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Abstract
O b je c t iv e

The aims of these studies were i) to undertake a descriptive study of the 

ultrastructural characteristics, innervation and pharmacological responsiveness of the 

human ovarian vein and ii) to develop an in vitro isolated perfused premenopausal 

human ovary model in order to investigate the role of adenosine 5'-triphosphate and 

regulatory peptides in local vascular control in the ovary.

D e s ig n

The pattern of innervation was investigated using image analysis of electron 

micrographs, histofluorescence and immunohistochemistry of cryostat sections and 

whole mount stretch preparations of ovarian vein. In situ electron microscopic 

immunolocalization of Substance P and immunolocalization of Substance P and other 

vasoactive agents in cultured ovarian venous endothelium were performed.

Pharmacological responses to electrical stimulation of sympathetic nerves and 

various agents were studied and endothelium-mediated relaxation responses were 

investigated. The ovarian vascular bed was perfused in vitro with a physiological 

solution and adenosine 5'-triphosphate and peptide release was estimated in 

perfusate.

R e s u l t s

Ultrastructural features of the ovarian vein were established. Substance P, 5- 

hydroxytryptamine. Neuropeptide Y and Endothelin were localized in endothelial 

cells. Innervation was predominantly sympathetic.

In organ bath studies evidence for purinergic and adrenergic cotransmission 

in sympathetic nerves was obtained. A loss of sensitivity to 5-hydroxytryptamine was 

noted in specimens from women who had previously undergone sterilization. 

Relaxation to Substance P was partially mediated via nitric oxide. Release of 

adenosine 5'-triphosphate and peptides from the perfused ovary was demonstrated 

and responses seen to purine analogues and peptides.

C o n c l u s io n

Local vascular control in the human ovarian circulation includes both 

endothelial and sympathetic nerve-mediated mechanisms.



Contents
Abstract 2
Figures & Tables 5
Statement on conjoint work 7
1. Introduction 8

1.1 Objectives 8
1.2 Background 10

1.2.1 Ovarian vessels: a model of vascular plasticity 10
1.2.2 Anatomy of the utero-ovarian circulation 12
1.2.3 The vascular hypothesis in chronic pelvic pain 13

1.2.3.1 Clinical aspects 13
1.2.3.2 Vascular phenomena and visceral pain 14

1.2.4 Circulatory changes and hormonal status in women 15
1.2.5 Local control of blood flow 18
1.2.6 Vascular control and autonomic innervation in the female 

reproductive tract 20
1.2.6.1 Localization studies 20
1.2.6.2 Pharmacology 23
1.2.6.3 Oestrogen, progesterone and local circulatory control 25
1.2.6.4 In vivo human studies of neuropeptides 31

1.2.7 The isolated perfused ovary model 32
2. Methods 33

2.1 Specimen collection, transport and handling 33
2.2 Electron microscopy 33
2.3 Immunohistochemistry 35

2.3.1 In situ immunolocalization using electron microscopy 35
2.3.2 Immunocytochemistry using cultured endothelium 35
2.3.3 Whole-mount stretch preparations of ovarian vein 36
2.3.4 Immunohistochemistry using cryostat sections of ovarian vein

and ovary 38
2.4 Organ bath pharmacology 39

2.4.1 Mounting of vessel preparations 39
2.4.2 Preliminary studies: loading 39
2.4.3 Preliminary studies: reproducibility 39
2.4.4 Preliminary studies: tissue storage 41
2.4.5 Analysis of concentration-response curves 41
2.4.6 Studies on responses to electrical stimulation, putative 

neurotransmitters and endothelin-1 43
2.4.7 Studies on responses to substance P and bradykinin 45
2.4.8 Studies on responses to angiotensin II and other agents 47

2.5 Studies using the isolated perfused human ovary 48
2.5.1 Specimen collection, preparation and perfusion protocol 48
2.5.2 Viability of the preparation 49
2.5.3 Assay of adenosine 5'-triphosphate 49
2.5.4 Peptide ELISA assays 50
2.5.5 Responses to drugs 50



2.6 Data handling and statistical analyses 51
3. Results 52

3.1 The fine structure of the human ovarian vein 52
3.1.1 Electron microscopic studies 52
3.1.2 Discussion 62

3.2 Immunohistochemistry of the ovarian vein and ovary 65
3.2.1 Ovarian vein endothelium 65
3.2.2 Innervation of the human ovarian vein: light microscopy 68
3.2.3 Nerves and blood vessels in the human ovary 72
3.2.4 Discussion 75

3.3 Pharmacology of the human ovarian vein 77
3.3.1 Responses to putative neurotransmitters and endothelin-1 77
3.3.2 Responses to angiotensin II 82
3.3.3 Responses to nerve stimulation 88
3.3.4 Responses to substance P and bradykinin 91
3.3.5 Negative and inconclusive results 95
3.3.6 Discussion 96

3.4 Studies using the isolated perfused human ovary 101
3.4.1 Release of ATP and peptides 101
3.4.2 Responses to drugs 102
3.4.3 Discussion 110

4. Conclusions 112
4.1 Dual vascular control in the human ovarian vein 113
4.2 Comparison with other human and animal veins 114
4.3 Vascular pain and the ovary 115
4.3 Endothelial factors and the regulation of ovarian activity 117

References 119
Acknowledgements 140



Figures & Tables
Methods: organ bath pharmacology
Figure 1 A Tension-response experiments 40
Figure 1 B Repeated exposure to 5-hydroxytryptamine 40
Table 1 A-C Reproducibility studies 42
Figure 2 A-B Scanning EM: effect of luminal rubbing 46

The fine structure of the human ovarian vein
Table 2 EM studies: clinical details of patients 54
F igure 3 A-D Electron micrographs: endothelium (1) 55
F igure 4 A-B Electron micrographs: endothelium (2) 56
F igure 5 A-D Electron micrographs: smooth muscle coat (1) 57
F igure 6 A-B Electron micrographs: smooth muscle coat (2) 58
F igure 7 A-F Electron micrographs: nerves 59
Table 3 Smooth muscle: thickness and nerve density 60
Table 4 Axonal vesicle numbers and diameters 61

Immunohistochemistry of ovarian vein endothelium
F igure 8 A-B Electron micrographs: immunolocalization of SP 66
F igure 9 A-D Localization of SP, ET, 5-HT and NPY 67

Ovarian vein: immunohistochemistry of nerves
Figure 10 A-C Transverse sections: NPY-positive nerves 69
F igure 11 A-C Whole mounts: glyoxylic acid histofluorescence 70
Figure 12 A-D Whole mounts: TH- and NPY-positive nerves 71

Human ovary: nerves and blood vessels
Figure 13 A-D TH- and NPY-positive nerves 73
F igure 14 A-C UEA-1 lectin binding showing vascular endothelium 74

Ovarian vein pharmacology
F igure 15 A-D Responses to a,8-MeATP, NA, 5-HT and ET-1 78
Figure 16 A-B Concentration-response curves for 5-HT 79
Table 5 A-C Responses to 5-hydroxytryptamine 80
Figure 17 B 5-HT responses in relation to tubal sterilization 81
Figure 17 A Concentration-responses curves for NA 81
Figure 18 A Concentration-responses curve for a,B-MeATP 83
Figure 19 A Angiotensin II: initial and repeat application 84
Figure 19 B Concentration response curve for ET-1 84
Table 6 A-B Angiotensin II responses 85
Table 7 A-B Angiotensin II responses 86
F igure 20 A-B Angiotensin II: without endothelium, and indomethacii87
F igure 21 Nerve stimulation: frequency-response experiment 89
Figure 22 A-C a-adrenoceptor and purinoceptor blockade 90
F igure 23 A-D Responses to SP: example polygraph traces 92
F igure 24 A-B Concentration-responses curves for SP and bradykinin 93



T a b l e  8 Negative and inconclusive results 95

Studies using the isolated perfused ovary
T a b l e  9 Summary of clinical details and experimental results 103
F ig u r e  25 Example polygraph tracing 104
F ig u r e  26 A-B Scanning EM: arteriolar endothelium 105
F ig u r e  27 Release of ATP 106
F ig u r e  28 a -c  Example of release of SP, ET and A VP 107
F ig u r e  29 Responses to drugs: example polygraph traces 108
F ig u r e  30 Responses to ET-1 and effect of l-NAME 109



Statement regarding conjoint work
The research presented in this thesis was carried out with the collaboration 

of the following individuals in Professor Bumstock’s group in the Department of 

Anatomy and Developmental Biology, UCL:

1. Miss Amanda Vials participated jointly with me in experiments with isolated 

perfused ovary preparations including assays of adenosine triphosphate and lactate 

dehydrogenase in perfusate.

