial circulation (Taylor et 
al, 1979). In contrast, a large amount of literature, both in patients and animal models, 
indicates that liver métastasés derive most of their blood supply from the hepatic arterial 
circulation. The following section discusses some of these experiments.

1.7.1. Qualitative studies:

1.7.1.1. In animal models of liver métastasés:

The earliest reports available on the blood supply of liver métastasés are those by 
Breedis and Young (1954). In an animal model of liver métastasés (VX2 tumour in 
rabbit liver), they injected india ink either into the hepatic artery or the portal vein and 
macroscopically noted the staining of the tumour. They demonstrated that the tumours 
were stained only after selective injection of india ink into the hepatic artery indicating a 
sole arterial blood supply to the tumours. Preparation of corrosion casts of the liver 
and the tumour by injection of vinylite acetate into the hepatic artery or the portal vein 
demonstrated predominantly or exclusively arterial blood supply to these métastasés. In 
addition, corrosion casts showed that the tumours had a less dense vascular network 
compared with the surrounding normal liver. The pattern of blood supply of the liver 
and the liver métastasés was also studied, both macroscopically and microscopically, 
after injection of coloured gelatin solutions into the hepatic artery or the portal vein. 
Macroscopic examination of the colour of the liver and the tumour confirmed the 
predominance of hepatic arterial supply irrespective of the route of inoculation of 
tumour cells (via hepatic artery, portal vein, or directly into the liver parenchyma).

47



Moreover, microscopic examination of tumour sections showed that there was gradual 
occlusion of the branches of the portal vein due to invasion by tumour cells. In 
addition, there was no evidence of luminal obliteration, by invading tumour cells, in the 
branches of the hepatic artery.

Later, Walker 256 carcinosarcoma métastasés in the rat liver were shown to have 
exclusively arterial blood supply, on selective injections of india ink and fluorescein 
(Fisher et al, 1961) or silicon rubber perfusion (Lien and Ackerman, 1970) through 
either the hepatic artery or the portal vein. Other workers, using the same model, 
reported a predominant hepatic arterial blood supply to the tumour, with some portal 
venous contribution especially when portal venous infusion was made after ligation of 
the hepatic artery ( Lien and Ackerman, 1970).

Young et al  (1979) examined the blood supply of liver métastasés in two different 
animal models (Walker 256 carcinosarcoma in rat liver and VX2 carcinoma in rabbit 
liver). Using colour microfil injections, they demonstrated exclusive arterial blood 
supply of liver métastasés in these animal models. Moreover, hepatic arterial or portal 
venous injections of radiolabelled microspheres (15 pm in diameter) followed by 
measurement of radioactivity by gamma camera or autoradiography demonstrated a 
predominant arterial supply to the tumours.

Ackerman (1974) showed that the pattern of blood supply to liver métastasés in rats 
changed with increasing size of the tumour. Small tumours (less than 2mm in diameter) 
had an equivocal pattern of blood supply with some having no blood supply 
demonstrated by silicon rubber perfusion, while others having hepatic arterial, portal 
venous or dual vascular supply. Larger métastasés had well established arterial blood 
supply but some "massive tumours" again showed partial portal venous supply.

1.7.1,2. In human liver métastasés:

1.7.1.2.1. Studies on post-mortem specimens:

On selective perfusion of postmortem specimen of human liver with colour gelatin 
solution, Breedis and Young (1954) reported the predominance of arterial supply to a 
variety of liver secondaries, including those from colorectal primary cancer. Similarly, 
using corrosion cast technique, Healy (1965) demonstrated hypovascular tumour 
circulation with an arterial supply in postmortem human livers with secondaries from 
gastrointestinal primaries. Using the vinyl acetate corrosion cast technique, Lin et al 
(1984) also reported a similar vascular pattern with some portal venous contribution.
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1.7.1.2.U. Clinical studies:

The pattern of blood supply to the liver tumours, primary or secondary, can be 
recognised during angiography. Several studies have shown an abnormal (either 
hypovascular or hypervascular) arterial tumour circulation in the liver (Bierman et al, 
1952; Kahn and Alexander, 1969; Suzuki et al, 1972; Bragg, 1976). Bragg (1976) 
correlated the pattern of tumour vascularity (obtained angiographically) with the 
histology of the liver tumours and showed that the liver secondaries especially those 
with adenocarcinoma histology tended to be hypovascular compared with the 
hepatomas or the normal liver. In addition, during the venous phase of arteriography 
the metastatic focus was seen as a negative shadow; indicating poor venous blood 
supply to these secondaries (Bragg, 1976).

1.7.2. Semiquantitative studies:

Several studies are available in which attempts have been made to quantitate the relative 
perfusion of the tumour and the normal liver by arterial or venous blood, respectively 
called arterial or venous tumour to normal liver ratio (T:N ratio) (Ackerman, 1969; 
Flowerdew, 1987). These are briefly discussed below.

1.7.2.1. In animal models of liver métastasés:

Blanchard et al (1965) used 15 |Lim diameter microspheres and found that the arterial 
and portal venous T:N ratios in a rabbit VX2 tumour were 4.2 and 0.23-0.37 
respectively.

Ackerman e ta l  (1969) derived arterial and portal venous T:N ratios in a Walker 256 
carcinosarcoma using radioactive microspheres (86 p.m diameter). They reported an 
arterial T:N ratio of 2.36 and portal venous T:N ratio of 0.73 in "large tumours".

Later, using radioactive microspheres (15 |im in diameter), Flowerdew et al (1987) 
found an arterial T:N ratio of 1.04 and portal venous T:N ratio of 0.03 in Hooded 
Lister rat with MC28 tumour.

Archer and Grey (1989) used radioisotope tracer microspheres (45-75 |xm in diameter) 
to determine radioactivity in 192 NRc cell line tumour (0.5-6.0 mm in diameter) 
compared with surrounding normal liver (T:N ratio) in Wistar WAG rat. In tumours 
0.5 mm in diameter, hepatic artery T:N ratio of 1.5 was observed compared with portal 
vein T:N ratio of 0.13. Tumour nodules 2.0 mm in diameter had mean arterial and 
portal T:N ratios of 1.26 and 0.06 respectively. The overall T:N liver ratio for both
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routes decreased with increasing tumour size. These results show the predominance of 
hepatic arterial blood supply to the hver tumours.

1.7.2.2. In human colorectal liver métastasés:

Gelin et al (1968) used clearance technique in three patients with liver
métastasés to determine the nature of blood supply of the tumour foci. Occlusion of 
hepatic artery resulted in significantly poor clearance in the tumours of two of 
these patients compared with the normal liver, indicating predominant arterial blood 
supply in the tumour. The third patient had portal vein thrombosis and hepatic artery 
occlusion resulted in comparable flow reduction both in the tumour and the normal 
liver.

Taylor et al (1979) also used ^^^Xe clearance technique to quantitate the contribution 
made by the hepatic artery and the portal vein in the blood supply of liver métastasés. 
After peroperative injections of tracer substance directly into the tumour or the normal 
hepatic parenchyma, ^̂ ^Xe clearance rates were measured by appropriate detectors with 
and without hepatic artery occlusion between the fingers. They reported that after 
occlusion of hepatic artery the blood flow to the normal liver was reduced to 65% of the 
pre-occlusion levels. In contrast, the blood flow to liver métastasés reduced to 5% of 
the pre-occlusion levels. Furthermore, postoperative infusion of the tracer substance 
into the portal vein resulted in the poor localisation in the tumour when hepatic artery 
was intact. However, after ligation of the hepatic artery, portal infusion of ^^^Xe 
resulted in increased localisation of the tracer in the tumour. These results indicate that 
the liver tumours are predominantly supplied by the hepatic arterial blood with minor 
contribution by the portal venous blood. However, after occlusion of the hepatic artery, 
the portal vein assumes more important role in the blood supply of these métastasés.

Ridge et al (1987) infused ^^N-labelled amino acids and ammonia selectively via the 
hepatic artery and the portal vein in patients of colorectal liver métastasés. The resultant 
radioactivity was quantitated using gamma camera images. The arterial and portal T:N 
ratios were 1.03 and 0.5 respectively, again signifying predominant arterial blood 
supply to the liver métastasés.

Using dynamic hepatic sintigraphy, Leveson et al (1983 & 1985) demonstrated that the 
ratio of hepatic arterial blood to total liver blood (hepatic arterial and portal venous), 
called hepatic perfusion index (HPI), was increased in patients with liver métastasés. 
This was subsequently confirmed by other workers both in patients (Ballantyne et al, 
1990; Hemmingway, 1992) and animal models (Nott e ta l,  1989; Hemingway e ta l,  
1993). Hemmingway et al  (1991b) demonstrated that HPI may be altered even at

50



micrometastatic stage in rats with HSN sarcoma. It has also been demonstrated that 
alterations in hepatic haemodynamics are due to reduction in the amount of blood 
flowing to the liver through the portal vein while hepatic arterial blood flow remains 
unaltered (Hemmingway et al, 1991b; Nott et al, 1991). These changes in the blood 
flow are considered to be due to some circulatory vasoconstrictor substance (Nott et al, 
1989; Carter era/., 1994).

1.7.3. Summary:

The above mentioned experiments suggest that most of the blood flowing in tumour 
circulation is hepatic arterial and only a small fraction is portal venous. After ligation of 
hepatic artery, however, the portal vein becomes the major source of blood supply to 
the tumour.

1.8. Structure of Blood Vessels in Tumours

Tumours in gemeral and malignant tumours in particular do not follow any regular and 
defined pattern of structure. This heterogeneity of structure is present not only in the 
parenchyma of the tumour but also in tumour vasculature. It was recognised long time 
ago that the vascular morphology of tumours, like other characteristics, had to be 
studied for each tumour type and generalisations might be difficult to make (Warren, 
1979). In the following section the structure of blood vessels in the experimental 
tumours (benign and malignant) in animals is disscussed followed by a review of the 
literature on the fine structure of blood vessels in human tumours.

1.8.1. Structure o f blood vessels in experimental tumours in animals:

Much of the early scientific literature on the structure of blood vessels in tumours deals 
with animal tumours and most of this work was done in rodents (Krylova and Presnov, 
1964; Vick, 1971; Huseby, 1975).

Krylova and Presnov (1964) reported that the blood vessels in a sarcoma-45 implanted 
intramuscularly in rat consisted of a single layer of endothelial cells resting on a 
basement membrane with no contractile cells in the walls of these blood vessels. 
Moreover, elastic elements were found to be absent. Similar changes were also 
observed in the blood vessels of an adenocarcinoma implanted in the thyroid gland of 
rat (Krylova and Dmitrieva, 1967) and reticulosarcoma KRS-321 (Krylova et al, 
1967), in both of which malignant cells were found to be tightly adherent to the basal 
lamina of endothelial cells of blood vessels (Krylova, 1969).
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Vick et al (1971) examined the ultrastructure of blood vessels in canine gliomas 
induced by Schmidt-Ruppin strain of Rous sarcoma virus. They reported that many 
capillaries and venules were normal, others showed proliferation of endothelial cells. 
Some capillaries had extremely attenuated endothelial cells. Fenestrations of the 
endothelial cells were observed only in 4 capillaries in anaplastic sarcomas. Basement 
membrane showed “irregularities” and pericytes were present in these blood vessels.

Huesby et al (1975) reported that newly formed blood vessels in a growing mammary 
carcinoma explant in mice showed a lack of "maturation". The newly formed blood 
vessels had sinusoidal architecture and lacked both a muscular layer and an internal 
elastic membrane. Warner et al (1975), however, reported the presence of arterioles 
and venules in addition to capillaries in spontaneous mammary carcinoma in C3H mice.

Deane and Lantos (1981) demonstrated that the blood vessels in experimental brain 
tumours (astrocytomas) in rats had a capillary-like structure consisting of a single layer 
of endothelial cells resting on a basement membrane with those above 5 pm in diameter 
occasionally surrounded by pericytes.

Using electron microscopy, Mattsson et al (1982) demonstrated that the blood vessels 
in 20-methylcholantherene induced fibrosarcoma in rat had similar structure to those in 
the surrounding normal subcutaneous tissue. The blood vessels, in both situations, 
consisted of a single layer of endothelial cells surrounded by pericytes or primitive 
smooth muscle cells.

Konerding et al (1991) studied the ultrastructure of tumour angiogenesis in human 
xenotransplanted tumours (mice with human melanoma or head and neck carcinoma) 
and reported that the blood vessels with differentiated intima, media and adventitia 
could not be seen except for the incoporated host vessels. Majority of the blood vessels 
had capillary-like architecture and both fenestrated and non-fenestrated endothelial cells 
were observed forming the wall of the same capillary. The basal lamina formed multiple 
layers. Pericytes and fibroblast-like cells were frequently observed in the walls of these 
blood vessels.

Trotter et al (1991) demonstrated the presence of smooth muscle cells in the walls of 
blood vessels supplying transplantable murine SCCVII/St squamous cell carcinoma in 
C3H/He mice. Using muscle-actin-specific monoclonal antibody they demonstrated that 
the blood vessels with smooth muscle in their walls were confined to the periphery of 
the tumour and were greatly outnumbered by those having no muscle cells in their 
media.
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Pili et al (1994) reported that the tumours (EHS carcinoma) grown in young adult 
mice have large number of small blood vessels compared with those found in the 
tumours grown in old mice which are fewer but larger in diameter.

1.8.2. Structure o f blood vessels supplying humans tumours:

Many workers have examined the structure of bood vessels in various human tumours. 
In the following section the relevant literature is briefly reviewed.

Long (1970) examined capillary ultrastructure in glioblastomas, metastatic carcinomas 
in brain, malignant meningiomas and durai sarcomas. Capillary ultrastructure varied not 
only from tumour to tumour but also within the same tumour. Some capillaries had 
completely normal structure while others were barely recognisable. The endothelial 
cells of these capillaries had cytoplasmic processes projecting into the lumen. 
Interendothelial cell junctions varied greatly and the same blood vessel was found to 
have both normal and abnormal cell junctions. The most commonly observed 
abnormalities were the absence of pentalaminar tight junctions and the presence of gaps 
between adjacent endothelial cells (measuring upto 500-1000°A) with free 
communication between the vessel lumen and the extravascular space. Basement 
membrane was sometimes discontinuous and showed reduplication enclosing pericytes 
between its laminae.

In another report Long (1973), using electron microscopy, demonstrated that in 
addition to capillaries, both arteries and veins with smooth muscle in their walls were 
observed in meningiomas and schwannomas. The greatly deformed capillaries were 
difficult to identify in meningiomas and when recognised had sinusoidal structure with 
interrupted basal lamina. Capillary lumina were in free communication with the 
extravascular extracellular space. On the other hand, most of the capillaries in 
schwannomas were continuous (having nonfenestrated endothelial cells and a 
continuous basal lamina). Capillary ultrastructure was, however, similar to that 
observed in meningiomas in two specimens of schwannoma.

Ward et al (1974) reported that the blood vessels in a melanoma in the central nervous 
system had capillary-like structure, with fenesterated endothelial cells resting on a 
basement membrane which was often reduplicated. A similar structure of blood vessels 
was reported in medulloblastomas (Hassoun et al,  1975) and intracranial and 
reteropeiitoneal malignant lymphomas (Hirano et al, 1974), and thymomas (Pascoe et 
al, 1976).

Chaudhry et al (1978) reported that the blood vessels in cerebellar haemangioma had 
fenersterated endothelial cells resting on a basement membrane. These were surrounded
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by pericytes having their own basal lamina. The perivascular space had scant amount of 
collagen fibres. Markesbery et al (1976) reported that fibroblasts were occasionally 
observed surrounding a single layer of endothelial cells in the walls of blood vessels 
supplying pineal carcinoma. Cox et al (1976) also reported the presence of pericytes in 
the walls of the blood vessels in gliomas.

Suzuki et al (1987) demonstrated that the walls of blood vessels in hepatocellular 
carcinoma consisted of endothelial cells resting on a basal lamina. Occasionally, 
extremely hypoplastic smooth muscle was observed in the walls of these vessels. 
Moreover, there was thinning of the media of those branches of hepatic artery that were 
supplying the tumours but extending into the normal tissue. Similar, but less marked, 
changes were also observed in the branches of hepatic artery supplying the normal liver 
situated farther from the focus of hepatocellular carcinoma.

The above discussion indicates that endothelial fenestrations are a regular feature of 
blood vessels in several tumours including haemangiopericytoma (Ramsey, 1966), 
brain métastasés from renal cell carcinoma (Hirano et al, 1972a), craniopharyngioma 
(Hirano e ta l ,  1973a), cerebellar heamangioblastoma (Kawamura e ta l ,  1973), 
neurilemoma (Hirano e ta l,  1972b; Kawamura et al, 1974), pinealomas (Tabuchi et 
al,  1973), meningiomas (Long, 1973), melanomas of the central nervous system 
(Ward et al, 1974; Hadfield e ta l,  1974), medulloblastomas (Hassoun e ta l,  1975), 
intracranial and reteroperitoneal malignant lymphomas (Hirano et a l,  1974), 
intracranial heamangiopericytoma and angiomatous meningioma (Popoff et al, 1974), 
haemagioblastomas (Tani etal, 1974; Spence etal,  1975), optic nerve glioma (Miki et 
al, 1975), thymomas (Pascoe e ta l ,  1976) and astrocytomas (Kubota et al, 1985). 
Endothelial fenestrations are occasional or absent in other tumours including 
hemangioendothelioma (Ramsey, 1966), ependymoblastomas (Hirano etal', 1973b) 
and schwannomas (Long et al, 1973)

Many reports are available on various forms of intracytoplasmic inclusions found in the 
endothelial cells of tumour blood vessels. The presence of Weibel-Palade bodies have 
been reported in ependymoblastomas and other brain tumours (Hirano e ta l,  1973b; 
Hirano et al, 1975) and haemangiopericytoma (Popoff et al, 1974).