2. Dr Pamela Milner carried out enzyme-linked immunosorbence assays of peptides 

for release studies in the isolated perfused ovary model.

3. Dr Philippe Bodin performed red blood cell counts in perfusate in isolated 

perfused ovary experiments.

4. Dr Rahima Crowe carried out all immunohistochemical studies involving cryostat 

sections of the human ovarian vein with the technical assistance of Mr T Robson.

5. Dr Andrej Loesch carried out the electron microscopic immunocytochemistry 

localization studies of vasoactive factors in ovarian vein endothelium.

6. Mr Mark Turmaine prepared all electron micrographs.

I personally carried out the following work presented in the thesis:

1. Specimen collection and recording of clinical data.

2. All organ bath pharmacological studies of the human ovarian vein.

3. All immunohistochemical and histofluorescence studies involving whole mount 

stretch preparations of the human ovarian vein, and all work involving histological 

sections of the ovary.

4. Image analysis of electron micrographs.

5. Database programming and statistical analyses.



1. Introduction
1.1 OBJECTIVES

The aim of the investigations presented in this thesis was to elucidate the 

mechanisms of local circulatory control present in the human ovarian vein and ovary 

with regard to both structure and function. The starting point for this work was the 

clinical problem of chronic pelvic pain in women associated with utero-ovarian 

venous "congestion". Through studies of the mechanisms of local circulatory control 

it was anticipated that a better understanding of the pathogenesis of chronic pelvic 

pain in women would be obtained. From this starting point it soon became apparent 

that before pathological conditions involving the vasculature could be investigated 

descriptive studies of the structure and function of human ovarian vasculature were 

required.

The aims of the programme of research described in this these were i) to 

undertake a descriptive study of the ultrastructural characteristics, innervation and 

pharmacological responsiveness of the human ovarian vein and ii) to develop an in 

vitro isolated perfused premenopausal human ovary model in order to investigate the 

role of adenosine 5'-triphosphate and regulatory peptides in local vascular control in 

the ovary.

The possible impact of structural and functional variability related to ageing, 

hormonal status, smoking, reproductive history, previous surgical intervention and 

pathological conditions of the reproductive tract was considered. It was considered 

that the very limited previous knowledge of the structure and function of the human 

ovarian vasculature rendered the formulation of definitive a priori hypotheses in 

relation to these variables inappropriate. The approach taken was therefore to collect 

extensive clinical data relating to each specimen and to search a posteriori for 

possible relationships between structure, function and these variables.

The working hypothesis for these studies was that in the human ovarian 

circulation the structure of veins would reflect their role in aiding venous return in 

the absence of tissue supports and valves, and an ability to respond to the very large 

circulatory changes associated with the different phases of reproductive life. With 

regard to function, the hypothesis was that local vascular control is regulated via the
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actions of both perivascular autonomic nerves, and factors localised in and released 

from vascular endothelium.

It was anticipated that the availability of fresh surgical material would allow 

these investigations to concentrate exclusively on human tissue. The approach taken 

was to combine structural methods using immunohistochemistry and electron 

microscopy with studies of function using organ bath pharmacological methods and 

an isolated perfused ovary system, so as to obtain a wide perspective on the ovarian 

vasculature.



1.2 BACKGROUND
1.2.1 O v a r ia n  v e s s e l s :  a  m o d e l  o f  v a s c u l a r  p l a s t i c i t y  in  t h e  a d u l t

The human ovarian circulation undergoes changes at the menarche, during 

the menstrual cycle, in pregnancy and at the menopause, both in large vessels and 

at the level of the capillary network. The different phases of reproductive life are 

associated with changes both in size and volume flow in the uterine and ovarian 

arteries and veins. Increased ovarian blood flow in the luteal phase of the menstrual 

cycle is indicated by an arterial low resistance pattern of Doppler ultrasound signal 

(Scholtes et al. 1989). In pregnancy, although the ovaries are inactive, markedly 

dilated ovarian veins contribute to the venous drainage of the uterus. Thrombosis of 

massively dilated ovarian veins is a cause of acute abdominal pain in the puerperium 

(Savader et a l 1988).

Some of the changes in the uterine and ovarian veins may be a consequence 

of fluctuating levels of ovarian steroid hormones. During the normal menstrual cycle 

the ovarian veins are exposed to 100-fold higher concentrations of oestrone and 

oestradiol compared to peripheral plasma (Baird & Fraser 1975). Although data are 

not available for human vessels, in oophorectomized mice the uterine and ovarian 

veins, but not the femoral or iliac veins or inferior vena cava, enlarged in response 

to oestradiol or testosterone administration (Forbes & Kapadia 1976). This suggests 

that uterine and ovarian vessels have a special sensitivity to ovarian steroid 

hormones. Oestrogen and progesterone receptors have been detected in human pelvic 

veins (Lointier et a l 1982).

Venoconstriction has a homeostatic role in maintaining cardiac output in 

response to changes of posture, and is under sympathetic control (Rothe 1986). 

Veins may also respond to local pressure changes with myogenic activity sufficiently 

coordinated to result in a peristalsis-like movement of blood back to the heart 

(Wiedeman 1978). The electrophysiology of venous smooth muscle in the bat wing 

shows some similarity to cardiac muscle (Hogan & Kallen 1978). In the absence of 

tissue supports and valves (Wishahi 1991), venous return in the utero-ovarian 

circulation is likely to be aided by spontaneous contractility which has been observed 

in vitro (Borda et a l 1979) and in vivo (Stones et a l  1990). Spontaneous 

contractility and responses to agonists and nerve stimulation of human vessels were
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affected in a complex manner by oestradiol and progesterone, under certain 

conditions enhancing and under other conditions inhibiting responses (Leathard & 

Eccles 1991) indicating that as well as inducing trophic changes in veins, oestrogens 

and progestogens may act directly on smooth muscle depolarization.

An essential feature of ovulatory activity is capillary angiogenesis, elegantly 

demonstrated in the hamster corpus luteum by a microcorrosion cast technique 

(Forsman & McCormack 1992). Ovarian angiogenesis may be under the control of 

growth factors, but in addition a number of peptides associated with the control of 

vascular tone also have been shown to have a role in ovulation, for example 

angiotensin II and bradykinin. In the rat, renin mRNA is expressed in the corpus 

luteum (Lightman et al. 1987), immunoreactive angiotensin and its receptors can be 

demonstrated (Husain et al. 1987, Lightman et ah 1988) and a functional role for 

angiotensin in ovulation is suggested by in vitro perfusion studies of the intact rabbit 

ovary (Kuo et al. 1991). These substances have also been localized in the human 

ovary (Palumbo et al. 1989). Bradykinin potentiated follicular rupture in the perfused 

rat ovary (Brannstrom & Hellberg 1989).

An important growth factor mediating angiogenesis is likely to be vascular 

endothelial growth factor (VEGF) which has been identified, cloned, and localized 

in corpus luteum by in situ hybridization (Ferrara et al. 1989, Leung et al. 1989, 

Phillips et al. 1990) rather than fibroblast growth factor as previously proposed 

(Gospodarowicz et al. 1987) although an intriguing potential link between a 

vasoactive agent and a growth factor was suggested by the observation of an effect 

of angiotensin II in stimulating fibroblast growth factor expression in cultured luteal 

cells (Stirling et al. 1990).
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1.2.2 A n a to m y  o f  t h e  u t e r o - o v a r i a n  c i r c u l a t i o n

Consistent with the embryological origin of the uterus and ovaries, the 

ovarian arteries in humans arise from the aorta at a level below the origin of the 

renal arteries, with a variant course arching over the renal veins in some cases 

(Grine & Kramer 1981). On the left, the ovarian vein joins the left renal vein. On 

the right, the ovarian vein usually joined the inferior vena cava directly but joined 

the right renal vein in 8.8% of cases (Mijaô et al. 1983). The ovarian veins are 

usually free of valves (Wishahi 1991).

The uterine arteries arise from the internal iliac arteries and anastomose 

distally with the ovarian arteries. Hossain & O’Shea (1983) reviewed studies of the 

direction of flow in the anastomotic area which indicate significant species 

differences, being towards the uterus in the horse, sheep and pig and towards the 

ovary in the rat, hamster, rhesus monkey and, ipsilateral to the corpus luteum, the 

ox. These authors also used microsphere studies to show flow towards the uterus in 

the guinea pig. This topic has not been studied in humans and the present state of 

duplex Doppler ultrasound imaging would probably not allow definitive conclusions 

to be drawn. However, in premenopausal women ovarian activity continues after 

hysterectomy with ovarian conservation although there is evidence that the 

subsequent age of natural menopause can be earlier than in women with an intact 

uterus, which might represent a delayed consequence of interference with the normal 

ovarian blood supply (Siddle et al. 1987).