The basal lamina of endothelial cells in the blood vessels of the tumours is also 
described in many studies. It may be normal (continuous) as in haemangioendothehoma 
and haemangiopericytoma (Ramsey, 1966), ependymoblastomas (Hirano et al, 
1973b), meningiomas and schwannomas (Long, 1973), gliomas and sarcomas (Vick et 
al, 1971) and hemangioblastoma (Spence, 1975), or it may be discontinuous as in 
intra-cranial sarcomas (Long, 1970), glioblastomas, durai sarcomas and meningiomas
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(Long, 1970). Moreover, there are many reports in the literature suggesting that the 
basal lamina of capillary endothelial cells may be multilayered or reduplicated. These 
include glioblastomas, malignant meningiomas, durai sarcomas (Long, 1970), 
medulloblastomas (Matakas and Navarro, 1970), chromophobe adenoma of the pitutary 
(Hirano etal,  1972c) and neurilemmoma (Hirano etal,  1972b).

Recently, Himeno et al (1994) have reported the presence of arterioles having an 
internal elastic lamina and the tunica media in hepatocellular carcinoma. Hovyever, the 
tunica media was incompletely developed compared with arterioles in the non- 
cancerous areas of the same liver.

1.8.3. Summary:

There is no typical structure of blood vessels in malignant tumour. Although the 
majority of tumour blood vessels have capillary-like architecture regardless of their 
size, others have muscle in their walls and even show arteriolar and venular 
architecture. The vascular architecture also seems to be dependent on the type of the 
tumour as endothelial fenestrations are frequently reported in some tumours for 
example in melanoma (Ward et al, 1974), medululloblastoma (Hassoun et al, 1975) 
and infrequently present or absent in others for example ethyl nitrosourea induced nerve 
sheath tumours in rat (Hirano et al, 1972d). Various forms of cells in the tunica media 
of tumour blood vessels are pericytes (most common), fibroblasts and smooth muscle 
cells.

1.9. Perivascular Innervation in Tumours

In contrast to extensive reports on the innervation of normal liver, very little work has 
been done on the innervation of the tumour blood vessels and there is no report in the 
hterature on the innervation of blood vessels of liver métastasés.

1.9.1. Perivascular innervation in malignant tumours:

Using methylene blue vital staining, Coutelle (1955) reported the changes in the 
distribution of nerves in Erlich’s ascites cancer grown intracutaneously in mice and 
benzpyrene induced carcinoma of the skin in mice. He demonstrated that, in these 
tumours, the nerves move away from their original site, their connections are disrupted 
and finally these nerves degenerate. Similarly, the perivascular nerves also undergo 
degeneration. Very rarely, the nerves were observed around the newly formed blood 
vessels. Using the Cajal method and silver staining he observed similar degenerative 
changes in nerves in the human carcinoma of the tongue.
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Krylova (1969 and 1977) has also suggested the absence of perivascular nerves in the 
neoplastic vessels although the type of tumours examined were not specified.

Using the Falck Hillarp method, Mattsson et a l (1977 & 1979) examined the 
privascular adrenergic innervation in hepatoma and 20-methylcholantherene sarcoma, 
implanted intramuscularly in the rat. They demonstrated that normally innervated blood 
vessels were observed in the muscle and at the tumour normal junction but vessels with 
normal perivascular innervation were absent in the tumour.

Hafstrom et a l (1980) also reported the absence of adrenergic nerves in the rat liver 
tumour models with hepatoma (Hep-H) and adenocarcinoma (NG-W) tumours using 
the Falck-Hillarp method.

Mitchell et al (1994a) demonstrated the absence of PGP immunoreactive perivascular 
nerves in the main parts of primary breast and colon carcinomas in human. However, 
some immunoreactive nerves were observed in the peripheral parts of 9/16 specimens 
of breast cancer and 8/19 specimens of colonic carcinoma. They also demonstrated the 
absence of perivascular immunoreactive nerves in colorectal and breast cell line tumours 
in immunodeficient mice (Mitchell eta l, 1994b).

1.9.2. Perivascular innervation in benign tumours:

Far less work has been done on the perivascular innervation of benign tumours. 
Mitchell et al ( 1994a,b) demonstrated the absence of PGP-IR perivascular nerves in 
fibroadenoma of breast. They also examined the perivascular innervation of 
haemangiomata and reported that although PGP-IR perivascular nerves were absent in 
the majority of tumour blood vessels, some perivascular immunoreactive nerves were 
observed in 5/7 specimens of haemangiomas. Similarly, Greco et a l (1988) have 
demonstrated the presence of perivascular nerves in osteoid osteoma using light and 
electron microscopy.

1.9.3. Summary:

Blood vessels in some malignant tumours may not have adrenergic innervation 
(Mattsson et a l, 1977; Hafstrom et a l, 1980). However, other types of perivascular 
nerves (parasympathetic and/or sensory-motor nerves) might still be present in these 
tumours as PGP-IR nerves were observed in about 50% (9/16) breast cancer, 45% 
(8/19) colonic cancer and 70% (5/7) haemangiomas (Mitchell et a l, 1994a & b). In all 
these cases the nerves were observed in the peripheral parts of the tumours. This could 
be due to encroachment of the normal tissue by the expanding tumour and incorporation 
of the blood vessels of the normal tissue into the tumour as suggested by Guillano
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(1970) which might subsequently undergo degenerative changes as observed by 
Coutelle (1955). Since there are only a few reports available on the innervation of 
benign tumours, a generalised statement is difficult to make as perivascular nerves are 
present in some and absent in others (Mitchell et al, 1994a & b; Greco et al, 1988).
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C hapter 2

M aterials a n d  M ethods
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2./. Patients and tissue specimens

Thirteen patients (Table 2.1) undergoing surgery for colorectal liver métastasés were 
included in the study. The surgical specimens consisted of métastasés and normal liver 
some distance from the tumour. It was possible to take specimens of both the normal 
liver and the tumour from 7 patients (one of these was used solely for electron 
microscopy). Tumour alone was obtained from 4 patients (including two peritoneal 
métastasés from one patient) and normal liver alone from two patients. The resection 
specimens were placed in Hank’s balanced salt solution (HBSS) and divided into 
appropriate blocks for hght and electron microscopy.

Table 2.1: Patients characteristics, nature of the surgical specimens and 
procedures performed.

Patients Age/sex Nature of specimen Procedures
Initials done
I. D. 63/F Left hemihepatectomy with metastasis LM
D. W. 66/M Incision biopsy hver metastasis LM
G. D. 70/M Wedge resection of metastasis LM
C. M. 66/M Incision biopsy hver metastasis LM
A. M. 56/M Incision biopsy hver metastasis LM
E. K. 66/F Right hemihepatectomy with LM

metastasis
D. D. 67/F Excision of peritoneal métastasés LM
S. J. 42/M Incision biopsy hver metastasis LM
R. F. 62/F Incision biopsy hver metastasis LM, TEM
A. D. 69/M Incision biopsy hver metastasis LM, TEM
D. C. 60/M Right hemihepatectomy with LM, TEM

metastasis
S. M. 57/F Resection of segments 2 & 3 with LM, TEM

metastasis
M. F. 60/F Incision biopsy hver metastasis TEM

LM= hght microscopy, TEM= transmission electron microscopy
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2.2. A n im a l m odels

All animals used in this thesis were housed in standard cages and kept in a 14 hour day, 
10 hour night cycle for at least 7 days before the start of the experiment. During 
acclimatisation, they received routine rat pellet and water diet ad libitum.

2.2.1. Syngeneic tumour model:

Inbred male Hooded Lister rats (Harlan-Olac UK Ltd., U.K.) weighing between 250- 
300g were used in all experiments mentioned in chapter 4. The animals were divided 
into three groups as follows:

2.2.1.1. Experimental group:

These animals received injections of 0.5 ml of MC28 cell suspension in phosphate 
buffered saline (PBS) containing 4 X 10  ̂ cells per ml into the ileocolic vein as 
mentioned in section 2.4.

2.2.1.2. Control group:

The animals in the control group received injections containing 0.5ml of PBS into the 
ileocohc vein as mentioned in section 2.4.

2.2.1.3. Normal:

No surgical procedure was performed in this group.

2.2.2. Xenogeneic tumour model:

Inbred male nude rats (RH-mu) (Harlan-Olac UK Ltd., U.K.) weighing between 250- 
300g were used in all experiments mentioned in chapter 5. The animals were divided 
into three groups as follows:

2.2.2.1. Experimental group:

These animals received injections of 0.5 ml of HT29 cell suspension in PBS containing 
1 X 10̂  cells per ml into the ileocolic vein as mentioned in section 2.4.

2.2.2.2. Control group:

The animals in the control group received injections containing 0.5ml of PBS into the 
ileocohc vein as mentioned in section 2.4.
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2.2.23. Normal:

No surgical procedure was performed in this group.

2,3. In vitro culture of cancer cells

2.3.1. Maintenance o f cells in culture:

Syngeneic MC28 cells (passage number 15-18) (a gift from Dr. Eccles, Institute of 
Cancer Research, UK) and HT29 cells (passage number 02-06) (ECACC, U. K.) were 
cultured in 75 cm^ plastic Nunc flasks (Gibco BRL, UK) in Dulbecco's modified 
Eagle's medium (DMEM) with glutamax (Gibco BRL, UK), fortified with 10% fetal 
calf serum (Gibco BRL, UK) and penicillin and streptomycin (100 microgram/ml each) 
(Gibco BRL, UK). The cells were maintained at 37°C in a humidified atmosphere 
containing 5% CO2.

2.3.2. Trypsinization:

Confluent cultures were washed twice in PBS to remove traces of serum containing 
medium, and disaggregated by incubating the cells in 3 ml of trypsin-EDTA containing 
500 pg/ml of trypsin and 0.02% EDTA in PBS (Gibco BRL, UK) at 37°C for 3 
minutes. Subsequently, trypsin was partially neutralised with 10 ml of DMEM 
containing 10% fetal calf serum. The resultant cell suspension was transferred into a 
centrifuge tube using a pipette and centrifuged at 3(X)g for 5 minutes. The supernatant 
was removed and the resultant pellet was washed twice in PBS (at 300g for 5 minutes 
each) to remove any traces of trypsin.

2.3.3. Cell counts and viability:

After the final washing, the resultant pellet was resuspended in PBS to obtain a single 
cell suspension. Cells were directly counted using a haemocytometer by mixing a drop 
of cell suspension with a drop of trypan blue. The final concentration was adjusted to 4 
X 10̂  cells/ml for MC28 cells and 2 X 10'̂  cells/ml for HT29 cells. Cell viability was 
ascertained (using a haemocytometer) by the trypan blue dye exclusion method and was 
found to be >95%.

2.3.4. Freezing cells:

Following routine trypsinization and washing, the cells were resuspended in 1 ml 
freezing mixture [1ml DMSO (Sigma, UK)4- 9 ml DMEM with 10% fetal calf serum] 
and frozen over the vapour phase of liquid nitrogen, for storage.
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23.5. Recovering cells from liquid nitrogen:

Frozen cells were recovered from liquid nitrogen and rapidly thawed at 37°C, added to 
4 ml DMEM with 10% fetal calf serum containing penicillin and streptomycin (100 
|ig/ml each) in a sterilin tube and centrifuged at 250 g for 3 minutes. The supernatant 
was removed with a pipette and the resulting pellet gently resuspended in 1 ml (DMEM 
with 10% fetal calf serum containing 100 pg each of penicillin and streptomycin). The 
cells were plated out in the same medium and maintained in culture as mentioned above 
(section 2.3.1)

2.4. In jec tion  o f  c e ll su spen sion  or sa lin e  in to  th e  ileoco lic  
v e i n

Animals were anaesthetized with a mixture of halothane (3% v/v) and oxygen and a 
midline laparotomy was performed. The caecum and terminal coils of the ileum were 
delivered via the wound and the ileocolic vein was identified in the mesentery. 2X10^ 
MC28 cells or 1 X 10̂  HT29 cells (0.5 ml of cell suspension) were injected into the 
ileocolic vein (of Hooded Lister and nude rats respectively) using a fine needle (27G). 
To avoid backflow of blood, pressure was applied at the puncture site on withdrawal of 
the needle. The laparotomy wound was closed in two layers using 3/0 silk (Ethicon, 
UK). In animals of the conU"ol group 0.5 ml of PBS was injected into the ileocolic vein 
instead of the cancer cell suspension.

2.5. T issue specim en s

Terminal anaesthesia was administered to the animals two weeks after surgery in 
Hooded Listers and three weeks after surgery in nude rats. In the experimental group, 
tumour, along with adjacent normal liver, was excised. The tissue was placed in 
Hank’s balanced salt solution (HBSS) and divided into appropriate tissue blocks for 
light and electron microscopy. In the control group, the tissue was taken from two 
different regions of the right lobe of the liver; one at the hilum and the other some 
distance away from it. In the normal group, the tissue was taken from the same two 
regions of each of the m^or lobes (right, left and median).

2.6 . Im m u n o h is to ch em is try

Immunohistochemistry involves the visual identification of target molecules in tissues 
and cells through specific interaction of antibody with antigen. The antibody is tagged 
with specific signal generator (indicator) e.g. fluorochrome, enzyme or metallic 
particle. Most common are fluorescent dyes, the molecules of which reach an excited 
state after absorbing a certain quantum of energy. The return of these excited molecules
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to lower energy level is coupled with emission of radiations. The wavelength of the 
emitted radiation is different from the one that was absorbed. For instance, after 
excitation with ultraviolet light, the wavelength of emitted ratiation will be shifted into 
the visible range which is observed as bright fluorescence under a microscope equipped 
with suitable filters. This basic phenomenon was used for the first time by Coons gt a/, 
in 1941 employing fluorescein isocyanate labelled antibodies to identify tissue antigens. 
This one step staining method, now called direct immunohistochemistry, was 
subsequently modified by Coons and Kaplan (1950), who used fluorescein 
isothiocyanate labelled antibodies to identify tissue bound antigens. Fluorescein 
isothiocyanate is optimally excited by 494 nm wave length radiation and emits maximal 
light at 525 nm wave length (observed as apple green fluorescence).

The indirect immunohistochemistry was adapted from direct method of immunostaining 
by Coons (1955). It involves the use of two layers of antibodies. The first layer is an 
antibody raised against the substance of interest and is applied to tissues where it binds 
to its antigen. The second layer consists of an antibody raised against the gamma 
gloubin (IgG) of species which donated the first layer antibody (i.e. it identifies the 
presence of 1st layer antibody). The marker molecules (fluorescein isothiocyanate) are 
attached to the second layer antibody. Each molecule of primary antibody gives 
attachment to several molecules of the second layer antibody, each of which is attached 
to streptavidin. Each molecule of streptavidin is attached to more than one molecules of 
fluorescein isothiocyanate. This results in signal amplification. Further modifications of 
indirect immunohistochemistry include bridge indirect method in which an antibody lies 
in between the primary antibody and the antibody carrying the indicator molecule e.g. 
peroxidase-anti-peroxidase (PAP) and alkaline-phosphatase-anti-alkaline-phosphatase 
techniques.

In the present study, at the light microscopic level, indirect immunohistochemical 
technique has been employed using the avidin biotin system to visualize the presence of
peptide-like immunoreactivity in the tissues (Soediono etal. 1993).

This is an extensively used and reliable method, provided adequate controls are 
performed. Like any other method of immunohistochemistry this method may show 
non-specific reactions (false positive). The non-specific reactions arise from (i) cross
reactivity of tissues which is due to shared amino acid sequences between related 
peptides so that an antibody can react with more than one antigens instead of the desired 
one; and (ii) non-specific antibodies in the donor serum that may react with tissue 
components in addition to antigens of interest. Non-speciEc immunoreactivity due to 
primary antibody can be recognized by (i) preabsorbing the antibody with its specific 
antigen (this should produce no staining if the antibody is specific); and (ii)
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preabsorbing the antibody with related and unrelated antigens (this should not cause 
any diminution of staining, indicating no cross reactivity). Non-specific 
immunoreactivity due to secondary antibody can be detected by omission of the primary 
antibody and directly applying the secondary to the tissue (this should not produce any 
staining).

2.6.1. Immunostaining fo r light microscopy:

Tissue blocks were fixed in 4% paraformaldehyde in phosphate buffered saline (PBS) 
for 3 h at 4°C and then washed in 7% sucrose in PBS containing 0.01% sodium azide 
and stored at 4°C for at least 18 h. The tissue was then mounted on cork blocks in 
Tissue Tek (OCT) (Miles Inc., USA) and frozen by immersion in isopentane which 
was cooled by liquid nitrogen. 10 |im sections were cut on a cryostat (Reichart-Jung, 
Cambridge Instruments, Germany) at -25°C. The sections were mounted on gelatine- 
coated slides and incubated in humid chambers at room temperature for 18 h with 
polyclonal antisera to general neuronal marker protein gene product 9.5 (PGP) 
(Ultraclone, UK), TH (Affiniti, UK) and to the following neuropeptides: VIP (INC, 
UK), NPY (Peninsula Laboratories, UK), CGRP (Cambridge Research Laboratories, 
UK), SP (Cambridge Research Laboratories, UK), AT II (Peninsula Laboratories, 
UK), SOM (Affiniti, UK) and atrial natriuretic peptide (ANP) (Cambridge Research 
Laboratories, UK) at dilutions of 1:1000. The preparation was washed in PBS and 
incubated with biotin-conjugated goat anti-rabbit immunoglobin at a dilution of 1:250 
for 1 h, washed in PBS and incubated with streptavidin-fluorescein isothiocyanate 
conjugate at 1:100 dilution, for a further hour. The sections were incubated with 0.1% 
pontamine sky blue (BDH) in 1% dimethyl sulphoxide (DMSO) (Sigma, UK) in PBS 
to reduce background autofluorescence (Cowen et al, 1985). Specimens of tumour and 
normal liver were processed simultaneously under identical conditions. 
Immunoreactivity was viewed using a Zeiss microscope equipped with a KP 560 filter 
for viewing FITC fluorescence. Selected areas were photographed on Kodak TMX 
3200 film. Phase contrast photographs of the liver parenchyma were also taken, in 
order to localize immunoreactivity in relation to intralobular structures.

For controls, the tissues were incubated with antibody inactivated by the addition of 
excess antigen (10 nmol of antigen to 1 ml of respective antisera) or by omitting the 
primary antibody and using normal rabbit serum as a first layer.

Sections were also stained with haematoxylin and eosin (H & E) and van Geison's 
stains for histological examination of the tissues.
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2.6.2. Immunostaining procedure:

Air dry at room temperature for 30 minutes.
Primary antibody at 1:1000 dilution at room temperature for 18 hours.
Wash in PBS at room temperature for 15 minutes (repeated twice).
Biotinylated donkey anti-rabbit antibody at 1:250 dilution at room temperature for one 
hour.
Wash in PBS for 15 minutes at room temperature (repeated twice).
FITC-streptavidin at 1:100 dilution at room temperature for one hour.
Wash in PBS for 15 minutes at room temperature (repeated twice).
Pontamine sky blue at room temperature for 3 minutes.
Wash in PBS for 15 minutes at room temperature (repeated twice).
Mount in citiflour (UKC Chemical Lab., UK).

2.7. Haematoxylin and eosin staining

The sections were washed in water and stained with Ehrlich’s haematoxylin solution 
for 30 minutes. After a brief wash in water, the section were differentiated in acid 
alcohol and counterstained with eosin solution. The excess of the stain was washed off 
in water. Subsequently, the sections were dehydrated and cleared and finally mounted 
in DPX (BDH, UK). The sections were passed through the following solutions:

2.7.1. Staining:

Wash in tap water at room temperature for 2 min.
Ehrlich’s haematoxyhn solution at room temperature for 30 min.
Wash in tap water at room temperature for 5 min.
Acid alcohol at room temperature for 2 seconds.
Wash in tap water at room temperature for 15 min.

2.7.2. Counter-staining:

1% eosin solution at room temperature for 2 min.

2.7.3. Dehydration:

70% ethanol at room temperature for 2 min.
Absolute ethanol (BDH, UK) at room temperature for 3 min. (repeated once).

2.7.4. Clearing:

Histoclear (National diagnostics, USA) at room temperature for 3 min. (repeated once).

65



2.7.5. Mounting:

The sections were mounted in DPX (BDH, UK).

The composition of the solutions used is described in appendix 2.1.

2.8, Weigert's haematoxylin staining couterstainedwith van 

Geison solution

Van Geison’s technique is highly specific for demonstrating collagen and gives good 
results with a wide range of fixatives. However, one major drawback of this technique 
is its inabililty to stain newly formed collagen fibers.

Tissue sections were stained with weigert haematoxylin and counter-stained in van 
Geison’s solution. The sections were rinsed in distilled water and dehydrated in 
alcohol. After clearing in histoclear (National diagnostics, USA) the sections were 
mounted in DPX (BDH, UK). The sections were passed through following solutions 
for the time indicated against each.

2.8.1. Staining:

Weigert haematoxylin at room temperature for 15 min.
Wash in tap water at room temperature for 5 min.
Wash in distilled water at room temperature for 5 seconds.

2.8.2. Counter-staining:

Van Geison’s solution at room temperature for 5 min.

2.8.3. Dehydration:

95% ethanol at room temperature for 3 min (repeated once)
Absolute ethanol at room temperature for 3 min. (repeated once).

Clearing and mounting were performed as described for H & E staining in sections 
2.7.4 & 2.7.5 respectively.

The composition of the solutions used is described in appendix 2.1.

2.9, Transmission electron microscopy

The tissue blocks were immerse fixed in a mixture of 2% paraformaldehyde (Taab, 
UK) and 2% glutaraldehyde (BDH, UK) in 0.1 M cacodylate buffer (pH 7.4) for three
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hours (see below for variation in method). The tissue was then washed in cacodylate 
buffer and left in the same buffer overnight at 4°C. 200 p.m thick section were cut with 
the help of a vibratome (Camden Instruments Ltd., UK) and placed in cacodylate buffer 
until further processed. After osmication for 1 h in 1% osmium tetraoxide (Johnson 
Matthey Chemicals, Ltd., UK) in 0.1 M cacodylate buffer, the sections were stained for 
45 min in 2% uranyl acetate (Agar Scientific, UK) in water at 4°C, dehydrated in 
ethanols, cleared in propylene oxide and embedded in Araldite. The areas of interest 
(centre of the tumour, periphery of the tumour, tumour normal junction and the normal 
liver) were cut from the vibrotome section using a razor blade and glued on to an 
Araldite stub. Semithin sections (1 |im) were cut with glass knives, and stained with 
toluidine blue for light microscopy. From the adjacent area ultrathin sections (60-70 
nm) were cut using a diamond knife on Reichert Ultracut E ultramicrotome and 
collected on carbon coated copper single slot or mesh grids (Agar Scientific, UK). 
These sections were counterstained with Reynolds lead citrate (in distilled water) 
(Reynold, 1963), and viewed with a Jeol 1010 electron microscope. Selected areas 
were photographed on Kodak ESTAR thick base 4489 film.

After initial fixation, some of the tissue was divided into approximately 1 mm^ blocks 
and left in the same fixative overnight at 4°C. After washing in cacodylate buffer this 
tissue was processed alongside the vibrotome sections. In case of xenogeneic tumour 
model, the animal was perfuse fixed transcardially with a mixture of parafomaldehyde 
and glutaraldehyde followed by immerse fixation in the same fixative for 3 hours. 
Further processing of the tissue was exactly the same as that of human tissue or tissue 
from syngeneic tumour model. The details of tissue processing for TEM is described in 
section 2.9.1. and the composition of various solutions used are given in appendix 2.2.

2.9.1. Electron microscope procedure:

The tissue sections were successively treated with:

2.9.1.1. Post-fixation:
0. IM cacodylate or Millonig's buffer at room temperature for 5 min.
1% osmium tetraoxide (Johnson Mattey Chemicals, UK) in O.IM cacodylate buffer at 
4°C for Ih.
O.IM cacodylate buffer at room temperature for 5 min.

2.9.1.2. Staining:
O.IM sodium acetate buffer at room temperature for 5 min.
2% uranyl acetate (Agar Scientific, UK) in O.IM sodium acetate buffer at 4“C for 45 
min.
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0. IM sodium acetate buffer at room temperature for 5 min. 
distilled water at room temperature for 5 min.

2.9.1.3. Dehydration:
25% ethanol at room temperature for 5 min.
50% ethanol at room temperature for 5 min.
70% ethanol at room temperature for 5 min.
80% ethanol at room temperature for 5 min.
90% ethanol at room temperature for 5 min.
Absolute ethanol (BDH, UK) at room temperature for 10 min (repeated 4 times).

2.9.1.4. Clearing:
Propylene oxide (BDH, UK) for 10 min (repeated 4 times).

2.9.1.5. Embedding:
1:1 Araldite resin (Taab, UK): propylene oxide (BDH, UK) at room temperature for 45 
min.
Araldite resin at 4“C for 24 h (repeated 2 times).

2.9.1.6. Mounting:
The sections were placed on 75 jim thick Melinex acetate sheets (ICI, UK), between 
glass slides, weighed down to produce flat sections and remove excess resin, in an 
oven at 60°C for 16 h.

2.10. Toluidine blue staining

Semithin sections were rinsed in distilled water and then stained with 1% toluidine blue 
stain for 15 seconds at room temperature. Excess stain was washed off after this and 
the sections were air dried and mounted in DPX (BDH, UK).

2.11. Analysis of results

The majority of the work presented in this thesis is qualitative. It was, however, 
possible to measure the density of different types of immunoreactive nerves in the 
parenchyma of the human liver using a Seescan image analysis system, the details of 
which are given in section 2.11.1. Stastistical analysis of the data was performed as 
described in section 2.11.2.

Both in human and rat livers, computerised image analysis was not possible around 
interlobular branches of intrahepatic blood vessels due to the interference caused by 
bright autofluorescence of the internal elastic lamina. Around these blood vessels the 
density of different types of nerves was subjectively assessed on a scale from absent (-)
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to very dense (+++++) with intermediate grades in between these two extremes. In 
order to reduce observer variations, each slide was examined at two different times; 2nd 
time without the knowledge of the results of 1st assessment on that slide.

2.11.1. Image analysis:

2.11.1.1. Image analysis system:

The Seescan image analysis system (Seescan Imaging Ltd., UK) was used to assess 
the density of PGP immunoreactive (IR), NPY-IR and TH-IR nerve fibres in the 
parenchyma of the human hver.

The Seescan image analysis system consists of a high-sensitivity CCD (charge coupled 
device) camera mounted on a Zeiss microscope. The image is displayed on a video 
monitor that was interfaced with a microprocessor. The image analysis system exploits 
grey level differences between various components of the image and the background. 
The image acquired is digitized (captured) by an analogue/digital converter into a 
regular array of picture points known as ‘pixels’. Each pixel is assigned a number from 
0 to 128 which represents the grey level, that is brightness of the image at that point in 
the array, where 0 = black and 128 = white. These values are stored in the computer 
memory. The computer software allows editing of any or all of the pixels after their 
storage in the computer memory. For instance different pseudocolours can be allocated 
to a particular grey level. This allows us to segregate the areas of interest from the 
background. The computer software also translates the digital co-ordinates into 
specified parameter such as length and area. Details of the procedure of image analysis 
are described below.

2.11.1.2. Image analysis procedure:

At the begining of each session the microscope, camera and the image analyser were 
switched on for about 5-10 minutes allowing the system to stabilize before taking any 
measurements. Subsequently, the microscope was optimally aligned (using a lOX 
objective) and the system was geometrically calibrated using the video image of a stage 
micrometer of a known length. This allowed the expression of subsequent 
measurements of the area in an appropriate unit (|im^). The parameters to be measured 
(the ratio of the fluorescent area to total field area) were selected from the software 
menu.

Ten representative areas of the hver parenchyma were computer analysed for each type 
of immunoreactive nerves i.e PGP-IR, NPY-IR and TH-IR nerves in a relatively 
constant area (2.557 X 10  ̂pm^ ± 7.02 X 10^) of the parenchyma to reduce the field
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selection errors. Care was taken so that bias was not introduced in the selection of 
fields analysed. A threshold was set to remove the background labelling and the 
computer assisted image analysis converted the image into a binary form corresponding 
to positive (coloured red) or negative (coloured blue) immunofluorescence. The 
resultant fluorescent area was represented as a percentage of the whole area of the 
frame.

2.11.2. Statistical analysis:

All the statistical tests used in the preparation of this thesis were performed using the 
Statview 4.02 (Non-FPU) software programme (Abacus Concepts, Inc., USA, 1992).

The results for each group of immunofluorescent nerves, in any patient, were tested 
against each of the remaining two groups using the Mann-Whitney U test. A level of 
probability of 0.05 or less was considered to be significant. The means of the density 
of immunofluorescence of each type of intraparenchymal nerves in the normal liver 
were compared with those of the tumour using the Mann-Whitney U test.
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Chapter 3

Absence of autonomic perivascular nerves in human 
colorectal liver métastasés
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3,1, Summary

The peptidergic/aminergic innervation of normal human liver and tumour blood vessels 
in colorectal liver métastasés was investigated in order to determine neural control of 
these blood vessels. Selected areas of liver métastasés and macroscopically normal liver 
from resection specimens (n=13) were studied using light microscope 
immunohistochemistry for the presence of protein gene product 9.5 (PGP), vasoactive 
intestinal peptide (VIP), neuropeptide Y (NPY), calcitonin gene-related peptide 
(CGRP), substance P (SP), tyrosine hydroxylase (TH), atrial natriuretic peptide 
(ANP), somatostatin (SOM) and angiotensin II (AT II). The ultrastructure of blood 
vessels supplying liver métastasés and their perivascular innervation were also 
examined by transmission electron microscopy.

In the normal liver, perivascular immunoreactive nerve fibers containing PGP, NPY 
and TH were observed around the interlobular blood vessels and along the sinusoids 
and the central vein of the hepatic lobule. The greatest density of immunoreactive nerve 
fibers was seen for PGP followed (in decreasing order) by NPY and TH. VIP, SP and 
CGRP immunoreactivity was observed only in nerve bundles associated with the large 
interlobular blood vessels. AT II immunoreactive (IR), ANP-IR, and SOM-IR nerves 
were absent. In contrast, no perivascular immunoreactive nerves were observed in 
colorectal liver métastasés. Electron microscopy confirmed the absence of perivascular 
nerves in liver métastasés. In addition, it showed that the walls of these blood vessels 
were composed of a layer of endothelial cells surrounded by an incomplete, or very 
rarely in the periphery of the tumour, a complete, layer of synthetic phenotype of 
smooth muscle-like cells.

These results imply that the blood vessels supplying liver métastasés are bereft of 
normal neuronal regulation; whether there is a role for endothelial cell control of blood 
flow in these vessels is not yet known.
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3.2, Introduction

Hepatic artery infusion chemotherapy is commonly prescribed by surgical oncologists 
for the treatment of unresectable liver métastasés. It is associated with an increased 
tumour response rate compared to systemic chemotherapy (Kemeny et a l, 1987). A 
randomized trial has suggested that hepatic artery infusion chemotherapy improves the 
survival rate compared to untreated controls (Hunt et a l, 1990). There is some 
evidence that coadministration of vasoactive agents such as angiotensin II (AT II) can 
improve the efficacy of hepatic artery infusion chemotherapy (Hemingway et a l, 
1991a; Goldberg et al, 1991a). However, Sasaki et a l (1985) have shown that AT II 
reaches the peak of its action at about 100s from the start of the infusion. After this 
time, there is a gradual fall in the tumour to normal liver ratio despite its continuous 
infusion for three to four minutes. This short duration of action limits the efficacy of 
AT II. In contrast with the empirical use of AT II, vascular manipulation might be 
achieved by administration of vasoactive substances, normally present in the liver but 
not in the tumour, e.g. various amines and peptides which are present in the 
perivascular nerves of the normal liver (Gulbenkian et a l, 1985; Goehler et al, 1988; 
Ueno e ta l, 1991).

It has been shown in different mammalian species that the neuronal control of the 
normal liver and its vasculature utilizes not only noradrenaline but also various 
peptides; the latter include substance P (SP) (Ueno et a l, 1991; Fehér et a l, 1992), 
vasoactive intestinal polypeptide (VIP) (Ueno e ta l, 1991), calcitonin gene-related 
peptide (CGRP) (Goehler et a l, 1988), somatostatin (SOM) (Fehér et a l, 1992), 
neuropeptide Y (NPY) (Gulbenkian et al, 1985; Inoue e ta l, 1989; Ding et al, 1991); 
tyrosine hydroxylase (TH) can be used as a marker for sympathetic nerves (Burt et al, 
1989).

The purpose of the present study is to investigate the perivascular innervation and 
ultrastructure of blood vessels supplying human colorectal hver métastasés compared 
with those of the normal liver.

3.3. Material and Methods

Surgical specimens were obtained from 12 patients for light microscope 
immunohistochemistry. The details of patients and tissue specimens have been 
described in section 2.1 and summarised in table 2.1. and the details of immunostaining 
for light microscopy is described in section 2.6.1. Briefly, the tissue sections, mounted 
on gelatine-coated shdes, were incubated with polyclonal antisera (primary antibody) to
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general neuronal marker protein gene product 9.5 (PGP) (Ultraclone, UK), TH 
(Affiniti, UK) and to the following neuropeptides: VIP (INC, UK), NPY (Peninsula 
Laboratories, UK), CGRP (Cambridge Research Laboratories, UK), SP (Cambridge 
Research Laboratories, UK), AT II (Peninsula Laboratories, UK), SOM (Affiniti, 
UK) and atrial natriuretic peptide (ANP) (Cambridge Research Laboratories, UK) at 
dilutions of 1:1000. For the details of further processing of tissue sections see section
2.6. The density of various types of immunoreactive nerves in the liver parenchyma 
was measured using Seescan image analysis system and statistical analysis of results 
was carried out using Statview 4.02 (Non-FPU) software programmme (for details of 
each see sections 2.11.1.2 and 2.11.2 respectively). The details of H & E and van 
Geison's staining procedures are described in sections 2.7 and 2.8 respectively. Tissue 
specimens from 5 patients were also examined by transmission electron microscopy 
(for details see section 2.9.1).

3,4, Results

3.4.1. Light Microscopy:

3.4.1.1. Histology:

3.4.1.1.1. Normal liver: In the normal liver, hexagonal liver lobules with portal 
tracts occupying the comers of the hepatic lobule were observed. Within the lobule, 
hepatic cords were separated from each other by the sinusoids. In the center of the 
hepatic lobule the central vein was observed (Fig. 3.1a). Larger interlobular branches 
of the hepatic artery and the portal vein were observed in the interlobular connective 
tissue. There was no evidence of micrometastases.

3.4.1.1.Ü. Liver métastasés: Histopathological (H & E) examination 
demonstrated that ten out of eleven patients had moderately differentiated 
adenocarcinoma (Fig. 3.1b). The eleventh patient had a poorly differentiated 
adenocarcinoma. The amount of stroma varied in different regions of the tumour. It 
consisted of bundles of collagen fibers as it stained pink with van Geison's. Tumour 
blood vessels were observed in the stroma of the tumour (Fig. 3.5b).

3.4.1.2. Immunohistochemistry

3.4.1.2.L Normal liver: PGP-IR nerves were observed as single varicose nerve 
fibers or thicker fascicles at the adventitial medial border of the interlobular branches of 
the hepatic artery (150-1500 |im) and the portal vein in the interlobular connective 
tissue (Fig. 3.2a; Fig. 3.4). In the adventitia of these blood vessels thick nerve bundles 
were also observed.
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Smaller interlobular branches (less than 150 }im in diameter) of hepatic artery and portal 
vein, of the portal tract, had single nerve fibers or thicker fascicles associated with 
them. No large bundles were observed at this site. All divisions of the arteries were 
more densely innervated than the corresponding veins. A few nerves were also 
observed in association with the interlobular bile ducts.