A number of authors have drawn attention to the complex structural relations 

of the uterine and ovarian arteries and veins (Bendz et al. 1982a). In some species, 

local hormonal influences apparently transmitted through veno-arterial shunts are 

important in the regulation of the corpus luteum (Ginther 1981) but this is not 

thought to be a factor in human luteal function. However, the concept of 

countercurrent exchange between human utero-ovarian veins and arteries has 

received some experimental support (Bendz et al. 1982^, Einer-Jensen et al. 1989). 

Within the ovarian vascular bed it is possible that changes in ovarian activity are 

accompanied by arteriovenous shunting but this could not be demonstrated in rabbit 

ovaries perfused with microspheres (Ahrén et al. 1974).
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1.2.3 T h e  v a s c u l a r  h y p o t h e s is  in  c h r o n i c  p e l v i c  p a in

1.2.3.1 Clinical aspects

The concept of venous congestion, meaning dilatation with sluggish flow in 

the utero-ovarian veins, as a cause of pelvic pain originated in the 1940s (Taylor 

1948a-c, 1954). More recently, venography has been used to demonstrate congestion 

in pelvic veins and comparison made of the radiological appearances between women 

with different clinical diagnoses (Beard et al. 1984), although in the literature pelvic 

congestion has not been associated exclusively with symptoms of pain (Grakova et 

al. 1989). Administration of dihydroergotamine to women with pelvic pain was 

associated with relief of pain and improvement in the radiological appearances 

(Reginald et al. 1987). Ultrasound has been employed in making the diagnosis of 

pelvic congestion (Giachetto et al. 1989) and the effects of dihydroergotamine have 

been observed using transvaginal scanning (Stones et al. 1990). In the latter study 

spontaneous contractility was observed in vivo, emphasising the contrast between 

peripheral venous disease, largely associated with venous valvular incompetence and 

leading to fibrosis of superficial leg veins, and pelvic congestion where a functional 

capacity for venomotion appears to be preserved.

A review of the clinical findings in women with chronic pelvic pain and 

congestion noted that the age distribution corresponded exactly to the reproductive 

years and that, on examination, tenderness was ovarian rather than uterine (Beard 

et al. 1988). Trials of treatment with medroxyprogesterone acetate were undertaken 

on the basis that the drug induced ovarian suppression (Reginald et al. 1989, 

Farquhar et al. 1989) and while this approach was successful, therapy with a 

gonadotrophin-releasing hormone analogue did not relieve pelvic pain or venous 

congestion despite effective ovarian suppression, suggesting that ovarian activity was 

not the sole factor in the pathogenesis of pelvic pain with congestion (Gangar et al. 

1993).
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1.2.3.2 Vascular phenomena and visceral pain

Pain originating in the ovaries and uterus is perceived via non-specialized 

visceral afferents also responsible for non-painful visceral sensation. Factors at the 

level of the spinal cord and higher centres are responsible for the interpretation of 

visceral sensation which provides a basis for the psychological concept of 

somatization, where perception of pain is a consequence of the inappropriate 

interpretation of physiological visceral sensation (Pearce 1990).

Even in the absence of gross pathology such as a malignancy or infection as 

a source of "real" pain the complexity and diffuse nature of visceral afferent 

pathways provide mechanisms whereby vascular phenomena could result in the 

perception of pain. The autonomic innervation of blood vessels shares with that of 

non-vascular smooth muscle a complement of afferent nerves in which antidromic 

activation results in the release of locally active factors, in particular CGRP and SP, 

which have motor effects on smooth muscle tone and, in the case of SP, induce 

capillary permeability and plasma extravasation. In animal studies on nocioception 

CGRP was shown to potentiate SP-induced plasma protein leakage in the abdominal 

skin of rats (Gamse & Saria 1985), biting and scratching behaviour in mice 

(Weisenfeld-Hallin et al. 1984), and sural nerve stimulation responses in the rat 

(Woolf & Weisenfeld-Hallin 1986). A study of the effects in humans of CGRP, SP 

and neurokinin A injected into the skin and temporal muscle showed that CGRP did 

not elicit pain, in contrast to SP given either alone or in combination with CGRP 

(Pedersen-Bjergaard et al. 1991). This suggests that CGRP can modulate pain 

already present but is not in itself algesic. The mechanism of interaction between 

CGRP and SP may involve interference by CGRP with SP degradation by an 

endopeptidase (Le Grevés et al. 1989). However, not all visceral afferents contain 

neurotransmitters, and endogenous pain-producing substances not localized in 

perivascular nerves can be associated with the generation of pain. For example, 

endothelin induced responses in rat, mouse and dog models of pain as well as 

eliciting wheal and flare responses in human skin (Ferreira et al. 1989, Raffa et al.

1991).
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1.2.4 C i r c u l a t o r y  c h a n g e s  a n d  h o r m o n a l  s t a t u s  in  w o m e n

The onset of puberty was associated with an enhanced postural 

vasoconstriction response measured in the foot by laser doppler flowmetry (Shore et 

al. 1990). During the luteal phase of normal menstrual cycles Hassan et al. (1990) 

detected a significant change in haemodynamic status compared to the follicular and 

menstrual phases, with a reduction in blood pressure and a rise in pulse rate, body 

temperature, skin temperature and weight. In contrast, the follicular phase of the 

cycle was associated with an enhanced postural vasoconstriction response.

Venous distensibility was assessed using digital plethysmography in pregnancy 

and the puerperium (McCausland et al. 1961). Women with more marked varicose 

veins of pregnancy had greater digital venous distensibility; after delivery 

distensibility was reduced. The same method was used to examine changes during 

normal menstrual cycles and it was suggested that venous distensibility was greater 

during the luteal phase of the cycle (McCausland et al. 1963) but this did not reach 

statistical significance, and in some individuals opposite changes occurred. The more 

reliable method of lower limb plethysmography was used to determine the effect of 

oestradiol administration on venous distensibility in normal non-pregnant women 

(Goodrich & Wood 1966). Intravenous oestradiol infusion was followed by apparent 

venodilatation over 30 minutes, without a corresponding increase in blood flow. 

Differences of the same order of magnitude as these acute changes were also noted 

between those taking and not taking the oral contraceptive pill, and pregnant 

compared to non-pregnant subjects.

A number of studies have examined the relationship between hormonal status 

in women and catecholamines. Goldstein et al. (1983) found the lowest levels of 

plasma noradrenaline (NA) during the follicular phase of normal menstrual cycles, 

rising two days before ovulation and increasing further during the luteal phase. 

Whittaker et al. (1985) examined the effect of a posture change from semi

recumbency to standing on plasma NA in healthy pregnant and non-pregnant 

subjects. Plasma NA levels rose after standing in both groups, but the pregnant 

subjects had higher basal levels, their NA rise was delayed and there was no pressor 

response. Davidson et al. (1985) measured plasma oestradiol as well as 

catecholamines through a normal menstrual cycle and also reported elevated levels
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of NA in the luteal phase, with a significant positive correlation with plasma 

oestradiol. Ramsay et al. (1993) infused NA into normal pregnant and non-pregnant 

women and found that pregnant women had a reduced bradycardic response to this 

pressor challenge and a delayed recovery from it. The authors postulated enhanced 

tissue uptake and re-release of NA associated with altered catecholamine metabolism 

in pregnancy to account for these findings.

The menopause is often accompanied by vasomotor instability, manifesting 

as hot flushes. Menopausal hot flushes involve large circulatory changes apart from 

the often troublesome sensation of flushing, and in a careful observational study 

flushes were associated with a mean tachycardia of 16 beats min'\ a mean rise in 

finger blood flow of 30 ml per 100ml of tissue min * and a rise in finger temperature 

of 3.9°C. These changes were accompanied by an elevation of mean plasma 

adrenaline from 24.4 to 57.8 pg ml *, and a fall in mean plasma NA from 353.6 to

212.1 pg ml * (Kronenberg et al. 1984). Luteinizing hormone (LH) also rose in this 

study by a mean 40.4% but the pattern of LH response was variable between 

experimental subjects, and the time course was relatively long, peaking a mean 9.6 

minutes after the flush, compared to the adrenaline peak which was detected 3 

minutes after the flush. The pattern of response was interpreted by the authors as 

representing an integrated heat loss response initiated by the central thermoregulatory 

system, and triggered by an inappropriate resetting of the hypothalamic ’thermostat’ 

as a consequence of oestrogen deficiency.