In the liver lobule PGP-IR varicose nerve fibers were observed along the sinusoids and 
the hepatic cords (Fig. 3.3a). Outer portions of the liver lobules were more densely 
innervated than the central portions. Occasionally these nerves were seen to traverse to 
the central vein of the hepatic lobule. Although the pattern of innervation was the same 
throughout the liver, some lobules were more densely innervated than the others in any 
given section. In addition to these variations, liver parenchyma in some patients was 
found to be more densely innervated than in other patients.

NPY-IR and TH-IR nerves had similar patterns of distribution both around interlobular 
blood vessels and within the hepatic lobule (Fig. 3.2c,d; Fig. 3.3b,c). The greatest 
density of IR nerves was observed for PGP followed, in decreasing order, by those of 
NPY-IR and TH-IR nerves (Table 3.1). Statistical analysis of the data showed that in 
any given patient the density of PGP-IR nerves was significantly more than NPY-IR 
nerves (p<0.035) and TH-IR immunoreactive nerves (p<0.0001). Similarly, the 
density of NPY-IR nerves was significantly more than that of TH-IR nerves
(p<0.002).

VIP-IR, SP-IR and CGRP-IR nerve fibers were not observed (Fig. 3.3d) except for a 
few IR nerve fibers in the thick nerve bundles running in the adventitia of the larger 
interlobular blood vessels (Fig. 3.2b). AT II-IR, SOM-IR and ANP-IR nerves were 
absent.

3.4.1.2M. Liver métastasés: No neuronal immunoreactivity (Fig. 3.5a) was 
observed in association with the blood vessels or parenchyma in any of the colorectal 
hver or peritoneal métastasés (Table 3.2). However, in the stroma of the colorectal hver 
métastasés thick bundles of autofluorescent tissue were observed on PGP staining (Fig. 
3.6a). This immunoreactive tissue stained pink with van Geison's which is specific for 
collagen (Fig. 3.6b).

3.4.2. Electron Microscopy:

3.4.2.1. Normal liver. In the portal tract, the branches of the hepatic artery and the 
portal vein were observed. The walls of these blood vessels were composed of a layer 
of endothehal cells surrounded by a layer of contractile phenotype of smooth muscle
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Figure 3.1:

Histology of normal human liver and colorectal liver métastasés.

(a) A liver lobule and portal tract (PT) (stained with H & E). The following 
structures are observed in the lobule; central vein (CV), sinusoids (S) and hepatic cords 
(H). Calibration bar = 100 pm.

(b) Microscopic structure of the colorectal hver métastasés (toluidine blue staining). 
Note that the gland alveoli (A) are surrounded by fibrous stroma (S). Calibration bar = 
50 pm.
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Figure 3.2:

Distribution of immunoreactive nerves around interlobular branch of the hepatic artery.

a) PGP-IR nerves around interlobular branch of the hepatic artery. Note that the 
nerves are distributed at the adventitial medial border (straight arrows). In 
addition large nerve bundles (open arrows) are present in the adventitia of 
these blood vessels. Note the autofluorescence in internal elastic lamina 
(arrowhead).

b) VIP-IR nerves around interlobular branch of the hepatic artery. Note that 
immunoreactive nerves are present only in the adventitial nerve bundles (open 
arrows). They are not present at the adventitial medial border of the blood 
vessel. Note the autofluorescence in the internal elastic lamina (arrowhead).

c) NPY-IR nerves around interlobular branch of the hepatic artery. Note that 
immunoreactive nerves are present both at the adventitial medial border (straight 
arrows) and in the adventitia (open arrows). Note the autofluorescence in 
internal elastic lamina (arrowhead).

d) Distribution of TH-IR nerves around the interlobular branch of the hepatic 
artery. Note that the nerves are present both at the adventitial medial border 
(straight arrows) and in the adventitia (open arrow). Note the autofluorescence 
in the internal elastic lamina (arrowhead).

Calibration bar = 80 pm.
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Figure 3.3 :

Distribution of nerves within the hver parenchyma on fluorescent microscopy.

a) PGP-IR nerves (straight arrows) are observed along the sinusoids and 
hepatic cords.

b) NPY-IR nerves (straight arrows) in the hver parenchyma. Note that the nerves 
run along the sinusoids and the hepatic cords.

c) TH-IR nerves (straight arrows) in the hver parenchyma. Note that the nerves 
run along the sinusoids and the hepatic cords. An area of autofluorescence is 
indicated by an open arrow.

d) VIP-IR nerves are absent along the hepatic cords (H).

Cahbration bar =125 }im.
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Figure 3.4:

Distribution of PGP-IR nerves in the liver.

PGP-IR nerves (straight arrows) are observed around interlobular branches of the 
hepatic artery (A), portal vein (V) and the bile duct (B).

Calibration bar = 100 p.m.
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Figure 3.5:

Microscopic structure of colorectal liver métastasés.

a) Note that there are no NPY-IR nerves in the colorectal liver métastasés. Some
autofluorescent areas are observed (open arrow). Calibration bar = 80 |Lim.

(b) Light microscopic structure of colorectal hver métastasés (toluidine blue
stain) showing a blood vessel (black arrow) in the vicinity of the gland alveoli 
(white arrow). Calibration bar = 50 |J.m.
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Figure 3.6:

Microscopic structure of colorectal liver métastasés:

a) Autofluorescence (open arrows) is visible in the stroma of colorectal liver 
métastasés on PGP staining. Tumour parenchyma is also visible forming 
alveolar pattern (A).

b) Autofluorescent tissue in fig. 3.6a is stained pink with van Geison’s stain (open 
arrows). Tumour parenchyma is observed forming alveolar pattern (A).

Calibration bar = 60 p.m.
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cells. Bundles of unmyelinated nerve fibers were observed in the connective tissue 
around blood vessels (Fig. 3.7a). The nerve fibers of these bundles contained variable 
sized dense cored (600-1300°A diameter) and clear vesicles (250-800°A diameter). The 
nerves were more dense around the branches of the hepatic artery than around those of 
the portal vein. Occasionally they were observed in association with the interlobular bile 
ducts.

In the liver lobule, nerve fibers were observed in the space of Disse running close to the 
hepatocytes. The latter showed invaginations of the surface membrane where they made 
contact with the nerve varicosity (Fig. 3.7b,c). The diameter of these nerve varicosities 
ranged from 650 nm to 2000 nm and they contained dense-cored and clear vesicles of 
variable size. On occasions, these nerve varicosities were observed in the proximity of 
the sinusoidal endothelial cells, Ito cells or Kupffer cells.

3,4.2.2. Liver métastasés. Colorectal liver métastasés showed marked 
heterogeneity of blood vessels both regarding their size and density of distribution. The 
centre of the tumour showed loss of boundaries of all types of cells. Numerous free red 
blood cells were observed in this region.

More peripherally, blood vessels of variable size were observed. Their size ranged 
from 8-55 |im (Fig. 3.8a,b). Irrespective of size, the blood vessels were remarkably 
similar in structure. The wall of these blood vessels was made up of a single layer of 
endothelial cells resting on a basement membrane. Occasionally these blood vessels 
were surrounded by an incomplete layer of smooth muscle cells of variable phenotype, 
nearly always of the secretory (proliferative) form (Fig. 3.9a). Very rarely, in the 
extreme periphery of the tumour, blood vessels with a complete layer of synthetic 
phenotype of smooth muscle cells were also observed (Fig. 3.9b).

The endothehal cells had occassional cytoplasmic fenestration, a large amount of rough 
endoplasmic reticulum (RER), Golgi apparatus and numerous free ribosomes and 
occasional pinocytic vesicles. Weibel-Palade bodies were not observed (Fig. 3.10a).

In summary, the various types of cells observed in the walls of tumour blood vessels 
were as follows:

i) Fibroblast-like cells: these had an elongated nucleus and one or two nucleoli. Their 
cytoplasm showed abundant RER, Golgi apparatus and mitochondria in the vicinity of 
the nucleus (Fig. 3.8a). Occasional myofilaments were seen especially under the cell 
membrane. Occasionally caveolae were also observed.
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Figure 3.7:

Ultrastructure of blood vessels and distribution of perivascular nerves in the normal
liver.

(a) A bundle of unmyelinated nerve fibers in the vicinity of an arteriole of the 
portal tract. Note the lumen (L) containing red blood cell (RBC), endothehal 
cell (E), smooth muscle ceU of contractile phenotype (SM) and nerve bundle 
(arrows). Calibration bar = 1.0 jim.

(b) A bundle of unmyehnated nerve fibers (arrow) in the space of Disse. Note the 
hepatocyte (H), sinusoid (S) and the sinusoidal endothehal ceU (E). Calibration 
bar = 1.0 pm.

(c) High power photograph of the nerve profile observed in figure (b) showing 
nerver fibers (arrow) in the space of Disse (SD). Note the hepatocyte (H), 
sinusoid (S) and sinusoidal endothehal cell (E). Cahbration bar = 1.0 pm.
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Figure 3.8:

Ultrastructure of blood vessels in colorectal liver métastasés.

(a) A small capillary 8 pm in diameter with a red blood cell (RBC) in the lumen 
surrounded by an endothelial cell (E). Note the fibroblast-like cell (F) 
surrounding the endothelial cells. Calibration bar = 1.0 pm.

(b) A large thin walled blood vessel with a wide lumen (55 pm in diameter) 
showing red blood cells (RBC) in the lumen, an endothelial cell (E), and a 
fibroblast-like cell (F) in the perivascular connective tissue. Note that there are 
no perivascular nerves. Calibration bar = 10 pm.

92



n

. .

1,

t ,

%

f-' ;



Figure 3.9:

Ultrastmcture of blood vessels in colorectal liver métastasés.

a) A blood vessel with an incomplete layer of smooth muscle cells of synthetic
(proliferative) phenotype in its wall. Note the lumen (L), endothelial cells (E) 
and synthetic phenotype of smooth muscle-like cell (SM). Note large amount of 
collagen (C) in perivascular connective tissue. Calibration bar = 2.0 pm.

(b) A blood vessel with a layer of synthetic phenotype of smooth muscle-like
cells forming complete layer in the wall. Blood vessels with this structure are 
confined to the extreme periphery of the tumour and are observed very 
occassionally. Note the lumen (L), endothehal cells (E) and synthetic 
phenotype of smooth muscle-like cell (SM). Calibration bar = 2.0 pm.

94



?• 1

f  r

-r:..
i  =■

• V .

i



Figure 3.10:

Ultrastmcture of the endothelial cell and the synthetic phenotype of smooth muscle cell
in the wall of a blood vessel of colorectal Hver métastasés.

(a) Endothehal ceU (E) of a blood vessel in a colorectal Hver metastasis. Note the 
lumen (L) and smooth muscle cell (SM) in the waU of the blood vessel showing 
caveolae (C), dense bands (DB) and cytoplasmic dense bodies (D). Cahbration 
bar = 0.5 pm.

(b) Synthetic phenotype of smooth muscle-like cell. Note the rough endoplasmic 
reticulum (RER) in the perinuclear region of the cytoplasm, dense bands 
(DB), cytoplasmic dense bodies (D), and caveolae (C). An artefact (A) is 
created by the dissolved out glycogen during tissue processing. Cahbration 
bar = 1.0 pm.
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ii) Synthetic (proliferative) phenotype of smooth muscle-like cells: these cells contained 
dense bands and cytoplasmic dense bodies, a large number of caveolae and abundant 
RER, Golgi apparatus and some myofilaments (Fig. 3.9a,b; Fig. 3.10b).

iii) Contractile phenotype of smooth muscle-like cells: these contained large number of 
caveolae, dense bands, cytoplasmic dense bodies and myofilaments. Small amounts of 
RER and Golgi appararus were also observed. Their basement membrane was 
continuous (Fig. 3.10a). They were longer cells so that sections through the nucleus 
were rare compared to the synthetic phenotype cells.

Perivascular connective tissue was composed of bundles of collagen fibers. No 
perivascular nerves were observed in any of the blood vessels.

3.5. Discussion

The control of vascular tone involves both nerves and the endothelium (Bumstock, 
1993). The nerves around the blood vessels can be divided into perivascular nerves and 
paravascular nerves. The perivascular nerves form a fine plexus of nerves around the 
tunica media of the blood vessel, i.e. at the adventitial-medial border and are 
responsible for the control of tone of that blood vessel. The paravascular nerves are 
arranged in larger nerve bundles that run in the adventitia of the blood vessels and are 
destined to the vascular and nonvascular structures further along that blood vessel. The 
vascular endothelium can effect vascular tone by endothelial-derived relaxing factors 
(EDRFs) (Palmer et a l, 1987) and endothelial-derived constricting factors (EDCFs) 
(Miller and Vanhoutte, 1985; Katusic and Vanhoutte, 1989; Yanagisawa et ai, 1988).

The present study has shown that in the normal liver, PGP-IR, NPY-IR and TH-IR 
nerves are present at the perivascular and paravascular sites around the larger 
intrahepatic blood vessels and along the intraparenchymal blood vessels, whereas SP- 
IR, VIP-IR and CGRP-IR nerves are present only in the paravascular nerve bundles 
running along larger intrahepatic blood vessels. AT II-IR, SOM-IR and ANP-IR nerves 
are absent. In contrast, blood vessels in colorectal liver métastasés lack perivascular 
innervation. This finding is confirmed by transmission electron microscopy which also 
demonstrated the abscence of nerve profiles. In addition, except for an occasional blood 
vessel in the periphery of the tumour, smooth muscle ceUs of contractile phenotype, 
were absent in the walls of tumour blood vessels.

The aminergic innervation of the normal liver has been examined in depth in various 
mammalian species (Mazzanti et a l, 1977; Fuller et a l, 1981; Moghimzadeh et al, 
1982) including man (Moghimzadeh et al, 1982; Kyosola et a l, 1985). In the present 
study we only investigated the distribution of TH-IR nerves. TH is an enzyme used in
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the synthesis of the amines such as noradrenaline and adrenaline. The distribution of 
TH-IR perivascular nerves around the interlobular blood vessels and within the liver 
parenchyma is in concordance with the aminergic innervation of the normal liver as 
reported in earlier studies (vide supra). It has been shown in hepatic arterial vascular 
bed of dog that noradrenaline increases hepatic arterial vascular resistance and decreases 
blood flow (Richardson and Withrington, 1977). This pharmacological property has 
been shown to be useful in improving the tumour to normal liver ratio in rat liver 
tumours (Hafstrom et a l, 1980, Ackerman et al, 1988). However, Ackerman et al 
(1988) have shown that after an intraportal injection of noradrenaline, tumour to normal 
liver ratio improved for only 134 s in Sprague-Dawley rats with liver tumours. After 
this time a base line level of blood flow was reached in the liver tumours. This short 
duration of action limits the use of noradrenaline as a vasopressor for targeting hepatic 
artery infusion chemotherapy.

The presence of NPY, which coexists with noradrenaline in sympathetic nerves 
(Lundberg et a l, 1983), has been reported in the perivascular nerves of liver in rat 
(Gulbenkian et a l, 1985; Inoue et al, 1989). In contrast to the present study, these 
workers have reported the absence of intraparenchymal nerves along the sinusoids. 
This could be explained by the difference in species; the absence of perivascular nerves 
in the liver parenchyma of the rat has been reported in many published studies (Reilly et 
al, 1978; Metz and Forssmann, 1980; Inoue eta l, 1989). Widespread distribution of 
NPY-IR and TH-IR nerves within the normal liver indicates that most of the 
intrahepatic nerves are sympathetic in type. It has been shown that in addition to its 
inherent vasoconstrictor action, NPY augments the vasoconstrictive actions of 
noradrenaline on various vessels including the hepatic artery (Corder and Withrington, 
1988). It is, therefore, a potential candidate to be used in combination with 
noradrenaline to achieve the desirable vascular effects to enhance the efficacy of HAI 
chemotherapy. By enhancing the actions of noradrenaline, NPY can, at least 
theoretically, improve vasoconstriction in the normal liver and divert blood flow to the 
tumour tissue and thus achieve the improved tumour to normal liver ratio for a longer 
duration compared with noradrenaline alone. This needs further investigation.

In the present study, the density of NPY-IR nerves was significantly greater than that 
of TH-IR nerves. This difference may be due to the fact that TH is a neurotransmitter- 
synthesizing enzyme and, therefore, may be present at a lower concentration within 
nerves than a neurotransmitter. However, it is also possible that the higher density of 
NPY-IR nerves may represent (in part) a separate population of non-sympathetic nerves 
as seen in the rat urinary bladder, vas deferens, mesenteric vein and superior cervical 
ganglion (Milner et al, 1991).
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Goehler et al. (1988) have reported the existence of CGRP-IR and SP-IR nerves 
around interlobular blood vessels and within the lobules of the guinea-pig liver. These 
are likely to represent sensory-motor nerves (Bumstock, 1993). However, in our 
study, we did not observe any intraparenchymal CGRP-IR or SP-IR nerves in the 
human liver. This could be due to a difference of species, antibodies or 
immunocytochemical technique. Alternatively, the reduction of these vasodilator 
peptides in a histologically normal area of a liver harbouring métastasés from colorectal 
cancer could be due to some trophic effect of either the primary tumour or the 
metastasis itself and may explain the increased splanchnic and portal vascular 
resistances in the animal model of colorectal liver métastasés as reported by 
Hemingway et at. (1991b). This would also explain the scant presence of VIP 
immunoreactive nerves in the normal liver, as observed in the present study, contrary to 
their frequent occurrence around interlobular blood vessels, sinusoids and central veins 
of the normal human liver as reported by Ueno et al (1991). Irrespective of the 
underlying cause, the present results show that CGRP and SP which are present in the 
sensory and sensory-motor nerves (Bumstock, 1993), and VIP which colocalizes in 
the parasympathetic nerves (Lundberg, 1981), play very little role, if any, in the control 
of intrahepatic blood vessels in patients with colorectal liver métastasés.

Somatostatin immunoreactive nerves have been demonstrated in normal cat liver (Fehér 
et a l, 1992) and normal human liver (el-Salhy et a l, 1993). In the present study we 
did not observe somatostatin immunoreactive nerves in the normal liver from any of the 
patients. This could be due to some trophic effect of the primary or secondary tumour 
and needs further investigation. Merkel et al (1987) have shown that intravenous 
infusion of somatostatin causes a decrease in the hepatic plasma flow and metabolic 
activity in cirrhotic patients.

The presence of ANP-IR and AT II-IR nerves has not been reported in the liver in any 
study. Although both of these substances were not found in the present study and do 
not seem to influence the tone of intrahepatic blood vessels through their release by the 
perivascular nerves, these circulatory peptides could still influence tone and blood flow 
within the intrahepatic blood vessels by acting directly on the respective receptors. 
Sitzmann et al (1994) have demonstrated the presence of AT II receptors in the normal 
liver. The presence of AT II receptors in the normal liver explains how AT II increases 
the resistance to vascular flow in the normal liver and improves tumour to normal liver 
ratio.

The innervation of tumour blood vessels was first examined by Krylova (1969) who 
reported the absence of perivascular nerves in tumour models. Later, using light 
microscopy, Mattsson et al (1977) showed the absence of perivascular adrenergic
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nerves in an intramuscularly implanted tumour in the rat. Hafstrom et al. (1980) 
reported the absence of perivascular adrenergic nerves in a hepatoma model in the rat 
liver. Recently Mitchell et al. (1994a&b) documented the absence of perivascular 
nerves in various primary human tumours, including primary colorectal carcinoma. Our 
findings are similar to those of others {vide supra) who showed the absence of 
aminergic nerves in various tumours and tumour models. In addition, the present study 
also indicates that blood vessels in colorectal liver métastasés are bereft of all type of 
neuronal controls including sensory, sensory-motor and parasympathetic nerves. The 
absence of nerves around the tumour blood vessels could be due to deficiency of some 
nerve growth factor or an inhibitory influence of the endothelium of the tumour blood 
vessels or the transformed smooth muscle in their walls. Alternatively it could be 
explained by the slower rate of growth of the nerves which fails to keep up pace with 
the more rapidly growing blood vessels in the tumour. This needs further investigation.

Using electron microscopy, Mattsson et al. (1982) documented the presence of a 
regular layer of contractile cells in the walls of the blood vessels in a subcutaneously 
implanted tumour model in rat. In the present study blood vessels with a complete layer 
of contractile cells were rarely observed and when present, were in the extreme 
periphery of the tumour. These vessels might merely represent the normal tissue blood 
vessels incorporated in the growing tumour as suggested by Gullino (1975). The 
presence of an incomplete layer of synthetic phenotype of smooth muscle-like cells, 
fibroblast-like cells and contractile phenotype of smooth muscle-like cells in the walls 
of tumour blood vessels indicates that these blood vessels may not be able to contract in 
response to vasopressor drugs, unlike normal vessels. This would explain why AT II 
improves the tumour to normal liver ratio in patients with colorectal liver métastasés 
(Sasaki et al., 1985).

In this study I have shown that the neuromuscular control of tumour vasculature in 
colorectal liver métastasés is defective. Further studies are needed to understand the role 
of endothelium in the control of blood flow through these blood vessels. 
Pharmacological studies are also needed to study the vascular responses of normal liver 
and tumour bearing liver.
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Table 3.1

The density of immunofluorescence for different peptides in the histologically normal
areas of the livers of the patients of colorectal liver métastasés (Mean+SEM)

Sr. No.§ PGP NPY TH
1 1.59+0.33 1.28+0.37 (80.5%)^ t
2 1.32±0.37 0.71+0.29 (53.8%) 0.33+0.05 (25.0%)
3 3.92±0.95 1.69+0.48 (43.1%) 0.69+0.20 (17.6%)
4 1.39+0.33 1.02+0.29 (73.4%) t
5 1.18+0.37 0.48+0.23 (40.7%) t
6 2.57+0.79 1.59+0.36 (61.7%) 0.23+0.09 (8.9%)
7 0.66+0.15 t t
8 2.16+0.67 0.78+0.29 (36.1%) t

Mean±SEM 1.85+0.36 1.08+0.17 (58.4%) 0.42+0.14 (22.7%)

§ Specimens of normal liver, obtained from eight patients, were subjected to 
immunocytochemistry. A further specimen of normal liver was used only for electron 
microscopy. In the remaining four patients a specimen of only the tumour was 
obtained. Figures represent the mean percentage (%) area of fluorescence in 10 frames.

^ Figures in brackets represent the proportion of immunoreactive nerve fibers as a 
percentage of PGP-IR nerves.

t  Because of the high background and poor contrast computerized analysis of the image 
in these cases was not possible.

102



Table 3,2

Comparison of the densities of different types of immunoreactive perivascular nerves in 
the parenchyma of the normal hver and colorectal liver métastasés (Mean±SEM)

Nerve Population Normal Tumour Normal v Tumourt
(p value)

PGP 1.85+0.36 0 p=0.0003
NPY 1.08±0.17 (58.4%)* 0 p=0.0003
TH 0.42+0.14 (22.7%) 0 p=0.008

* Figures represent the mean of percentage (%) area of fluorescence for all patients. 
Figures in brackets represent the proportion of immunoreactive nerve fibers as a 
percentage of PGP-IR nerves.

tThe density of innervation was compared using the Mann-Whitney U test.
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Chapter 4

Perivascular innervation and ultrastructure of blood vessels 
in the normal liver of Hooded Lister rat and the syngeneic

MC28 liver tumour
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4.1, Summary

The peptidergic/aminergic innervation of blood vessels in the normal liver and in the 
MC28 fibrosarcoma tumour in the liver of Hooded Lister rat, a syngeneic tumour 
model of liver métastasés, was investigated.

Selected areas of the normal liver and liver métastasés were studied 
immunohistochemically for the presence of protein gene product 9.5 (PGP), 
neuropeptide Y (NPY), tyrosine hydoxylase (TH), calcitonin gene-related peptide 
(CGRP), vasoactive intestinal polypeptide (VIP) and substance P (SP). The 
perivascular innervation and the ultrastructure of blood vessels supplying MC28 liver 
tumours were also examined by transmission electron microscopy.

In the normal livers of Hooded Lister rats perivascular immunoreactive nerve fibers 
containing PGP, NPY, TH, CGRP and SP were observed around the interlobular 
blood vessels near the hilum and in the portal tracts. The highest density of 
immunoreative nerves was seen for PGP, followed, in decreasing order, by those for 
NPY, TH, CGRP and SP. VIP immunoreactive nerves were not observed at either site. 
No immunoreative nerves were observed in the hepatic lobule.

In contrast, no perivascular immunoreactive nerves were observed in MC28 liver 
tumour. Electron microscopy confirmed the absence of perivascular nerves in MC28 
liver tumour. In addition, the walls of the tumour blood vessels were composed of a 
single layer of endothelial cells resting on a basal lamina. Smooth muscle cells were not 
observed in the walls of tumour blood vessels in this animal model.

These results compared with previous results on human liver and colorectal liver 
métastasés (see chapter 3) suggest that this animal model may be suitable for 
pharmacological studies on vascular manipulation of hepatic artery infusion 
chemotherapy.
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4,2, Introduction

As mentioned previously, vascular manipulation of hepatic artery infusion 
chemotherapy by vasoconstrictor agents appears to improve the blood flow (Sasaki et 
al, 1985; Hemmingway et al, 1992) and drug delivery to the liver tumours (Goldberg 
et al, 1991a; Goldberg et al, 1991b) as well as tumour response rates (Goldberg et 
al, 1990a&b). Angiotensin n  (currently the most widely used vasoconstrictor agent 
for this purpose) only transiently improves T:N ratio (Goldberg et al, 1991a) and the 
efficacy of vasoconstrictive targeting of hepatic artery infusion chemotherapy is limited 
by its short duration of action (Sasaki, 1985, Hemmingway et a l, 1992). This 
emphasises the need for the search for an alternative and more effective hepatic arterial 
vasoconstrictor. A better understanding of the vascular control mechanisms in the 
normal liver and colorectal liver métastasés may help to improve the vascular 
manipulation of hepatic artery infusion chemotherapy by vasoconstrictor agents.

Two different types of animal models can be used for investigating colorectal liver 
métastasés; syngeneic tumour models (e.g. Hooded Lister rat with MC28 fibrosarcoma 
tumour) (Loizidou et a l, 1991) and xenogeneic tumour models (e.g. nude rat with 
HT29 cell line tumour-a human colon carcinoma cell line). The present chapter deals 
with the syngeneic tumour model and the following chapter deals with the xenogeneic 
tumour model. MC28 is a methylcholanthrene induced fibrosarcoma which was 
originally raised in the Hooded Lister rats (Loizidou et al, 1991). After innoculation of 
cancer cells into the portal vein overt métastasés form within approximately 2-3 weeks.

It has been shown in different mammalian species that the neuronal control of the 
normal liver and its vasculature utilizes not only noradrenaline but also various peptides 
(for details, see sections 1.6). In contrast, the blood vessels in human colorectal liver 
métastasés lack perivascular innervation (see chapter 3 for details); and further that the 
smooth muscle cells do not form a complete layer in the walls of tumour blood vessels 
and when present are mostly of the proliferative, rather than contractile phenotype (see 
chapter 3). To the best of my knowledge, neither the ultrastructure of blood vessels nor 
their control mechnisms have been investigated in either the normal liver or MC28 liver 
tumours in the Hooded Lister rat.

The purpose of the present study is to examine the perivascular innervation and the 
ultrastructure of blood vessels both in the normal liver and hepatic tumours in a 
syngeneic tumour model of liver métastasés (Hooded Lister rat with MC28 
fibrosarcoma liver tumour) and compare these observations with those already made in
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human colorectal liver métastasés (see chapter 3). This study will provide a 
morphological basis for the adequacy of this tumour model.

4.3. Material and methods

Inbred male Hooded Lister rats were used in the present study. For light microscopic 
work the animals were divided into three groups; control group (n=6), experimental 
group (n=6) and normal rats (n=2) (see section 2.2.1 for details). MC28 cell were 
cultured and a cell suspension was prepared (for details see section 2.3). Cancer cell 
suspension or PBS (in experimental and control groups respectively) were injected into 
the ileocolic vein of the rats as mentioned in section 2.4. Tissue specimens were 
obtained as mentioned in section 2.5 and details of immunohistochemistry are 
described in section 2.6.1. The density of each type of immunoreactive nerves was 
assessed as mentioned in section 2.11. Transmission electron microscopy was 
performed on the tissue specimens obtained from one animal of the control group and 
three animals of the experimental group (for details of the procedure see section 2.9).

Sections were also stained with haematoxylin and eosin (H & E) for histological 
examination of the tissues (see section 2.7).

4.4. Results

In the experimental group of animals, a postmortem examination of the liver, performed 
15 days after tumour cell inoculation, revealed one to five foci of metastatic tumour. 
Their size ranged from 0.5 to 5 mm in diameter.

4.4.1. Light Microscopy:

4.4.1.1. Histology:

4.4.1.1.1. Normal liver: In the normal liver, usual intrahepatic structures (portal 
tracts and liver lobule with hepatic cords, sinusoids and central vein) were observed 
(Fig. 4.1a). Microscopic structure of the normal liver (away from the tumour) was not 
disturbed by the growth of MC28 tumour in the same lobe or a different lobe of the 
liver. However, adjacent to the tumour, the hepatic cords seemed to be compressed 
(pushed close to each other) by the growing tumour.

4.4.1.1.11. Liver métastasés (MC28 tumour): The poorly differentiated tumour 
consisted of masses of spindle-shaped cells with very little intervening stroma; the latter 
contained thin walled blood vessels (Fig. 4.1c). In some of the fields, areas of hepatic 
parenchyma, completely surrounded by the tumour tissue, were observed. Sometimes,
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Figure 4.1:

Histology of the normal liver and the MC28 liver tumour of Hooded Lister rat.

(a) Sections of the normal hver stained with toluidine blue. Interlobular branches 
of hepatic artery (A), portal vein (V) and bile duct (B) are surrounded by 
hepatic parenchyma consisting of hepatocytes (H). Sinusoids (S) can also be 
recognised. Cahbration bar = 60 jiim.

(b) Section showing the junction of the normal hver (L) and the MC28 tumour (T) 
in the hver. There is a thin walled blood vessel (open arrows) at the junction 
of the normal hver with the tumour tissue. Note that the strands of the normal 
hepatic tissue (H) are extending between the cells constituting the MC28 
tumour. Cahbration bar = 120 |im.

(c) Sections of MC28 hver tumour stained with toluidine blue. The micrograph 
shows closely packed ceUs in the periphery of the tumour (right part of the 
picture) and loosely arranged cells in the center of the tumour (left part of the 
picture). One blood vessel (open arrows) is visible in the peripheral part of the 
tumour. Calibration bar = 60 |im.
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thin walled blood vessels, resembling those of the portal tract, were observed at the 
junction of the tumour with the normal liver (Fig. 4.1b).

4.4.1.2. Immunohistochemistry:

4.4.1.2.i. Normal liver (Hooded Lister rat): PGP immunoreactive (IR) 
nerves were observed as thick fascicles at the adventitial-medial boder of large 
interlobular branches of the hepatic artery (100-200 |itm in diameter) and the portal vein 
at the hilum of the liver lobe. In addition, thick nerve bundles were also observed in the 
adventitia of these blood vessels.

Smaller interlobular branches of the hepatic artery (25-60 pm in diameter) and the portal 
vein of the portal tract had single nerve fibers or thicker fibers associated with them 
(Fig. 4.2a). The nerves were more dense around the branches of the hepatic artery than 
around those of the portal vein (Fig. 4.2a). Sometimes, IR nerves were observed in 
association with the interlobular branches of bile duct in the portal tract (Fig. 4.2a). 
Moreover, IR nerves were, sometimes, observed extending into the perilobular 
connective tissue from the portal tract.

NPY-IR, TH-IR, CGRP-IR and SP-IR nerve fibers had a similar pattern of 
distribution around interlobular blood vessels (Fig. 4.2b-d; Fig. 4.4a). SP-IR nerves, 
however, had more hmited distribution and were observed only in the large interlobular 
blood vessels situated near the hilum of the liver and were only occasionally observed 
around blood vessels of the portal tract (Fig. 4.3a). Greatest density of 
immunoreactivity was observed for PGP-IR nerves followed in a decreasing order by 
those of NPY-IR, TH-IR, CGRP-IR and SP-IR nerves (Table 4.1). VIP-IR nerves 
were not observed around any of the blood vessels (Fig4.3b). Perivascular IR nerves 
within the hepatic lobule either along the sinusoids or the central vein were not 
observed (Fig. 4,4b). Some IR nerves were, however, observed in association with 
those hepatocytes that were in contact with the portal tract connective tissue.

The pattern of innervation of normal liver in the control group and normal areas of the 
liver in experimental group of animals was exactly the same as that observed in the 
normal group of animals.

4.4.1.2.U. Liver métastasés: No neuronal immunoreactivity was observed within 
any of the MC28 liver tumours (Fig. 4.5d). At the junction of the tumour with the
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Figure 4.2:

Distribution of nerves around interlobular blood vessels in the normal liver of the
Hooded Lister rat.

(a) PGP-IR nerves (straight arrows) around interlobular branches of hepatic artery 
(A), portal vein (V), and bile duct (B). Some autofluorescence (curved arrow) 
can be seen in the lumen of the vein. The nerves are more dense around the 
branch of hepatic artery than that of the portal vein.

(b) NPY-IR nerves (straight arrows) around interlobular branches of the hepatic 
artery (A) and the portal vein (V) and the bile duct (B). The nerves are more 
dense around the branch of hepatic artery than that of the portal vein.

(c) TH-IR nerves (straight arrows) around interlobular branches of hepatic artery 
(A), and the portal vein (V). The nerves are generally sparse but more dense 
around the branch of hepatic artery than that of the portal vein.

(d) CGRP-IR nerves (straight arrow) around interlobular branches of hepatic artery 
(A), and the portal vein (V). The nerves are generally sparse but more dense 
around the branch of hepatic artery than that of the portal vein.

Cahbration bar = 100 pm.

I l l





Figure 4.3:

Distribution of nerves around interlobular blood vessels in the normal liver of the 
Hooded Lister rat.

(a) SP-IR nerves (arrow) are sometimes observed around interlobular branches of
hepatic artery (A). SP-IR nerves are not present along the interlobular branch of 
the portal vein (V).

(b) VIP-IR nerves are absent around interlobular branches of the hepatic artery 
(A) and the portal vein (V).

Calibration bar = 100 |im.
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Figure 4.4:

Distribution of immunoreactive nerves in the normal liver of the Hooded Lister rat.

(a) NPY-IR nerves (arrows) around the interlobular branches of hepatic artery (A) 
and the portal vein (V) and extending into the perilobular connective tissue. 
Calibration bar = 100 pm.

(b) PGP-IR nerves are absent in the hver lobule both along the sinusoids (S) and 
the central vein (CV). Cahbration bar = 60 pm.
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Figure 4.5:

Distribution of nerves in and around MC28 liver tumour.

(a) An island of the normal liver (L) surrounded on all sides by MC28 tumour 
(T). A few PGP-IR nerves (arrows) are seen at the junction of the normal liver 
with the tumour. Calibration bar = 100 |im.

(b) NPY-IR nerves (straight arrows) are present around a blood vessels (open 
arrow) at the junction of the MC28 tumour (T) and normal liver parenchyma 
(L). Calibration bar = 100 |im.

(c) SP-IR nerves (straight arrow) are present around a blood vessel (open arrow) at 
the junction of the normal liver (L) with the tumour (T). Some autofluorescent 
areas (curved arrows) are visible in the tumour tissue. Calibration bar = 50 pm.