There may be constitutional differences between individuals in adaptation to 

oestrogen withdrawal as not all postmenopausal women suffer hot flushes. Although 

flushing and non-flushing postmenopausal women had similar blood pressures and 

pulse rates those with flushes had a mean forearm blood flow of 4.1 compared to 3.1 

ml per 100 ml tissue min * under basal conditions. Hot flushes were rapidly relieved 

by vaginal oestriol cream and there was an associated fall in forearm blood flow 

from 4.4 to 3.3 ml per 100ml tissue min * after treatment (Ginsburg et al. 1989).

The cerebral circulation has been studied in relation to the natural menopause 

and the effects of hormone replacement therapy (Gangar et al. 1991) and in the 

context of pituitary down-regulation with GnRH analogue prior to induction of 

ovulation for the treatment of infertility (Shamma et al. 1992) using the technique
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of Doppler ultrasonography of the internal carotid or middle cerebral artery. 

Postmenopausal women had Doppler pulsatility indices suggestive of an increasingly 

non-elastic resistive cerebral vascular bed in proportion to their time since 

menopause, and this was reversible by oestrogen replacement. Opposite findings 

were obtained in young women treated with GnRH analogue prior to ovarian 

stimulation: both pulsatility index and peak flow velocity increased following ovarian 

stimulation resulting in supraphysiological levels of oestradiol. The significance of 

these findings in terms of cerebral vascular bed haemodynamics remains unclear.
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1.2.5 L o c a l  c o n t r o l  o f  b l o o d  f l o w

In common with other vascular beds, blood flow in the uterine and ovarian 

circulation is under the control of complex neurohumoral regulatory mechanisms. 

Bumstock (1990a) has proposed a general model of vascular control in which the 

action of perivascular autonomic nerves is balanced by the release of substances 

derived from and/or acting on receptors in endothelial cells. In contrast to the 

traditional concept of single neurotransmitter-containing nerves it is now clear that 

nerves can store and release more than one neurotransmitter. This is termed 

cotransmission where the effects of two transmitters are synergistic or opposing on 

smooth muscle, or crosstalk where release of a transmitter from one perivascular 

nerve varicosity may modulate release of transmitter from another.

Substances stored in and released from perivascular nerves include the 

classical neurotransmitters NA and acetylcholine (ACh), but also 5-HT, adenosine 

5'-triphosphate (ATP) and peptides. Peptides localized in perivascular nerves include 

neuropeptide Y (NPY), vasoactive intestinal peptide (VIP), substance P (SP) and 

calcitonin gene-related peptide (CGRP) (Burnstock 1988). Nitric oxide may also act 

as a putative neurotransmitter mediating non-adrenergic non-cholinergic (NANG) 

neurogenic vasodilatation (Stubbs et ah 1992).

In this model the actions of neural factors released at the adventitial border 

of vessels are balanced by the release of substances from endothelial cells. 

Endothelin (ET), a very potent vasoconstrictor, was identified in vascular 

endothelium (Yanagisawa et al. 1988). Vasopressin (AVP), 5-HT and angiotensin 

II were localized in endothelial cells of the renal and mesenteric arteries of the rat 

(Lincoln et al. 1990); Linnik and Moskowitz (1989) reported the identification of SP 

immunoreactivity in human and other mammalian endothelial cells and Loesch et al. 

(1991) reported colocalization of ET, A VP and 5-HT in cultured aortic endothelial 

cells. Stimuli such as a change in flow rate, which induces a shear stress, can cause 

the release of endothelial factors including SP (Ralevic et al. 1990) and the pattern 

of release can be modified by conditions of hypoxia (Bodin et al. 1992).

As well as the direct action on vascular smooth muscle of substances 

produced or stored in endothelium, a wide range of circulating or platelet-derived 

factors such as ATP, prostacyclin and bradykinin can act on vascular endothelium
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to cause vasodilatation, some via endothelium-derived relaxing factor (EDRF) which 

appears to be identical to nitric oxide (Moncada et al. 1988) and is locally 

synthesised from L-arginine (Palmer et al. 1988). There is some evidence that, in 

general, veins exhibit less endothelium mediated relaxation than arteries (De Mey 

& Vanhoutte 1982, Thom et al. 1987c, Liischer et al. 1988).

In a study on bovine intrapulmonary vessels (Ignarro et al. 1987) bradykinin 

and VIP were found to relax arterial preparations in dependence on endothelium and 

caused accumulation of both cyclic adenosine monophosphate (cAMP) and cyclic 

guanosine monophosphate (cGMP). Interestingly, only bradykinin caused 

endothelium-dependent venous relaxation and this was associated with accumulation 

of cGMP but not cAMP. Thom et al, (19876) found that both VIP and CGRP 

relaxed arterial preparations in an endothelium-dependent manner; these findings 

indicate that although VIP and CGRP are thought primarily to act as 

neurotransmitters at the adventitial border they may have a physiological role as 

circulating vasomotor substances or as locally released endothelial products.

Disordered platelet function has been implicated in the pathogenesis of 

migraine where, despite normal aggregation, ATP release from platelets was reduced 

(Joseph et al. 1986). It has been suggested that the increased platelet ATP levels 

seen during the headache phase of migraine result from an increase in circulating 

endothelium-derived ATP which is taken up by platelets (Alafaci et al. 1988).
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1.2.6 V a s c u l a r  c o n t r o l  a n d  a u t o n o m ic  i n n e r v a t i o n  in  t h e  f e m a l e

REPRODUCTIVE TRACT

1.2.6.1 Localization studies

Immunohistochemical and radioimmunoassay studies of vasoactive factors in 

the reproductive tract must be interpreted with caution, in particular with regard to 

quantification. The tissues of the reproductive tract undergo wide physiological 

changes which affect the organ size and water content and these must be taken into 

account when attempting, for example, to assess any changes in the peptide content 

of an organ in relation to the menstrual cycle or hormonal therapy. To date the 

localization of vasoactive factors in vascular endothelium has not been systematically 

undertaken in the reproductive tract, with the exception of the umbilical cord which 

is not relevant to the present investigation. The bulk of the available data concerns 

the autonomic innervation of the reproductive tract in various species.

The embryological origin of the ovary in the gonadal ridge and its subsequent 

migration into the pelvis have been used to explain the segmental origin of the 

ovarian innervation as corresponding to the lower thoracic and first lumbar segment, 

and standard clinical teaching is that ovarian pain, signalled by non-specialized 

visceral afferents, is referred to the TlO-Ll dermatomes, or 'loin to groin*. 

However, tracer studies in experimental animals would suggest a less clearly 

localized pattern of innervation. In the rat, horseradish peroxidase injected into the 

ovary was found in dorsal root ganglia from TIO to L2, with the greatest 

concentration being in T13 and LI (Burden et al. 1983). There also was a vagal 

component in this species. Similar results were obtained using True Blue fluorescent 

tracer to examine the segmental level of fluorescence in dorsal root ganglia and 

paravertebral ganglia (Klein & Burden 1988). In the dog, horseradish peroxidase and 

wheatgerm agglutinin tracer studies in the dorsal root ganglia and sympathetic chain 

ganglia showed a segmental distribution from TIO to L4, with the modal segment 

with respect to tracer localization being LI, with no evidence for a vagal component 

(Chien et al. 1991). A vagal contribution to the ovarian innervation in humans has 

not been proposed, and ovarian trauma is not associated with the type of vagally 

mediated and atropine-sensitive bradycardia and syncope seen in association with 

forcible dilatation of the uterine cervix.
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The comparative distribution of cholinergic and catecholamine-containing 

nerves in human, cat and monkey ovaries was investigated by Jacobowitz & Wallach 

(1967). Catecholamine-containing nerves were present around blood vessels and in 

the stroma; cat ovaries had the most nerves and monkey tissue the least. Fewer 

cholinergic fibres were noted. The ovaries of 12 different species were evaluated by 

Stefenson et al. (1981). In the cow, sheep, cat and guinea pig a rich catecholamine- 

containing innervation was present in ovarian cortical stroma, especially in the theca 

externa enclosing developing follicles, as well as around blood vessels. The density 

of innervation was intermediate in human, pig, dog, cat and opossum ovaries and 

sparse in those from rabbit, mouse and hamster. The cholinergic innervation was 

generally less well developed but followed a similar distribution.

Kannisto et at. (1986) compared the distribution of different peptides in 

nerves of the ovary in different mammalian species. SP-containing nerves were not 

seen in the human ovary although VIP- and NPY-immunoreactive nerves were 

present. VIP-immunoreactive nerves were also demonstrated in the mammalian and 

human female reproductive tract (Aim et al. 1980). Dees et al. (1986) found that 

VIP-immunoreactive nerves reached the rat ovary via the superior ovarian nerves 

which travel in the suspensory ligament, whereas SP innervation was via the plexus 

nerves which reach the ovary with the main ovarian vessels.

Sympathetic nerves in the ovary are located around blood vessels but evidence 

that sympathetic innervation of the ovary is important for normal ovulatory function 

was provided by a study of guanethidine-treated rats (Lara et al. 1990). Neonatal 

sympathectomy with guanethidine delayed the onset of puberty, and produced 

retardation of follicular development. However, subsequent fertility was not affected. 

Sympathetic but not sensory innervation was reduced in the ovary. Further data were 

obtained from autotransplanted ovaries in the rat (Lara et al. 1991). After 

transplantation the resumption of follicular activity was associated with sympathetic 

reinnervation, and resumption of normal hormone production could be prevented by 

pretreatment with antibody to nerve growth factor.

The origin of NPY-immunoreactive nerves in the porcine ovary was found 

to be the inferior mesenteric ganglion (Majewski & Heym 1991). In colocalization 

studies sub-populations of NPY-immunoreactive nerves were either tyrosine
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hydroxylase- and NPY-immunoreactive, or contained NPY alone, suggesting that a 

subpopulation of NPY-containing nerves may have a role in the ovary beyond 

modulation of noradrenergic neurotransmission, possibly in the control of the 

developing follicle. Similar studies have not been carried out on human tissue. In the 

guinea pig uterine artery, NPY was colocalized in VIP-containing nerves suggesting 

a role in the modulation of neurogenic vasodilatation (Morris et al. 1985).
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1.2.6.2 Pharmacology

After original studies on the human uterine artery where NA, A VP, 5-HT, 

histamine and ergot alkaloids were found to be active (Dyer & Gough 1971) and the 

phenomenon of desensitisation after repeated administration of angiotensin was noted 

(Gough & Dyer 1971) interest in pharmacological responses in the reproductive tract 

was rekindled in response to the discovery of novel vasoactive agents. Myométrial 

blood flow in the goat was found to be increased following VIP infusion using a 

"bcenon gas clearance technique (Carter et al. 1981). In the sheep, VIP, bradykinin 

and prostacyclin were equally potent dilators of the uterine vascular bed, whereas SP 

had no activity (Clark et al. 1981). Endometrial clearance of “krypton was used to 

investigate changes in blood flow in rabbits (Ottesen & Einer-Jensen 1984). Infusion 

of VIP led to a rise in endometrial flow which was not prevented by adrenergic or 

cholinergic blocking agents. Electrical stimulation of the feline hypogastric and 

pelvic nerves resulted in increased VIP levels in the uterine venous drainage 

(Fahrenkrug & Ottesen 1982). VIP production was abolished by a cholinergic 

blocker, indicating a preganglionic cholinergic pathway. Human myométrial arteries 

showed a dilator response to both SP and VIP (Hansen et al. 1988).

Fried & Samuelson (1991) reported vasoconstriction to ET and enhancement 

of responses to NA by NPY in human uterine vessels. In the rabbit in vivo NPY in 

bolus infusions at 20, 200 and 2000 picomolar concentrations reduced ovarian blood 

flow, measured by ‘̂ ^xenon washout, by approximately 40% (Jorgensen & Sejrsen 

1990). However, in the guinea pig uterine artery, where NPY was colocalized in 

VIP-containing nerves, NPY had no direct vasoconstrictor or vasodilator effect, but 

inhibited ACh and SP-induced relaxation while not affecting CGRP- or VIP-induced 

relaxation (Fallgren et al. 1989). This suggests a possible interaction of NPY with 

relaxation induced via the vascular endothelium. In vivo  ̂ NPY infusion in the 

pregnant guinea-pig evoked a local pressor response which was not mediated through 

of-adrenoceptors (Fried & Thoresen 1990). Atrial natriuretic peptide inhibited the 

contractile response to ET in human uterine arteries (Ekstrom et al. 1991).

Species differences in pharmacological responsiveness in animal experimental 

models of the reproductive tract may be considerable: uterine smooth muscle from 

the guinea pig is a classic model of anaphylaxis (Dale 1913), where histamine release
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is accompanied by a powerful constriction. In contrast, in the rat uterus histamine 

causes relaxation, by a mechanism thought to involve presynaptic Hg receptors, 

releasing NA and causing relaxation via 6-adrenoceptors (Goyal & Verma 1982). 

The human uterus is unresponsive to histamine (Dai et al. 1982). In the isolated 

perfused ovary, histamine induced ovulation in both rat and rabbit but this could be 

blocked by a combination of Hj and H; antagonists in the rat (Schmidt et al. 1988) 

but by H2  antagonists alone in the rabbit (Kobayashi et al. 1983).

In human tissue the variability of vascular responsiveness was illustrated by 

a study comparing regional differences in the responses of small uterine arteries from 

the uterine fundus, isthmus and cervix to NA, A VP and prostaglandin p 2 „ (Svane et 

al. 1990). Vessels from the uterine cervix were more responsive to NA, whereas 

AVP elicited greater responses from fundal vessels. In a study of vascular 

responsiveness in relation to vessel size (Ekstrom et al. 1991) branches of the human 

uterine artery smaller than 0.4 mm were significantly more responsive than larger 

vessels.
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1.2.6.3 Oestrogen, progesterone and local circulatory control

A comprehensive model of the interactions between ovarian steroids and 

vascular reactivity accounting for the physiological observations referred to above 

remains elusive. However, a number of studies have investigated sympathetic 

neurotransmission, effects on peptidergic innervation, and the possible role of the 

vascular endothelium. Blood vessels and non-vascular smooth muscle in the 

reproductive tract might be expected to show the most prominent changes in response 

to ovarian steroids because of the high local concentrations present. However, 

difficulties arise in the interpretation of genomic responses as the local production 

of growth factors may also have an effect on vascular responsiveness. Investigation 

of the effects of ovarian steroids on blood vessels from other sites such as the heart 

and brain is also of importance in view of the profound effects of oestrogen 

withdrawal on the natural history of ischaemic heart disease and stroke as seen in 

postmenopausal women.

Catecholamines, 5-HT and NPY

Basilar arterial preparations from the rabbit showed that 5-HT 

immunoreactive nerves were reduced in density and in varicosity diameter, as was 

the intensity of 5-HT immunofluorescence, following pretreatment with oestrogen. 

Progesterone had no effect and neither hormone affected noradrenergic innervation 

(Dhall et al. 1988). In pregnant guinea pigs uterine arterial noradrenergic innervation 

was reduced but this effect was not evoked by progesterone treatment; NPY- 

immunoreactive nerve density increased in response to pregnancy (Mione et al. 

1990).

NPY and NA levels were measured in human myometrium (Fried et al. 

1986). Perivascular tyrosine hydroxylase- and NPY-immunoreactive nerves were 

prominent in myometrium from non-pregnant women but specimens from women 

with normal pregnancies showed both classes of nerves to be absent. By contrast, 

immunopositive nerves were present, although sparse, in specimens from patients 

with pre-eclampsia. Myométrial assay of NA and NPY showed reduced tissue levels 

in pregnancy with intermediate values in those with pre-eclampsia. Peripheral plasma 

immunoreactive NPY levels were elevated from the first trimester in human 

pregnancy (Petraglia et al. 1989a) and this early rise was maintained until term.
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During labour, NPY levels more than doubled, falling back by two hours post 

partum. It was not clear in this study whether the origin of the increased plasma 

NPY was release from autonomic nerves, placental (Petraglia etal. 19896) or related 

to reduced breakdown.

Mesenteric arterioles in female rats were more responsive to adrenaline and 

NA than those in male animals (Altura 1972) but there was no gender difference in 

responsiveness to phenylephrine or dopamine. In a release study using helical strips 

of canine saphenous vein superfusates contained more NA after pretreatment with 

oestradiol both under basal conditions, and after electrical stimulation. This effect 

appeared to be due to decreased neuronal reuptake of NA and was not associated 

with an enhanced contractile response to nerve stimulation (Hamlet et al. 1980). In 

contrast, enhanced contractile responses were seen in ring preparations of rabbit 

saphenous vein exposed to oestradiol (Rorie & Muldoon 1979), and in rabbit aortic 

strips oestradiol enhanced responses to adrenaline and NA, apparently in association 

with reduced inactivation (Kalsner 1969). These studies have used very high 

concentrations of oestradiol, for example 3.6-36 micromolar in Hamlet etal. (1980) 

which would never be attained in the systemic vasculature where, at the most, 

nanomolar levels would be anticipated, but might be approached in the interstitium 

of the ovary during follicular activity. Caution should therefore be exercised before 

relating these experimental findings to normal physiology. There are some animal 

experimental data suggesting enhanced in vitro sensitivity of vascular smooth muscle 

to NA following oestradiol pre-treatment (Cheng & Gruetter 1992) but the evidence 

discussed above for oestrogen effects on neuronal storage, release and breakdown 

appears to be stronger.