(d) PGP-IR nerves are absent in the MC28 tumour although some autofluorescent 
areas (curved arrow) can be seen. Calibration bar = 100 pm.
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normal liver PGP-IR, NPY-IR, TH-IR, CGRP-IR and SP-IR nerves were sometimes 
observed in association with the portal tract-like blood vessels mentioned above (Fig. 
4.5b,c). Occassionally, IR nerves were also observed in association with portal tract
like blood vessels in the 'islands' of normal liver tissue which were surrounded on all 
sides by the tumour tissue (mentioned above) (Fig. 4.5a).

4A,2, Electron Microscopy:

4.4.2J. Normal liver: The branches of hepatic artery and the portal vein, in the 
portal tract, had regular structures consisting of a layer of endothelial cells surrounded 
completely by a layer of contractile phenotype of smooth muscle cells (Fig. 4.6a). 
Closely associated with these blood vessels were the profiles of unmyelinated nerve 
fibers containing variable sized dense cored (650-1300“A) and clear vesicles (250- 
800“ A) (Fig. 4.6a). The nerves were more dense around the branches of hepatic artery 
than around those of the portal vein. Occasionally they were observed in association 
with the interlobular bile duct.

In the liver lobule, nerve profiles were not observed in association with any of the 
structures; sinusoids, hepatic cords or the central vein (Fig. 4.6b).

4,4.2,2. Liver métastasés (MC28 tumour): Liver métastasés consisted of 
randomly oriented fibroblast-like cells which were more densely packed in the 
periphery than near the center of the tumour. In the large tumours (about 5mm in 
diameter), the centre of the tumour had parenchymal cells with pyknotic nuclei. There 
was very little intervening extracellular material and collagen fibrils.

The tumour blood vessels ranged in size from 8-60 p.m (Fig. 4.7a). They were more 
frequently observed in the periphery of the tumour and were absent in the center of the 
tumour. The wall of these blood vessels consisted of a single layer of endothelial cells 
resting on a continuous basement membrane (Fig4.7a,b).

The endothelial cells had large amount of rough endoplasmic reticulum and free 
ribosomes (Fig. 4.7b) with occasional cytoplasmic fenestrations (Fig. 4.7c). Tight 
junctions were frequently observed between adjacent endothelial cells (Fig. 4.7d). 
Smooth muscle cells were not observed in the walls of these blood vessels (fig. 
4.7a,b). Tumour cells were impinging directly against the basal lamina of the 
endothelial cells. Perivascular nerves were not seen (fig. 4.7a).
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Figure 4.6:

Ultrastmcture of blood vessels and distribution of perivascular nerves in the normal
liver of Hooded Lister rat.

(a) A bundle of unmyelinated nerve fibers (arrows) in the vicinity of an 
interlobular vein of the portal tract. Note the lumen (L), endothelial cell (E), 
smooth muscle cells of contractile phenotype (SM) and bundles of collagen 
fibers (C). Calibration bar = 750 nm.

(b) Central vein (CV) with a sinusoid (S) opening into it. There are hepatocytes 
(H) and bundles of collagen fibers (C) around the central vein. Profiles of 
nerves are not seen either along the sinusoids or the central vein. Sinusoid 
contains one red blood cell (RBC) and one white blood cell (WBC) in the 
lumen and one platelet (?) can be seen in the central vein.
Calibration bar = 3 pm.
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Figure 4.7:

Ultrastmcture of blood vessels in MC28 liver tumour.

(a) A small capillary-like blood vessel containing a white blood cell in the lumen 
surrounded by endothehal cells (E). Note that the fibroblast-hke tumour cells 
(T) impinge directly on the wall of the blood vessel and the scarcity of 
extracellular connective tissue in the tumour. Calibration bar = 2 |um.

(b) Tumour blood vessel showing a highly active endothelial cell (B). Red blood 
cells (RBC) and white blood cells (WBC) can be seen in the lumen (L). The 
blood vessel is surrounded by tumour cells (T). Calibration bar = 1.5 |im.

(c) Endothelial cell (E) of tumour capillary showing fenestrations (F). Calibration 
bar = 0.38 p,m.

(d) Tight junction (TJ) are seen between the processes of adjacent endothelial 
cells of tumour capillaries. Note the continuous basement membrane (BM) of 
the endothelial cells. Calibration bar = 0.38 |L im .
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4,5, Discussion

The present study has shown that, in the normal liver of the Hooded Lister rats, 
distribution of PGP-IR, NPY-IR, TH-IR, CGRP-IR and SP-IR nerves is restricted 
around the interlobular blood vessels in the interlobular connective tissue and the portal 
tracts; no IR nerves are present in association with the sinusoids, hepatic cords or the 
central vein of the liver lobule. In contrast to the normal liver, blood vessels in MC28 
liver métastasés lack perivascular innervation. This finding is confirmed by 
transmission electron microscopy which also showed that the blood vessels supplying 
MC28 fibrosarcoma in hver do not have smooth muscle in their walls.

The lack of innervation of blood vessels in MC28 liver tumour is precisely what was 
shown for blood vessels in human colorectal hver métastasés (see chapter 3 for details). 
A difference, however, is that while no smooth muscle cells were seen in the walls of 
the MC28 tumour blood vessels, smooth muscle cehs (albeit of the prohferative, rather 
than contractile phenotype) were seen to partially envelop blood vessels in the periphery 
of human colorectal liver métastasés.

TH is an enzyme used in the synthesis of noradrenahne, the neurotransmitter at the 
sympathetic nerve endings. Burt et al. (1989) demonstrated that TH-IR nerves are 
hmited to the portal tract in the hver of Wistar rat. In addition, they have shown that 
chemical sympathectomy with 6-hydroxy dopamine results in disappearance of these 
nerve fibers indicating that these nerves are sympathetic in type. The distribution of 
TH-IR nerves in the normal hver of Hooded Lister rat is similar to that reported by Burt 
et al. (1989) in the Wistar rat. Scholholt et al. (1967) have shown that the infusion of 
noradrenahne into the hepatic artery of dog results in increased resistance to blood 
flow. Moreover, Hafstrom et al. (1980) and Ackermann et al. (1988) have 
demonstrated that infusion of noradrenahne into the hepatic artery of rat results in 
improved tumour to normal hver ratio albeit of short duration. The short duration of 
action of noradrenahne limits its use for vasoconstrictive targeting of hepatic artery 
infusion chemotherapy.

NPY, stored and released from sympathetic nerves (Lundberg et a i, 1983), has been 
reported in the perivascular nerves of the rat hver (Burt et al., 1989). In the present 
study, a great preponderance of intrahepatic nerves were observed to contain TH and 
NPY, which indicates that the majority of these nerves are sympathetic in type. Since 
NPY augments the postsynaptic actions of noradrenahne at the sympathetic nerve 
endings, we may be able to use NPY alongwith noradrenaline to improve the 
vasoconstrive targeting of hepatic artery infusion chemotherapy. This needs further 
investigation.
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CGRP and SP are present in the sensory-motor nerves (Lundberg et a l, 1983). A 
widespread distribution of CGRP-IR and SP-IR nerves in the normal liver of Hooded 
Lister rats signifies that sensory-motor nerves may play some role in the control of tone 
of intrahepatic blood vessels in this species of rat.

It has been shown in the salivary gland of cat that VIP colocalizes in the 
parasympathetic nerves (Lundgberg et a l, 1981). In the present study the absence of 
VIP-IR perivascular nerves in any of the intrahepatic blood vessel may mean that 
parasympathetic nerves play very little role in the control of vascular tone in these blood 
vessels. This is in concordance with the absence of nerve varicosities having 
cholinergic characteristics (nerve profiles containing predominantly small agranular 
vesicles) on electron microscopy. Moreover the results of the present study confirm an 
earlier report suggesting the absence of cholinergic nerve fibers in the intrinsic nerves 
of the liver (Ohata, 1984).

The present study has shown an extensive plexus of perivascular peptidergic nerves in 
the normal rat liver. The density of this innervation is not affected by the growth of 
adjacent MC28 tumours in the liver of Hooded Lister rats. This is clearly shown by an 
identical pattern of innervation of the normal liver in all three groups of rats; normal 
(unoperated), control (injected with saline) and normal areas of the liver in the 
experimental group (injected with MC28 cells).

Absence of perivascular nerves has been reported in different human and animal 
tumours (Krylova et a l, 1969; Mitchell et a l, 1994). Using light microscopy, 
Mattsson et a l, (1977) reported the absence of perivascular adrenergic nerves in an 
intramucularly implanted tumour and Hafstrom et al (1980) reported the absence of 
perivascular adrenergic nerves in a hepatoma and an adenocarcinoma model implanted 
in the rat liver. The absence of perivascular nerves in human colorectal liver métastasés 
was demonstrated in the previous chapter. The absence of perivascular nerves in MC28 
tumours could be a general phenomenon shared by many malignant tumours. 
However, the similarities in the absence of all types of perivascular nerves in the blood 
vessels of human colorectal liver métastasés and MC28 hepatic tumours indicate that 
this animal model of liver métastasés may be useful in the future studies on the 
pharmacological manipulation of hepatic artery for targeting the chemotherapy to the 
tumour.

In contrast to the rat liver, we have recently shown a widespread distribution of TH-IR 
and NPY-IR nerves in the lobule of human liver (see chapter 3). However, on electron 
microscopy, intralobular nerves were only occasionally found to have their varicosities 
in the vicinity of sinusoidal endothelial cells and most of these intralobular nerves were
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found to have their varicosities in the vicinity of hepatocytes indicating a metabolic role. 
In addition, Reilley et al (1982) have claimed that the sinusoidal endothelial cells can 
contract after hepatic nerve stimulation and in response to vasoactive agents. Others 
have, however, suggested that sinusoidal contraction could be due to the contraction of 
fat storage cells rather than sinusoidal endothelial cells (Burridge, 1981; Biolac-Sage et 
al, 1990). In any case, as far as vascular responses are concerned, absence of TH-IR 
and NPY-IR nerves in the liver lobule of the rat may not have significant 
pharmacological consequences to adversely influence the use of this animal model for 
future studies on phrmacological manipulation of blood vessels for colorectal liver 
métastasés. This needs further investigation.

Blood vessels supplying human colorectal liver métastasés do not have a complete 
muscle coat (see chapter 3). The cells in the tunica media of these blood vessels have 
fibroblast-like and synthetic phenotype of smooth muscle-like appearance. These cells, 
however, lack the ability to generate contractile forces that are produced by contractile 
phenotype of smooth muscle cells and are hence unable to bring about changes in blood 
flow in the tumour circulation in response to vasoactive agents. The lack of contractile 
phenotype of smooth muscle cells in the walls of blood vessels supplying MC28 
tumour in the liver of Hooded Lister rat suggests that this animal models may be useful 
for future research on vascular manipulation for the treatment of colorectal liver 
métastasés. On the other hand, just like the sinusoidal endothelial cells, the endothelial 
cells of the tumour blood vessels may also be able to contract in response to vasoactive 
agents. Whether the endothelial cells of blood vessels in MC28 liver tumour can 
contract to bring about significant changes in tumour blood flow needs investigation.

In this study I have shown that the neuromuscular controls of the blood vessels 
supplying MC28 tumour in Hooded Lister rat liver are defective. Further studies are 
needed to understand the role of endothelium in the control of blood flow in these blood 
vessels. The present data, however, suggests the adequacy of the use of the normal 
liver and MC28 tumour bearing livers of the hooded Lister rat for future studies.
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Table 4.1

Pattern of perivascular innervation in the normal liver o f Hooded Lister
rat

Large artery Large vein Portal tract Sinusoid Central
vein

PGP
NPY
CGRP
TH
SP
VIP

+++++

++++

++

++

+

+++

++

++

++

+

++++

+++

++

+

+

Patterns of perivascular innervation in the liver of control animals and histologically 
normal areas of hver in the MC28 tumour harbouring Hooded Lister rats (experimental 
group animals) were exactly the same as that in the hvers from normal animals.
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Chapter 5

Perivascular innervation and ultrastructure of blood vessels 
in a xenogeneic liver tumour model
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5,1, Summary

The peptidergic/aminergic innervation of blood vessels in the normal liver and in the 
tumour in a xenogeneic animal model of colorectal hver métastasés (nude rat with HT29 
hver tumour) was investigated.

Selected areas of the normal liver and liver métastasés were studied 
immunohistochemically for the presence of protein gene product 9.5 (PGP), 
neuropeptide Y (NPY), tyrosine hydoxylase (TH), calcitonin gene-related peptide 
(CGRP), vasoactive intestinal polypeptide (VIP) and substance P (SP). The 
perivascular innervation and ultrastructure of blood vessels supplying HT29 hver 
tumours were also examined by transmission electron microscopy.

In the normal hvers of nude rats perivascular immunoreactive nerve fibers containing 
PGP, NPY, TH, CGRP and SP were observed around the interlobular blood vessels 
near the hilum and in the portal tracts. The highest density of immunoreative nerves 
was seen for PGP, followed, in decreasing order, by those for NPY, TH, CGRP and 
SP. VIP immunoreactive nerves were not observed at either site. No immunoreative 
nerves were observed in the hepatic lobule.

In contrast, no perivascular immunoreactive nerves were observed in HT29 tumours. 
Electron microscopy confirmed the absence of perivascular nerves in HT29 tumours. In 
addition, smooth muscle cells were not observed in the walls of tumour blood vessels 
in this animal model.

These results compared with previous results on human hver and colorectal hver 
métastasés suggest that this animal model may be suitable for pharmacological studies 
on vascular manipulation of hepatic artery infusion chemotherapy.
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5.2. Introduction

In section 4.2 the importance of investigating the vascular control mechanisms in 
animal models of liver métastasés has been discussed and chapter 4 deals with such an 
investigation in a syngeneic tumour model of liver métastasés. In the present chapter, 
perivascular innervation and ultrastructure of blood vessels in a xenogeneic tumour 
model (nude rat with HT29 liver tumour) are investigated. This animal model was 
developed in a short series of experiments in our laboratory.

In 1953, nude rats emerged as a result of a spontaneous mutation in a colony of outbred 
hooded rats at Rowett research institute, Aberdeen, Scotland (May et al, 1977). This 
autosomal recessive mutation is designated as rnu. A second athymic rat was observed 
in a colony of random-bred albino rats maintained at Victoria University, Wellington, 
New Zealand, designated as mu^ (Berridge et al, 1979). In the present study mu nude 
rats (called RH-mw rats) are used.

RH-rnu rat is characterised by the congenital plasia of the thymus gland which is 
present, only in a rudimentary form, without any lymphocyte population (Possum et 
a l, 1980; Vos et a l, 1980). Histology of the secondary lymphoid organs shows a 
severe lymphodepletion of the periarteriolar lymphocyte sheath in the spleen, 
interfollicular areas (paracortex) in the lymph nodes, and the Peyer’s patches along the 
intestinal tract (Schuurman et a l, 1992). All these areas are storage sites for T 
lymphocytes. Since T lymphocytes play an important role in cell mediated immune 
responses including xenograft rejection, RH-rnu rats have severe deficiency of cell 
mediated immunity and, therefore, accept xenografts more readily than any animal with 
an intact immune system (Schuurman et al, 1992).

HT29 is a cell line derived from human colonic carcinoma. When xenografted in an 
immunodeficient host (e. g. nude rat) it requires about 3 weeks to grow into a 
metastatic focus (unpublished observations).

The purpose of the present study is to examine the perivascular innervation and the 
ultrastructure of blood vessels both in the normal liver and hepatic tumours in a 
xenogeneic tumour model of liver métastasés (nude rat with HT29 tumour) and 
compare these observations with those made in human colorectal liver métastasés (see 
chapter 3).
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5.3. Material and methods

Inbred male nude rats (RH-rnu) were used in the present study. For light microscopic 
work the animals were divided into three groups; control group (n=6), experimental 
group (n=6) and normal rats (n=2) (see section 2.2.2 for details). HT29 cell were 
cultured and a cell suspension was prepared (for details see section 2.3). Cancer cell 
suspension or PBS (in experimental and control groups respectively) were injected into 
the ileocolic vein of the rats as mentioned in section 2.4. Tissue specimens were 
obtained as mentioned in section 2.5 and details of immunohistochemistry are 
described in section 2.6.1. The density of each type of immunoreactive nerves was 
assessed as mentioned in section 2.11. For transmission electron microscopy the livers 
from one animal of the control group and three animals of the experimental group were 
perfuse fixed followed by immerse fixed (see section 2.9 for details). The details of 
electron microscope procedure are given in section 2.9.

Sections were also stained with haematoxylin and eosin (H & E) for histological 
examination of the tissues (see section 2.7).

5.4. Results

In the experimental group of animals, a postmortem examination of the hver, performed 
21 days after inoculation of HT29 cells, revealed one to five foci of metastatic tumour. 
Their size ranged from 0.5 to 5 mm in diameter.

5.4.1. Light Microscopy:

5.4.1.1. Histology:

5.4.1.1.1. Normal liver (nude rat): In the normal liver, usual intrahepatic 
structures (portal tracts and hver lobule with hepatic cords, sinusoids and central vein) 
were observed. In addition, larger intrahepatic branches of hepatic artery, portal vein 
and bile duct were also observed in the connective tissue near the hilum of the liver 
lobule.

5.4.1.l.ii. Liver métastasés (HT29 tumour): The tumour was moderately 
differentiated. Cells were generally arranged in irregular clusters sometimes forming 
alveoli (Fig. 5.1b). These cells had hyperchromatic nuclei. Tumour aloveoli were 
surrounded by fibrous stroma, the amount of which varied in different regions of the 
tumour. In some areas, normal liver parenchyma was completely surrounded by the 
tumour tissue. Such areas were less common in HT29 tumour compared to MC28 
tumour (mentioned in chapter 4). At the junction of the tumour with the normal hver.
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strands of normal hepatic parenchyma extending into the tumour tissue were observed. 
In addition, large blood vessels resembling those of the portal tracts were sometimes 
observed at the junction between the tumour and the normal liver (Fig. 5.1a).

5.4.1.2. Immunohistochemistry:

5.4.1.2.i. Normal liver (nude rat): PGP immunoreactive (IR) nerves were 
observed as thick fascicles at the adventitial-medial border of large interlobular branches 
of the hepatic artery (100-200 )Lim in diameter) and the portal vein at the hilum of the 
liver lobe. In addition, thick nerve bundles were also observed in the adventitia of these 
blood vessels (Fig. 5.2a).

Smaller interlobular branches of the hepatic artery (25-60 |im in diameter) and the portal 
vein of the portal tract had single nerve fibers or thicker fibers associated with them 
(Fig. 5.3a; Fig. 5.4a). The nerves were more dense around the branches of the hepatic 
artery than around those of the portal veins (Fig. 5.3a; Fig. 5.4a). Sometimes, IR 
nerves were observed in association with the interlobular branches of bile duct in the 
portal tract (Fig. 5.3a; Fig. 5.4a). Moreover, IR nerves were, sometimes, observed 
extending into the perilobular connective tissue from the portal tract.

NPY-IR, CGRP-IR, TH-IR and SP-IR nerve fibers had a similar pattern of distribution 
around interlobular blood vessels (Fig. 5.2b-e; Fig. 5.4b-d). SP-IR nerves, however, 
had more limited distribution and were observed only in the large interlobular blood 
vessels situated near the hilum of the hver and were only occasionally observed around 
blood vessels of the portal tract. The highest density of immunoreactivity was observed 
for PGP-IR nerves followed in a decreasing order by those of NPY-IR, TH-IR, 
CGRP-IR and SP-IR nerves (Table 5.1). VIP-IR nerves were not observed around any 
of the blood vessels (Fig. 5.2f).

Perivascular IR nerves within the hepatic lobule either along the sinusoids or the central 
vein were not observed (Fig. 5.3b). Some IR nerves were, however, observed in 
association with those hepatocytes that were in contact with the portal tract connective 
tissue (Fig. 5.3a).

The pattern of innervation of normal liver in the control group and normal areas of the 
liver in experimental group of animals was exactly the same as that observed in the 
normal group of animals.
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Figure 5.1:

Histology of the normal liver and HT29 liver tumour (stained with toluidine blue).

(a) Section showing the junction of the normal hver (L) and HT29 hver tumour 
(T). A thin walled vein is observed at the junction of the normal liver and the 
tumour and is seen extending into the tumour tissue (open arrow). Part of 
normal hver parenchyma is interposed between this vein and adjacent tumour 
can also be seen. Cahbration bar = 50 |im.

(b) Microscopic structure of HT29 hver tumour. The alveolar pattern (black arrow) 
with lumen (white arrow) formation mimicks moderately to poorly 
differentiated adenocarcinoma. Cahbration bar = 100 |im.
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Figure 5.2:

Distribution of immunoreactive nerves around a large interlobular branch of hepatic
artery near the hilum of the liver lobe of the nude rat.

(a) PGP-IR nerves around a large interlobular branch of hepatic artery. The 
nerves are distributed at the outer border of tunica media (arrow). In addition, 
large nerve bundles (open arrow) are present in the tunica adventitia of the 
blood vessel. Note the prominent autofluorescence present in intima 
(arrowhead).

(b) NPY-IR nerves around a large interlobular branch of hepatic artery. The 
immunoreactive nerves are distributed at the outer border of tunica media 
(arrow). Large perivascular nerve bundles (open arrow) also show faintly 
positive immunoreactivity. Autofluorescence produced by intima (arrowhead) 
is also seen.

(c) CGRP-IR nerves around a large interlobular branch of hepatic artery. The 
immunoreactive nerves are distributed at the outer border of tunica media 
(arrow). In addition, large nerve bundles (open arrow) are present in the 
tunica adventitia of the blood vessel but the intensity of immunofluorescence 
in the nerve bundle is much less. Autofluorescence produced by intima 
(arrowhead) and perivascular fat (curved arrow) is prominent.

(d) TH-IR nerves around a large interlobular branch of hepatic artery. The 
immunoreactive nerves are distributed at the outer border of tunica media 
(arrow). In addition, large nerve bundles (open arrow) are present in the 
tunica adventitia of the blood vessel but the intensity of immunofluorescence 
in the nerve bundle is much less. The intima (arrowhead) is autofluorescent.

(e) SP-IR nerves (arrow) around a large interlobular branch of the hepatic artery. 
The intima (arrowhead) is autofluorescent.

(f) VIP-IR nerves are absent around a large interlobular branch of the hepatic 
artery. Note the internal elastic lamina (arrowhead), tunica media (M), and 
autofluorescence produced by fat (curved arrow).

Calibration bar = 40 p,m.
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Figure 5.3:

Distribution of PGP-IR nerves in the normal liver of the nude rat.

(a) PGP-IR nerves (arrows) around interlobular brances of the hepatic artery (A), 
portal vein (V) and bile duct (B). The nerves are more dense around the 
branch of hepatic artery than that of the portal vein. Calibration bar = 60 |im.

(b) PGP-IR nerves are absent in the liver lobule both along the sinusoids (S) and 
the central vein (CV). Hepatic cords (H) are easily recognisable. Calibration 
bar =100 |im.
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Figure 5,4:

Distribution of nerves around interlobular blood vessels in the normal liver of the nude
rat.

(a) PGP-IR nerves (straight arrows) around interlobular branches of hepatic artery 
(A), portal vein (V), and bile duct (B). Some autofluorescence (curved arrow) 
can be seen in the lumen of the vein. The nerves are more dense around the 
branch of the hepatic artery than that of the portal vein. Calibration bar = 100 
fim.

(b) NPY-IR nerves (arrow) around interlobular branches of hepatic artery (A), 
portal vein (V) and the bile duct (B). The nerves are more dense around the 
branch of hepatic artery than that of the portal vein. Calibration bar = 100pm.

(c) TH-IR nerves (arrow) around interlobular branches of hepatic artery (A), and 
portal vein (V). Interlobular branch of the bile duct (B) can also be seen. The 
nerves are mainly observed around the branches of hepatic artery in this 
section. Calibration bar = 100pm.

(d) CGRP-IR nerves (arrow) around interlobular branches of hepatic artery (A). 
The nerves aremainly observed around the branch of hepatic artery.
Interlobular branches of the portal vein (V) and the büe duct (B) can also be 
seen. Calibration bar = 80 pm.
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Figure 5.5:

Distribution of nerves in and around HT29 liver tumour.

(a) PGP-IR nerves (striaght arrow) are observed in association with a thin walled 
blood vessel (open arrow) at the junction of th normal hver of the nude rat (L) 
with the HT29 liver tumour (T).

(b) PGP-IR nerves are absent in HT29 liver tumour.

Cahbration bar = 100 |im.
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5.4.1.2.Ü. Liver métastasés (nude rat): No neuronal immunoreactivity was 
observed in HT29 liver tumours (Fig. 5.5b). At the junction of the tumour with the 
normal liver PGP-IR, NPY-IR, TH-IR and CGRP-IR nerves were sometimes 
observed in association with the portal tract-like blood vessels mentioned above 
(Fig. 5.5a).

Occassionally, IR nerves were also observed in association with portal tract-like blood 
vessels in the 'islands' of normal liver tissue which were surrounded on all sides by the 
tumour tissue (mentioned above).

5.4.2. Electron Microscopy:

5.4.2.1. Normal liver (nude rat): The branches of hepatic artery and the portal 
vein, in the portal tract, had regular structures consisting of a layer of endothelial cells 
surrounded completely by a layer of contractile phenotype of smooth muscle cells (Fig. 
5.6a,b). Closely associated with these blood vessels were the profiles of unmyelinated 
nerve fibers containing variable sized dense cored (650-1300“A) and clear vesicles 
(250-800“A) (Fig. 5.6a,b). The nerves were more dense around the branches of the 
hepatic artery than with those of the portal vein (Fig. 5.6a). Occasionally they were 
observed in association with the interlobular bile duct.

In the hver lobule, nerve profiles were not observed in association with any of the 
structures; sinusoids, hepatic cords or the central vein.

5.4.2.2. Liver métastasés (HT29 tumour): The tumour consisted of irregular 
clumps of cells sometimes arranged arround a lumen, thus forming a disorganized 
gland pattern. These glands were surrounded by connective tissue septa consisting of 
bundles of collagen fibers and fibroblast-like cells (Fig. 5.7a).

Tumour blood vessels consisted of a layer of endothelial cells resting on a basement 
membrane and surrounded by a layer of fibroblast-like cells (Fig. 5.7b). Smooth 
muscle cells were not observed in the walls of these blood vessels (Fig. 5.7b).

The endothelial cells had occasional fenesterations (Fig. 5.7c), large amount of 
endoplasmic reticulum (RER), Golgi apparatus and numerous free ribosomes and 
occasional pinocytic vesicles.

Fibroblast-like cells had elongated nuclei. Their cytoplasm showed abundant RER, 
Golgi apparatus and mitochondria in the vicinity of the nucleus. Occasionally, caveolae 
were also observed.

143



Figure 5.6:

Ultrastructure of the portal tract region in the normal hver of the nude rat

(a) Portal tract region in the normal liver of the nude rat showing the interlobular 
branches of the portal vein (V), hepatic artery (A), the bile duct (B) and a 
probable lymphatic capiUary (L). A nerve profile (arrow) is seen adjacent to 
the interlobular branch of hepatic artery. Cahbration bar = 2 pm.

(b) A higher magnification of the interlobular branch of the hepatic artery (A) 
seen in fig 5.6a, showing the endothelial cells (E), smooth muscle cell (SM) 
and nerve fibers (arrow). Cahbration bar = 0.65 pm.
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Figure 5.7:

Ultrastructure of normal liver and HT29 Hver tumour.

(a) Connective tissue septum (S) made of fibroblast-like cells (F) is extending 
between the tumour glands (G). Cahbration bar = 4 pm.

(b) Large thin waUed blood vessel in HT29 liver tumour made up of a single layer 
of endothehal cells (E) and surrounded by the processes of fibroblast-like cells 
(F). White blood cells (WBC) are present in the lumen (L). There is a large 
amount of collagen (C) in the perivascular space. Calibration bar = 3 pm.

(c) Endothelial cell (E) of a blood vessel in the tumour showing fenestrations 
(arrowhead) and a continuous basement membrane. A process of a fibroblast
like cell (F) is making physical contact with the endothehal ceU.
Cahbration bar = 500 nm.
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Figure 5.8:

(a) Structure of a blood vessel of the normal liver incorporated in the HT29 liver 
tumour showing the lumen (L), endothelial cells (E), smooth muscle cells 
(SM), incorporated hepatocytes (H) and tumour gland (G). Nerves are not 
present around this blood vessel Calibration bar = 4 jim.

(b) Higher magnification micrograph of the blood vessel shown in fig. 5.8a. Note 
the lumen (L), endothelial cell (E) and smooth muscle cell (SM). Nerve 
profiles are not seen around this vessel. Calibration bar = 750 nm.
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Perivascular connective tissue consisted of bundles of collagen fibers (Fig. 5.7b). No 
perivascular nerves were observed in any of the blood vessels (Fig. 5.7b).

In one of these tumours, one blood vessel was observed in the tumour tissue which 
was continuous with the extra-tumoural blood vessels in the normal liver. This blood 
vessel had a few hepatocytes immediately surrounding its wall which were interposed 
between this blood vessel and the tumour cells (Fig. 5.8a); possibly an indication of the 
incorporation of the normal liver with its blood vessels into the growing tumour. 
Contractile phenotype of smooth muscle-like cells were observed in the wall of this 
blood vessel (Fig. 5.8b). These cells had elongated shape and had large number of 
caveolae, dense bands, cytoplasmic dense bodies and myofilaments (Fig. 5.8b). Small 
amount of RER and Golgi apparatus were also observed. They had a continuous 
basement membrane. No perivascular nerves were observed in association with this 
blood vessel in the tumour tissue (Fig. 5.8b).

5.5. Discussion

The present study has shown that, in the normal liver of nude rats, distribution of PGP- 
IR, NPY-IR, TH-IR, CGRP-IR and SP-IR nerves is restricted around the interlobular 
blood vessels in the interlobular connective tissue and the portal tracts; no IR nerves are 
present in association with the sinusoids, hepatic cords or the central vein of the liver 
lobule. In contrast to the normal liver, blood vessels in HT29 liver métastasés lack 
perivascular innervation. This finding is confirmed by transmission electron 
microscopy which also showed that the blood vessels within HT29 tumours do not 
have smooth muscle in their walls.

The lack of innervation of blood vessels in HT29 liver tumour is identical to what was 
shown for blood vessels in human colorectal liver métastasés (see chapter 3 for details).

The present study has shown an extensive plexus of perivascular peptidergic nerves in 
the normal liver of nude rat. The density of this innervation is not affected by the 
growth of adjacent HT29 tumour in the liver of nude rats. This is clearly shown by an 
identical pattern of innervation of the normal liver in all three groups of rats; normal 
(unoperated), control (injected with PBS) and normal areas of the liver in the 
experimental group (injected with HT29 cells). The significance of different types of 
hnmunoreactive perivascular nerves in the rat liver has been discussed in relation to the 
blood vessels of the normal liver in the Hooded Lister rat (see discussion in chapter 4). 
The same comments are also applicable to the neural control of vasculature in the liver 
of nude rat.
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In contrast to the normal liver, the absence of perivascular nerves in HT29 tumours 
suggests that similar to the blood vessels supplying human colorectal liver métastasés, 
the blood vessels supplying HT29 tumours are bereft of neural control mechanisms. 
Moreover, the results of the present study have shown that even the normal blood 
vessels incorporated into the growing HT29 tumour lack perivascular nerves. This 
could possibly be explained by some neurolytic process brought about by the tumour 
tissue. It is well known that the nerves are damaged by mechanical pressure (Shimpo et 
a l, 1987). Whether the neurodegeneration of perivascular nerves in the host blood 
vessels encroached on by the tumour is due to increased tissue pressure produced by 
rapidly growing tumour or due to some chemical substance produced by the tumour is 
not known. This requires further investigation.

The ultrastructures of blood vessels in HT29 liver tumour and human colorectal liver 
métastasés have a close resemblance to each other. Most of the blood vessels in both 
tumours consist of a single layer of endothelial cells resting on a basement memberane. 
Some have perivascular cells in addition. Fibroblasts are the most commonly observed 
cells in the walls of tumour blood vessels in both situations. A difference, however, is 
that while no smooth muscle cells were seen in the walls of the HT29 tumour blood 
vessels, smooth muscle cells (albeit of the proliferative, rather than contractile 
phenotype) were seen to partially surround the lumen of blood vessels in the periphery 
of human colorectal liver métastasés. Both the absence of perivascular nerves and the 
similarity in ultrastructure of blood vessels of HT29 liver tumour with those observed 
in human colorectal liver métastasés suggest that nude rat with HT29 tumour is a useful 
animal model for carrying out pharmacological studies involving vascular manipulation 
of tumour and/or normal liver blood vessels for improving the vasoconstrictive 
targeting of heptic arterial infusion chemotherapy. Whether the absence of proliferative 
phenotype of smooth muscle cells around tumour blood vessels in HT29 liver tumour 
has a significant bearing on the usefulness of this animal model for such 
pharmacological studies as mentioned above remains to be seen.

In this study 1 have shown that the neuromuscular controls of the blood vessels 
supplying HT29 tumour in nude rat liver are defective. Further studies are needed to 
understand the role of endothelium in the control of blood flow in these blood vessels. 
The present data, however, suggests the adequacy of this animal model for future 
studies.
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Table 5.1

Pattern of perivascular innervation observed in the normal liver of nude
rats

Large artery Large vein Portal tract Sinusoid Central
vein

PGP +++++ +++ ++++ - -

NPY ++++ ++ +++ - -

TH +++ ++ ++ - -
CGRP ++ + + - -
SP + + + - -

VIP - - - - -

Patterns of perivascular innervation in the liver of control animals and histologically 
normal areas of liver in the HT29 tumour harbouring nude rats (experimental group 
animals) were exactly the same as that in the livers from normal animals.

152



Chapter 6

General Discussion
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6.1. General Considerations

Vasoconstrictors have been used simultaneously with intrahepatic arterially 
administered chemotherapy to increase drug delivery to liver métastasés (Goldberg et 
a l, 1991a&b; Carter et a l, 1992). It has been suggested that the vasoconstrictors 
improve drug delivery to the tumour by diverting the flow of blood from the normal 
liver to the tumour i.e. by improving tumour to normal liver (T:N) ratio. Increased 
blood flow through the tumour circulation delivers increased amount of 
chemotherapeutic agents infused via the hepatic artery (Hemingway et a l, 1991a). 
Present day vasoconstrictive targeting of hepatic artery infusion chemotherapy revolves 
around angiotensin II (Goldberg e ta l, 1991a&b; Carter e ta l, 1992) which has been 
shown to have a short duration of action (Hemingway et a l, 1992). The basic concept 
underlying the work presented in this thesis is that a better understanding of vascular 
control mechanisms in the normal liver and colorectal liver métastasés may help us 
develop a better combination of drugs to target hepatic artery infusion chemotherapy to 
the tumour. This may be possible by exploiting the differences either in structure of 
blood vessels in the normal liver and colorectal liver métastasés or their control 
mechanisms. Therefore, the objectives of the present thesis were

i) to determine the ultrastructure of blood vessels and perivascular innervation in 
human colorectal liver métastasés and compare them with those in the normal liver.

ii) to determine the neural regulation and fine structure of blood vessels supplying the 
normal liver and liver métastasés in one syngeneic (MC28 liver tumour, a 
fibrosarcoma, in the Hooded Lister rat) and one xenogeneic (HT29 liver tumour, a 
carcinoma, in the nude rat) animal model of liver métastasés and compare them with 
those in the human liver and hver métastasés.