Other regulatory factors

Cheng & Gruetter (1992) noted altered responsiveness to Angiotensin II but 

also NA in the rat aorta after pretreatment with oestradiol subcutaneous pellets. In 

normal human pregnancy, where both oestrogen and progesterone levels are 

elevated, the pressor response to the administration of exogenous Angiotensin II is 

attenuated (Gant et al. 1973). This phenomenon is reversed in women who 

subsequently go on to develop pregnancy-induced hypertensive disease (Gant et al. 

1973, Oney & Kaulhausen 1982) and is specific to angiotensin II rather than being
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part of a generalised loss of vasomotor responsiveness in pregnancy (Ramsay et al.

1992).

Plasma VIP levels were elevated during labour, and in umbilical cord 

compared to maternal plasma. Myometrium from pregnant women was less sensitive 

to VIP inhibition of spontaneous contractility than that from non-pregnant women 

(Ottesen et al. 1982). In the latter stages of labour plasma VIP levels were observed 

to rise, falling again over 15 minutes post partum (Holst et al. 1986). In contrast to 

studies in non-pregnant animals (Clark et al. 1981), infusion of VIP into pregnant 

ewes resulted in decreased uterine blood flow (Clark et al. 1982), apparently 

secondary to a fall in systemic blood pressure. Circulating CGRP concentrations rose 

from the first trimester of normal human pregnancy and remained elevated until the 

puerperium (Stevenson et al. 1986).

Prostacyclin production by human uterine arteries was assessed by the assay 

of 6-keto-prostaglandin Fi„ in superfusates. Release from arteries obtained from 

postmenopausal women was significantly less than in those from premenopausal 

women, but incubation with oestradiol in concentrations of 36 to 3600 nanomolar for 

three hours did not increase release (Steinleitner et al. 1989).

Nitric oxide

It has been suggested that the physiological vasodilatation of pregnancy is 

brought about by increased nitric oxide production in vascular endothelium. This 

hypothesis was examined in pregnant and non-pregnant normotensive and 

spontaneously hypertensive rats (Ahokas et al. 1991). Administration of N°- 

monomethyl-L-arginine (l-NMMA), an inhibitor of nitric oxide synthesis, caused 

similar increases in blood pressure in normotensive pregnancy compared to non

pregnant rats. However, in spontaneously hypertensive rats the increase in blood 

pressure was significantly greater in pregnant animals, suggesting greater endogenous 

nitric oxide production in pregnant hypertensive animals. In uterine arteries from 

pregnant guinea pigs reversal of reduced sensitivity to NA by L-NMMA was taken 

to indicate enhanced nitric oxide production in pregnancy. Carotid arterial 

responsiveness to NA was not reduced as a result of pregnancy, but was still 

enhanced by l-NMMA (Weiner et al. 1991).

The potential effects of chronic oestrogen treatment on endothelium-mediated
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relaxation were investigated in femoral arteries from oophorectomized oestrogen- 

treated and control rabbits. The former group showed enhanced endothelium- 

mediated relaxation to ACh but not the calcium ionophore A23187 compared to 

specimens from non-oestrogen treated animals, and a specific potentiating effect of 

oestradiol on endothelial ACh receptors was postulated (Gisclard et al. 1987). NK  ̂

and NK2  receptors in the rat uterus were examined using radiolabelled SP and 

neurokinin A. While progesterone treatment of oophorectomized animals had no 

effect on NKi or NK2  binding sites chronic oestradiol treatment reduced myométrial, 

but not vascular NKi binding sites. Thus oestrogen may modulate only the non- 

vascular effects of SP in the uterus (Gunasena et at. 1989).

Direct circulatory effects ofoestrogens and progestagens

Oestrogen acts on target tissues by stimulating receptors which initiate a 

genomic response (Knowler & Beaumont 1985) and the molecular mechanism 

underlying the specificity of the oestrogen receptor and distinguishing it from a 

glucocorticoid receptor has recently been elucidated (Mader et al. 1989). Genomic 

and non-genomic mechanisms have been implicated in the vascular responses to 

oestrogens on the basis of time course and the effect of inhibitors of protein 

synthesis.

Classic studies of uterine explants into the anterior chamber of the eye in the 

guinea pig drew attention to the dependence of uterine vascular rythmicity on the 

presence of ovarian hormones (Markee 1932). Vascular actions of oestrogen were 

also detected outside the reproductive tract in studies of the rabbit ear artery 

(Reynolds & Foster 1940, where oestrogen administration was followed by 

vasodilatation from six and up to 20 minutes after injection. Oestradiol 

administration to oophorectomized ewes was associated with an increasing uterine 

blood flow over 48 hours. This increase could be partially prevented by concomitant 

administration of progesterone, although progesterone alone had no effect on uterine 

blood flow (Griess & Anderson 1970); Resnik et al. (1977) noted that progesterone 

reduced oestrogen-induced vasodilatation by approximately 20%. Still & Griess 

(1978) found that adenosine had comparable vasodilator effects in the uterus to 

oestradiol, whereas the effect of bradykinin was only 60% of that evoked by 

oestradiol.
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In the same animal model Killam et al. (1973) observed a 30 minute delay 

between the peripheral intravenous injection of oestradiol kg‘̂  and a uterine 

vasodilator response, with a maximal response reached after two hours. This delay 

persisted when oestradiol was injected directly into the uterine artery. Cycloheximide 

infusion blocked the response to oestradiol but not bradykinin, strongly suggesting 

a genomic mechanism for oestrogen-induced vasodilatation. In contrast Resnik et al. 

(1975) obtained no change in the time course or magnitude of the oestrogen response 

after pretreatment with actinomycin D. In a study on oophorectomized rabbits 

pretreated with actinomycin D the increase in uterine blood flow in response to 

oestradiol was also unrelated to RNA synthesis (Penney et al. 1981). The possible 

role of other mediators of oestrogen-induced increase in uterine blood flow including 

cholinergic agents, beta agonists, histamine, 5-HT and prostaglandins were reviewed 

and discounted by the authors. The experimental method also distinguished between 

uterine oedema and increased vascular permeability, which may be mediated through 

eosinophils (Tchemitchin 1979), and true changes in blood flow. A role for the 

renin-angiotensin system in local uterine vasodilatation after oestradiol administration 

in oophorectomized ewes was discounted by Magness et al. (1989) in studies which 

also demonstrated an increase of heart rate, cardiac output and plasma renin activity 

after large dose systemic administration of oestradiol. A possible role for histamine 

in the oestradiol response was indicated in a microsphere study of rat uterine blood 

flow, in that ranitidine increased uterine blood flow (Marshall and Senior 1986), 

although this species does manifest a special sensitivity to histamine as discussed 

above.

Studies using isolated vessels have not been as helpful as might have been 

anticipated in clarifying the mechanisms of acute oestrogen actions on blood vessels. 

The studies of Leathard & Eccles (1991) indicate that oestradiol and progesterone 

may exert excitatory or inhibitory effects depending on such variables as 

concentration, duration of incubation and the drugs used. Jiang et al. (1991a) using 

vessels from male and female rabbits demonstrated vasodilatation in preconstricted 

coronary artery segments with or without endothelium by oestradiol, possibly via an 

effect on calcium channels, but at massively supraphysiological concentrations of 1 - 

10 micromolar. Responses were unaffected by inhibitors of nitric oxide synthesis or
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indomethacin. Responses to ET-1 in the same vessel were also attenuated by 

oestradiol (Jiang et al. 19916). Studies on uterine arterial smooth muscle suggested 

an effect of oestradiol on voltage-gated calcium channels (Stice et al. 1987).

A non endothelium-dependent mechanism of action is compatible with the 

localization of oestrogen and progesterone binding sites to the media and adventitia 

of canine vasculature. Inferior vena caval specimens had only 20% of the receptor 

activity of the aorta (Horwitz & Horwitz 1982). Oestrogen receptors have, however, 

been localized on vascular endothelium in culture (Colburn & Buonassisi 1978) and 

prostacyclin synthesis and release was inhibited by oestradiol in cultured umbilical 

endothelium (David et al. 1989) with a time course of minutes which might suggest 

a non-genomic mechanism, but which would, if similar changes occurred in intact 

vessels, be expected to cause inhibition rather than potentiation of prostacyclin- 

mediated vasorelaxation. A recent study showing a rapid beneficial effect of 

sublingual oestradiol administration on cardiac function in women with coronary 

artery disease (Rosano et al. 1993) will stimulate further interest in the vascular 

actions of oestradiol.
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1.2.6.4 In vivo human studies of neuropeptides

Intravenous infusion of VIP in women increased vaginal blood flow, inhibited 

uterine contractility (Ottesen et al. 1983b) and provoked vaginal lubrication (Ottesen 

et al. 1987), and release of VIP followed suckling (Ottesen et al. 1986. Plasma VIP 

rose significantly during sexual arousal without orgasm (Ottesen et al. 1982). In 

normal women VIP administration resulted in a rise in prolactin levels which could 

be suppressed by pretreatment with dopamine; in those with elevated prolactin levels 

associated with microprolactinomas VIP did not cause prolactin levels to rise further 

(Conti et al. 1987). Interestingly, the ability of VIP to induce prolactin release was 

lost in postmenopausal women (Falsetti et al. 1989).

CGRP has not been studied in vivo as extensively as VIP with regard to its 

actions in the reproductive organs. In general, CGRP is known to exert powerful 

peripheral vasodilator, inotropic and chronotropic actions when administered 

intravenously (Gennari and Fischer 1985, Struthers etal. 1986, Howden etal. 1988) 

together with skin flushing, tachycardia and elevation of plasma adrenaline and NA. 

Following subcutaneous administration CGRP evoked hyperaemia and increased local 

blood flow lasting up to three hours (Williams et al. 1988). Brachizil arterial 

administration resulted in dose dependent increases in forearm blood flow (Thom et 

al. 1987b).

In a study of healthy volunteers and women with chronic pelvic pain and 

venous congestion, systemic responses to an intravenous infusion of VIP did not 

differ between the groups. However, after intravenous CGRP infusion subjects with 

pelvic congestion exhibited a rise in hand temperature not seen in controls, 

suggesting a regional suprasensitivity to CGRP. Uterovaginal blood flow was 

evaluated using a thermal technique and CGRP appeared to cause a vasodilatation 

in controls whereas in subjects with pelvic pain responses were variable (Stones et 

al. 1992). A similar suprasensitivity was seen in patients with Raynaud’s disease 

where hand blood flow, measured by laser doppler flowmetry, rose after intravenous 

CGRP in those with Raynaud’s disease but not in controls (Shawket et al. 1989).
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1 .2 .7  The  isolated perfused ovary model

A number of investigators have used the isolated perfused ovary in 

experimental animals as a model to elucidate mechanisms of steroidogenesis and 

ovulation. Brannstrom et al. (1987a) reported characterization of such a model using 

rat ovaries and established the optimum dose of gonadotrophin priming for ovulation 

studies. Further studies demonstrated ovulation induction by cyclic AMP and 

mediation of this response by prostaglandins (Brannstrom et al. 19876, Sogn et al. 

1987), the role of protein synthesis immediately prior to ovulation (Brannstrom et 

al. 1989), the contribution of bradykinin (Brannstrom & Hellberg 1989) and 

progesterone (Brannstrom & Janson 1989) to the ovulatory process, and the 

structural changes in the ovary prior to ovulation by videomicroscopy (Lofman et al. 

1989). In rabbit ovaries prostaglandins also had a role in the control of ovulation 

(Hellberg et al. 1990) as did angiotensin (Kuo et al. 1991).

Human ovaries have been used in isolated perfusion studies. Fukunishi et al. 

(1975) demonstrated progesterone secretion especially in ovaries containing a corpus 

luteum, and used oxygen uptake and lactate dehydrogenase activity to monitor tissue 

viability which was maintained up to two hours. Varga et al. (1979) perfused at a 

constant flow rate and used pressure measurement to indicate the effects of NA and 

fenoterol on the vascular bed. NA produced vasoconstriction and fenoterol appeared 

to cause vasodilatation although this was less clearly demonstrated. In further studies 

the same group showed a vasoconstrictor response to prostaglandin Fj« and its 

modulation by prostaglandin E2 . Abrahamsson et al. (1990) perfused human 

postmenopausal ovaries and demonstrated some hormone release.
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2. Methods
2.1 SPECIMEN COLLECTION, TRANSPORT AND HANDLING

Surgical specimens from oophorectomies, usually accompanied by 

hysterectomy, were collected in the operating theatre into Hartmann’s solution 

(composition (mmol 1‘) sodium 131, potassium 5, calcium 2, chloride 111 and 

lactate 29) at room temperature. The ovarian vein was dissected free and transported 

to the laboratory. Clinical data were obtained from the case records including the 

diagnosis and indication for surgery, date of birth, reproductive history especially 

parity (number of births), stage of the menstrual cycle, hormonal or antihypertensive 

therapy, smoking and a history of tubal sterilization. In the laboratory fresh 

tissue was handled in a room allocated for human tissue studies with appropriate 

safety precautions. Surplus tissue was fixed in 4% paraformaldehyde before 

incineration.

2.2 ELECTRON MICROSCOPY
Ovarian veins were obtained at the time of surgery in women operated on for 

a variety of clinical indications excluding ovarian malignancy and transported to the 

laboratory as above. Specimens were initially fixed in a solution containing 2% 

glutaraldehyde and 2% paraformaldehyde in 0.1 mol 1'̂  cacodylate buffer. After 

secondary fixation with 1 % osmium tetroxide in 0 . 1  mol 1 * cacodylate buffer 

specimens were stained en bloc with 2% uranyl acetate in distilled water, embedded 

in Araldite resin and ultrathin sections were cut. Secondary staining was performed 

with 4% uranyl acetate and Reynolds lead citrate. Sections were viewed on a JEM 

1010 transmission electron microscope. Representative electron micrographs of the 

vascular endothelium, smooth muscle layers and nerves were prepared. In addition, 

Iju sections were cut, stained with toluidine blue and viewed by light microscopy. 

Low magnification electron micrograph montages of each specimen (n = l l )  were 

used to determine the arrangement and relative thickness of smooth muscle layers. 

The location of nerves seen at high magnification was marked on the low 

magnification montages (n=9) to enable the number of nerves per unit area to be 

calculated.

In specimens from 7 patients, selected on the basis of good fixation and so
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as to represent a range of clinical characteristics, nerves were identified and 

photographed at high magnification for subsequent image analysis. Small agranular 

(AGV), small granular (SGV) and large granular vesicles (LGV) in nerves 

(Bumstock 1982) were counted and measured using a Seescan image analysis system 

(Seescan Ltd, Cambridge, UK). The mean numbers and diameters of the different 

vesicle types per nerve and the percentage of nerves containing a majority of LGV 

were calculated for each specimen.
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2.3 IMMUNOfflSTOCHEMISTRY
Polyclonal antibodies raised in rabbits were obtained as follows: anti tyrosine 

hydroxylase Affinity, UK; anti NPY UCB, Belgium; anti SP and CGRP CRB, 

UK. Biotinylated anti-rabbit IgG raised in goats, and fluorescein isothiocyanate 

(FITC)-conjugated streptavidin were obtained from Amersham, UK.

2 .3 .1  I n  s it u  im m u n o lo c a liz a t io n  u sin g  e l e c t r o n  m ic r o sc o p y

Ovarian vein specimens were dissected free of connective tissue and fixed by 

immersion for 3 h at 4°C in a solution containing 4% paraformaldehyde and 0.25% 

glutaraldehyde in 0.1 mol 1'* cacodylate buffer, pH 7.4 and stored overnight in 

cacodylate buffer at 4°C. Longitudinal strips of vessel were cut and processed for 

pre-embedding immunocytochemistry using the peroxidase-antiperoxidase (PAP) 

method as previously described (Loesch & Bumstock 1988) with rabbit SP antiserum 

in a dilution of 1:1000. In control experiments either primary or secondary antisera 

were omitted. Specimens were then osmicated, dehydrated in ethanol and embedded 

in Araldite. Ultrathin circumferential sections were examined on a JEM-1010 

electron microscope.

2 .3 .2  Im munocytochemistry using cultured endothelium

For immunocytochemistry of SP and other agents in cultured ovarian vein 

endothelial cells, cultures were prepared by opening vein specimens immersed in 

Hanks balanced salt solution and pinning the vessel under tension on silicone 

elastomer (Sylgard, BDH, UK) with the endothelial surface uppermost. The 

endothelial surface was then covered in a solution containing collagenase 1 mg ml'  ̂

(Boehringer Mannheim, Germany) and incubated at 37°C for 1 h. Specimens were 

then flushed with 20 ml Hanks solution and scraped to remove endothelial cells. 