6.2. General summary o f results

The present study has shown that in the normal human liver, PGP-IR, NPY-IR and 
TH-IR nerves are present at the perivascular and paravascular sites around the larger 
intrahepatic blood vessels and along the intraparenchymal blood vessels, whereas SP- 
IR, VIP-IR and CGRP-IR nerves are present only in the paravascular nerve bundles 
running along larger intrahepatic blood vessels. AT II-IR, SOM-IR and ANP-IR nerves 
are absent. In contrast, blood vessels in colorectal liver métastasés lack perivascular 
innervation. This finding is confirmed by transmission electron microscopy which also 
demonstrated the absence of nerve profiles. Furthermore, except for an occasional 
blood vessel in the periphery of the tumour, smooth muscle cells of contractile 
phenotype, were absent in the walls of tumour blood vessels. In addition, the present
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work has shown that in the normal liver of the Hooded Lister and nude rats, 
distribution of PGP-IR, NPY-IR, TH-IR, CGRP-IR and SP-IR nerves is restricted 
around the interlobular blood vessels in the interlobular connective tissue and the portal 
tracts; no IR nerves are present in association with the sinusoids, hepatic cords or the 
central vein of the liver lobule in either species of rats. In contrast to the normal rat 
liver, blood vessels in MC28 and HT29 liver métastasés lack perivascular innervation. 
These findings are confirmed by transmission electron microscopy which also showed 
that the blood vessels supplying MC28 fibrosarcoma and HT29 carcinoma in liver do 
not have smooth muscle cells in their walls.

6.3. Comparison o f present results with other studies

The distribution of nerves in the human liver has been reported by many groups using 
antibodies against various non-specific neuronal markers e.g. neuron specific enolase 
(Miyazawa et al, 1988; Mann et al, 1991; Dhillon et a l, 1992; el-Salhy et al, 1993), 
S-100-protein (Miyazawa et al, 1988; Dhillon e ta l, 1992; el Salhy e ta l, 1993), PGP 
(Dhillon et al, 1992) and neural cell adhesion molecules (Scozec et a l, 1993). Dhillon 
et a l (1992) have reported that PGP 9.5 is the most sensitive neural marker of 
intrahepatic nerves, and hence used in the present study. Using PGP 9.5, the present 
study has generally confirmed the previous reports on the distribution of intrahepatic 
nerves in the human liver (Miyazawa, 1988; Scoazec et a l, 1993). Moreover, the 
present study provides a more detailed account of the distribution of nerves along larger 
intrahepatic blood vessels, particularly interlobular arteries 150-1500 fxm in diameter, 
around which the nerves were observed to group as perivascular (at the adventitial- 
medial border) and paravascular (within the adventitia) nerves.

In the present study we have confirmed the pattern of distribution of NPY-IR and TH- 
IR nerves is similar to what has been shown by others (Miyazawa et a l, 1988; Ding et 
al, 1991; Fehér et a l, 1991; Mann et a l, 1991). Since both NPY-like and TH-like 
immunoreactivities are present in the sympathetic nerves (Lundberg et al, 1982; Burt et 
a l, 1989), it is not out of place to compare the distribution of NPY-IR and TH-IR 
nerves with adrenergic nerves demonstrated by glyoxylic acid or formaldehyde induced 
fluorescence methods. Although the distribution of NPY-IR and TH-IR nerves in the 
present study is similar to that of adrenergic nerves reported by Nobin et al (1978), it, 
however, differs from that reported by Kyosola et a l (1985) who reported that 
intralobular nerves were observed only in 11 out of 34 liver specimens obtained by 
laparoscopic biopsy and when present were randomly oriented in relation to the hepatic 
cords. In the present study intralobular nerves were always observed in the human 
liver. However, their distribution was not uniform and some lobules were more 
densely innervated than others. A similar variation in the density of intrahepatic nerves
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has also been reported by other groups (Nobin et a l, 1978; Fehér et a l, 1991). As 
mentioned, Kyosola et al (1985) worked on laparoscopically obtained liver biopsy 
specimens, the size of which is invariably very small. Therefore, this discrepancy in the 
results can be explained on the basis of inadequate size of specimens that were available 
for examination to Kyosola et al (1985). Although such a specimen may be adequate 
for histopathological examination, the variations in the distribution of intrahepatic 
nerves makes it unsuitable for such examination.

In the present study SP-IR and VIP-IR and CGRP-IR nerves were observed only in the 
paravascular nerve bundles around large interlobular blood vessels and were absent 
both at the adventitial-medial border of these blood vessels and within the liver lobule. 
SP-IR and VIP-IR nerves were reported in the human liver lobule by Ueno et al 
(1991). CGRP-IR and SP-IR nerves were reported in interlobular spaces, and 
occasionally also in the liver parenchyma, of the guinea-pig liver by Goehler et al 
(1988). The possible reasons of these differences have been discussed previously (see 
section 3.5). However, an additional comment is necessary here. Correlating light and 
electron microscopic work, I found both NPY-IR and TH-IR nerves on light 
microscope immunohistochemistry of the human liver lobule. Both of these are present 
in the sympathetic nerves (Burt et al, 1989). On electron microscopy of the human 
liver, only one type of nerve varicosities were observed which had characteristics of 
adrenergic nerves. These findings not only complement each other but also are in 
perfect agreement with the previous reports (Nobin et al, 1978; Ohata, 1984). It shows 
that the presence of three different types of nerves in the liver parenchyma i.e. 
sympathetic, parasympathetic and sensory-motor, all having different ultrastructural 
features (Bumstock, 1980) and neuropeptides is unlikely.

The present study has shown that in the rat liver the nerves are restricted around 
interloblular blood vessels; no nerves are present in the liver lobule along the sinusoids, 
hepatic cords or the central vein. This is generally similar to what was shown 
previously for different types of nerves in various studies (Reilly et al, 1977; Metz and 
Forsmann, 1980; Lamers, 1988; Burt et a l, 1989). However, Skaaring and Bierring 
(1976) have reported the presence of acetylcholinesterasee-positive nerves in the liver 
lobule of rat. In the present study, intralobular nerve nerves were never observed either 
at the hght microscopy level or at the electron microscopic level. Moreover, Reilly et al 
(1978) have demonstrated that by booking the non-specific butyrylcholinesterase 
activity with ISO-OMPA, acetylcholinesterase reaction does not demonstrate any 
intralobular nerves in the rat liver.

To the best of my knowledge, there is no report in the literature on the ultrastructure of 
blood vessels supplying colorectal liver métastasés. The present study is also the first
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study which has demonstrated the presence of proliferative phenotype of smooth 
muscle-like cells in the walls of tumour blood vessels. However, like many other 
tumours, a vast majority of blood vessels in human colorectal liver métastasés do not 
have a well developed tunica media with a smooth muscle cells (either synthetic or 
contractile phenotype) (see section 1.8 for details). Very rarely, blood vessels with a 
complete layer of smooth muscle cells were observed in the periphery of the tumour. 
Ultrastructures of both fibrosarcoma (MC28) and carcinoma (HT29) liver métastasés 
show a complete lack of muscular elements in the walls of blood vessels. Moreover, 
the fortutious finding of a normal liver blood vessel incorporated in HT29 liver tumour 
(see figs. 5.8a,b) provides a possible explanation for the presence of blood vessels 
with contractile phenotype of smooth muscle cells in the periphery of human colorectal 
hver métastasés.

The present study has demonstrated the absence of perivascular nerves in human 
colorectal liver métastasés and both in MC28 and HT29 tumours in rats. However, in 
both of these animal tumours, several regions were observed, more common in MC28 
tumour than in HT29 tumour, where normal hepatic tissue was observed surrounded 
on all sides by the tumour tissue; possibly indicating encroachment / replacement of the 
normal hepatic tissue by the rapidly growing tumours. In some of these regions nerves 
were seen at the junction of tumour with the normal liver. Such areas were not 
observed in human colorectal hver métastasés. This could possibly be due to slow rate 
of growth of the human colorectal hver métastasés while commerciaUy available cancer 
cell lines usually consist of anaplastic cells which tend to multiply at a rapid rate 
(Freshney, 1992) (as evidenced by their growth to a size of 0.5 cm in two weeks from 
the micrometastahc stage). The encroachment of the surrounding normal tissue by the 
expanding tumour tissue could explain the reported presence of perivascular nerves in 
the peripheral parts of breast and colonic carcinomas in human (Mitchell et al, 1994a).

6.4. Comparison o f syngeneic tumour model with the xenogeneic model

Apart from the minor differences in the density of various types of immunoreactive 
nerves in the Hooded Lister and the nude rats, the distribution of nerves is very much 
alike in the two species of rats. The two tumours resemble each other as perivascular 
nerves are absent both in MC28 and HT29 liver tumours. Ultrastructure of both 
tumours shows that the walls of blood vessels consist of a layer of endothelial cells 
resting on a basement membrane. Most blood vessels in HT29 tumour and all of those 
in MC28 tumour lack perivascular smooth muscle. The only difference between the 
ultrastructure of blood vessels in these two tumours is that some of the tumour blood 
vessels in HT29 tumour are surrounded by fibroblast-like cells. Whether this difference 
in the structure of blood vessels of the two tumours is significant enough to affect
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vascular responses in the tumour circulation in response to various vasoactive agents 
remains to be seen. However, the present data suggests that both of these animal 
models may be equally useful for future studies.

6.5. Future work

The results of the present thesis show comparable neural control and ultrastructure of 
blood vessel in human colorectal liver métastasés and MC28 and HT29 tumours in a 
syngeneic and a xenogeneic tumour model respectively. Several other questions, 
however, need to be answered.

1. As mentioned in section 1.4.2 that the endothelium of blood vessels play an active 
role in the control of local blood flow by the production of endothelium derived 
constricting and relaxing factors (Katusic et a l, 1987; Katusic and Vanhotte, 1989; 
Furchgott and Zwadski, 1980; Palmer et a l, 1987). The role of endothelial control 
mechanisms in the regulation of blood flow in the hepatic circulation is not investigated. 
However, Dworkin et al (1995) have shown that infusion of nitric oxide inhibitor L- 
NAME into the hepatic artery of rat increases the vascular resistance to blood flow in 
the normal liver. Nitric oxide producing enzyme, nitric oxide synthase (NOS), has been 
identified in the endothelium of several blood vessels in various species e.g. rat 
pulmonary vessels (Xue et a l, 1994), human umbilical cord vessels (Dikranian et al, 
1994), rat brain vessels (Tomimoto et a l, 1994) and arterioles and venules of the 
intestine in rat and human (Nichols et a l, 1994). There is, however, no morphological 
reports on the presence of NOS (enzyme necessary for nitric oxide synthesis) in the 
endothehal cells of intrahepatic blood vessels either in the human or animals. Similarly, 
endothelin has powerful hepatic vasoconstrictive effects (Hennigan and Allen-Mersh, 
1994). The future work should be directed to explore the presence of endothelial 
control mechanisms both in blood vessels supplying the normal human liver and 
colorectal liver métastasés and in both of these animal models of liver métastasés. This 
can be done using immunohistochemical techniques both at light and electron 
microscopic levels. Buttery et al (1993) have recently demonstrated the presence of 
inducible nitric oxide synthetase (iNOS) in the endothelium of blood vessels supplying 
murine colon 26 adenocarcinoma and B16 melanomas implanted subcutaneously in 
mice.

2. Having seen the differences in the vascular structure and control mechanisms, the 
future work should be directed towards the functional differences between the normal 
liver and tumour blood vessels in response to various vasoactive agents. One possible 
drug combination for vasoconstrictive targeting of hepatic artery infusion chemotherapy 
by which we might be able to achieve improved tumour to normal liver ratio (T:N ratio)
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is by the use of of noradrenaline and neuropeptide Y. This possibility has emerged 
directly as a result of the work presented in this thesis. Other possibilities include a 
combinations of L-NAME (Dworkin et a l, 1995) plus noradrenaline and NPY or 
endothelin (Hanigan and Allen-Mersh, 1994) plus noradrenalin and NPY. Since all 
these drugs act through different mechanisms of actions, additive effects can be 
expected. The efficacy of these combination can be assesed by several different ways. 
These include:

a. By infusing various vasoactive agents (especially the ones mentioned above) through 
the hepatic artery via a catheter placed through the gastroduodenal artery (described by 
Hennigan and Alan-Mersh, 1994) and performing in vivo microscopy as described by 
Kan et al (1993) we can observe the vascular responses both in the normal liver and 
the hepatic tumours. However, this technique can be used only in the animal models of 
hver métastasés and cannot be used for studies in the human colorectal hver métastasés.

b. Injection of ^^^Xe locally into the hver substance and the hepatic tumours followed 
by measurement of the clearance rate of the radiotracer using gamma counter have been 
used to determine the blood supply of liver métastasés (Taylor et a l, 1979). The 
rationale is that increased blood flow increases clearance of ^^^Xe and decreased blood 
flow slows down the clearance of ^^̂ Xe from the site of injection. A similar set up can 
be used to determine the vascular responses in the tumour and the normal hver. It has 
been suggested that the vasoconstrictors target hepatic artery infusion chemotherapy to 
the tumour by causing vasoconstriction in the normal liver and hence increasing the 
resistance to the flow of blood passing through normal hepatic circulation. The blood, 
carrying chemotherapeutic agent, is diverted to the tumour circulation. Therefore, 
infusion of a vasoconstrictor will decrease ^^^Xe clearance in the normal liver but 
increase clearance in the tumour. Using these clearance rates a T:N hver ratio can 
be determined for the prospective combination of vasoconstrictor drugs (mentioned 
above) and compared with the presently used vasoconstrictors namely angiotensin n.

c. Haemodynamic changes both in the tumour and the surrounding normal hver can be 
assessed using laser doppler blood flowmetery. This is a sophisticated technique in 
which an incident laser hght is scattered in the tissue and undergoes a frequency shift in 
proportion to red blood cell speed and concentration. A laser light of wavelength 
between 780-820 nm has an estimated measuring depth of 1-2 mm. Laser doppler 
probes are placed both on the surface of the normal liver and the liver métastasés 
ensuring minimal relative movements between the probe and the surface of the hver or 
métastasés. Laser doppler output is recorded on an arbitrary scale in flux units which 
are proportoinal to tissue perfusion (if there is no change in red blood cell concentration
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i.e. haematocrit). This set up allows measurement of the changes in laser flux (and 
hence blood flow) both in the normal hver and hver métastasés simultaneously.

3. Future work should also explore the the underlying mechanisms responsible for the 
lack of smooth muscle and nerves in the blood vessels in malignant tumours. Whether 
the changes in the smooth muscle are a primary event or a result of the changes in the 
innervation of blood vessels is not known. It has been shown that an extract of sciatic 
nerve of an adult rat has trophic effects on the proliferation of smooth muscle ceUs in in 
vitro cultures. On the other hand Langer et al (1994) have shown that the smooth 
muscle cells from the colon of patients with Hirshsprung's disease have inhibitory 
effect on the growth of nerves in cultures. Whether the absence of nerves is responsible 
for the lack of development of muscle layer in the blood vessels of the tumour or is it 
the presence of altered smooth muscle (synthetic phenotype of smooth muscle-like 
cells) in the blood vessels in the periphery of the tumour that inhibits the growth of 
nerves along the tumour blood vessels is not known. Another possibility could be that 
the tumour produces some growth inhibitory factors that inhibit the growth of both the 
smooth muscle and the privascular nerves. An experiment can be set up culturing rat 
aortic or other vascular smooth muscle and noting the effect of tumour extract on the 
growth rate of smooth muscles. A similar experiment can be done by growing enteric 
ganha in a culture and recording the effect of tumour extract on the growth of neurites.

6.6. Conclusions

The experimental results presented in this thesis imply that blood vessels supplying 
liver métastasés both in human and in animal models are bereft of neuronal regulation. 
Moreover, both syngeneic and xenogeneic tumour models (Hooded Lister rat with 
MC28 tumour and nude rat with HT29 tumour respectively) may be suitable for future 
studies.
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Appendix 2,1

A. H  & E solutions

Erlich haematoxylin

Haematoxylin 2g
Absolute alcohol 100 ml
Glycerol 100 ml
Distilled water 100 ml
Glacial acetic acid 10 ml
Aluminium potassium sulphate 10-14 g

Acid alcohol:

1% hydrochloric acid in 70% ethanol.

B. Solutions used in van Geison’s stainine:

Van Geison’s solution:

Saturated aqueous picric acid 100 ml
1% acid fuchsin in distilled water 5-10 ml

Weigert haematoxylin:

Solution A (stain)
Haematoxylin Ig
Absolute alcohol 100 ml

Solution B (mordant)
30% aqueous ferric chloride (anhyd.) 4 ml
Concentrated hydrochloric acid 1 ml
Distilled water 95 ml

Solutions A and B are stored separately and mixed immediately before use.
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Appendix 2,2 

EM solutions

O.IM Millonig's buffer 
O.IM NaH2P04.H20 (BDH, UK) 
titrate with IM NaOH to pH 7.4. 
eg: for 1 litre, 13.7 g NaH2P0 4 .H2 0

approx. 160ml IM NaOH 
approx. 840ml distilled water.

0,1M Cacodylate buffer
O.IM solium cacodylate (CH3)2As02Na.3H20 (BDH, UK) 
eg: for 1 litre, dissolve 21.4g (CH3)2As02Na.3 H2O in 800 ml of distilled water. 

Adjust pH to 7.4 using O.IN HCl 
Add distilled water to make the total volume to 1(X)0 ml.

Araldite resin
For 20 ml resin:
10 ml Dodecenyl succinic anhydride (Agar scientific, UK)
10 ml Araldite CY212 (Taab, UK)
0.8 ml dibutyrl phthalate (Agar Scientific, UK)
Heat and stir at 60“C for 5 min then add 0.4 ml benzyldimethylamine (Agar Scientific, 
UK) and continue to heat and stir for 2 min.
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