Primary cultures were fixed and immunostained for SP, NPY, 5-HT and ET by the 

PAP method as previously described (Loesch et al. 1991). Coverslips with 

immunostained cells were mounted culture side down on glass slides with a drop of 

Araldite and examined with a Zeiss 111RS light microscope.
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2 .3 .3  W hole-m ount  stretch  preparations of  ovarian  vein

Whole mounts of ovarian vein were prepared by dissecting rings of vein free 

of connective tissue, opening the vessel longitudinally and stretching the tissue using 

fine pins on a base of Sylgard silicone rubber with the adventitial side uppermost.

For catecholamine histofluorescence studies, preparations were placed in 

a freshly prepared solution of 2 % glyoxylic acid in 0 . 1  mol 1*̂ phosphate buffer 

brought to pH 7.2 by titration with sodium hydroxide. After immersion in this 

solution for 90 min at room temperature, preparations were then returned to the 

dissecting microscope when the endothelial and inner smooth muscle layers were 

gently peeled off in order to reduce the thickness of the specimen. Specimens were 

then stretched on a microscope slide and dried in air before baking at 100°C for 

exactly four minutes. Specimens were mounted in liquid paraffin and viewed under 

epifiuorescence on a Zeiss Axioplan microscope. Selected areas were photographed 

on Kodak Tmax 3200 film.

For immunohistochemistry of putative neurotransmitters, after stretching 

the vessel and mounting on Sylgard as described above, specimens were fixed in a 

solution of 4 % paraformaldehye in phosphate-buffered saline (PBS) for 2 hours and 

then washed in a solution of PBS containing the preservative sodium azide 0.1% and 

stored at 4°C. For immunostaining, specimens were washed ( 3 x 5  min) in PBS 

containing the detergent Triton-X 0.1% in order to render cell membranes 

permeable. Polyclonal primary antibodies, all raised in rabbits, were used at a 

dilution of 1:1000. Approximately 0.5 ml primary antibody was dropped onto the 

surface of the preparation and incubated at room temperature for 24 h at room 

temperature in a humidified chamber to prevent desiccation. Primary antibodies used 

in these preparations were anti-NPY, anti-tyrosine hydroxylase (TH), anti-CGRP and 

anti-SP.

After incubation with primary antibodies, specimens were washed in PBS (3 

X 10 min) and the secondary antibody, biotinylated donkey anti-rabbit IgG was 

applied at a dilution of 1:250. After incubation for one hour at room temperature, 

streptavidin conjugated FITC at a dilution of 1:100 was applied. After a further one 

hour specimens were then washed in PBS. A solution of 0.01% pontamine sky blue 

in 1 % dimethyl sulphoxide and phosphate buffered saline was then applied for 15
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min in order to reduce background autofluorescence (Cowen etal, 1985). Specimens 

were then returned to the dissecting microscope to remove inner muscle layers as 

described above. Specimens were mounted in Citifluor and coverslips sealed with 

DPX mountant before viewing under FITC epifiuorescence on a Zeiss Axioplan 

microscope using a KP560 filter to block autofluorescence from pontamine sky blue- 

stained tissues. Selected areas were photographed on Kodak Tmax 3200 film.

37



2 .3 .4  IMMUNOfflSTOCHEMISTRY USING CRYOSTAT SECTIONS OF OVARIAN VEIN 

AND OVARY

Specimens were fixed in a solution of 4% paraformaldehye in phosphate- 

buffered saline (PBS) for 2 hours and then washed in a solution of PBS containing 

the preservative sodium azide 0.1% and sucrose 7%. The tissue was mounted on 

cork and the specimen frozen using OTC cryoprotectant and isopentane and stored 

in liquid nitrogen until required. 10 ^m sections were cut on a Reichert cryostat and 

picked up on gelatin coated microscope slides. Slides were stored at -20°C before 

immunostaining.

The method of fluorescence immunohistochemistry was as described above 

for whole mount stretch preparations except that PBS rather than PBS-Triton was 

used for the initial washing prior to application of the primary antibody. An antibody 

to vasoactive intestinal polypeptide (VIP) raised in rabbits was also used in studies 

with cryostat sections of the ovarian vein. For controls in the case of NPY, VIP, 

CGRP and SP immunostaining the tissues were incubated with primary antibody 

inactivated by the addition of excess antigen ( 1 0  nmol antigen : 1  ml antiserum).

The lectin Ulex europaeus-1 (UEA-1), a marker for human vascular 

endothelium (Holthofer et al. 1982) was used to investigate the distribution of blood 

vessels in the ovary. Cryostat sections of human ovary were prepared as above and 

incubated with a 1:100 dilution of biotinylated UEA-1 lectin (Sigma, UK). After 

washing in PBS, lectin binding sites were identified by incubation with FITC 

conjugated streptavidin as described above.
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2.4 ORGAN BATH PHARMACOLOGY
2 .4 .1  M ounting of  vessel preparations

Rings of ovarian vein 3mm long and 2.5-7 mm in diameter, or longitudinal 

strips 10 mm in length were prepared and mounted in 5ml organ baths. Rings were 

mounted on tungsten wires and both rings and longitudinal preparations were 

attached using 5/0 silk suture material to transducers connected to a Grass model 

79D polygraph. Baths contained a modified Krebs solution whose composition (mmol 

1‘) was NaCl 118, KCl 4.7, NaHzPO^ 1.0, NaHCOj 25.0, MgSO^ 1.2, Glucose

11.1, CaCl2 2.5. In addition, bovine serum albumin 0.5 g 1'̂  and bacitracin 2,(XK) 

u 1 '̂  were added to reduce peptide adhesion to glassware and peptidase activity. 

Organ baths were maintained at 37°C and bubbled with a mixture of 95 % oxygen 

and 5% CO2 to maintain a pH of 7.4.

2 .4 .2  P reliminary studies: loading

Typically, following application of a load the tone of both the longitudinal 

and the ring preparations declined during the subsequent equilibration period, and 

further application of load would not increase the basal tone reached after the 

equilibration. This reflects the high compliance characteristics of the vessel and 

tended to result in a long equilibration period. The optimal initial load was 

established in ring preparations by a tension-reponse study (Figure la) comparing 

responses in 3mm rings to cumulative concentrations of noradrenaline after loads of 

l-4g. A loading of 2g was used for all subsequent studies. For 10mm longitudinal 

preparations an equivalent load would have been 6.7g. However, some tearing of the 

vessel was seen at this load and 4g was used for all studies. In both ring and 

longitudinal preparations after these loads a stable baseline was reached in 40 

minutes to one hour. In order to compensate for possible variations in baseline 

tension in individual experiments the actual baseline attained was recorded and 

included as a variable in statistical analyses.

2 .4 .3  P reliminary studies: reproducibility

The variability of repeated experiments in the same vein ring preparation 

were assessed in cumulative concentration-response experiments with 5-HT. Probit- 

based interpolated concentration-response curves for 5-HT were constructed as 

described below (Figure lb) and the summary data are shown in Table la. The
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F igure 1:

a Tension-response curves in 3mm ovarian vein ring preparations. Cumulative 

concentrations of NA after preloading with Ig (open circles, dashed line), 2g (open 

squares, solid line) and 4g (open triangles, dotted line). Points and error bars show 

mean at each final bath concentration with SE.

b Cumulative concentration-response curves showing responses to 5-HT (solid 

line) repeated in the same vessel preparation (dashed line). Interpolated curves with 

SE of log concentration 5-HT illustrated as horizontal error bars at 20%, 50% (pDg) 

and 80% of maximal response. Vertical error bars show SE of E^x- Summary data: 

see Table la.

40



Tension (g) Tension (g)

O
O
en O en

rv)
b

ro
en

eo
b

00

(Q

en
X

Cl

O)

en

O
o
fv)

O
4^

O
b

o
00 O  IV» CD

I "

(û CD

Z



variability of responses in multiple ring and longitudinal vein preparations obtained 

from the same individual was assessed by calculating the coefficient of variation for 

pÜ2  (-log EC5 0 ) and maximal response ( E ^  to NA. Summary data are presented 

in Table lb, together with similar data for ring preparations exposed to 5-HT. It will 

be noted for both agents that although pD; values exhibit a small coefficient of 

variation which would be likely to allow the detection of real differences between 

individuals, E ^  results were highly variable. This variability was only marginally 

improved by normalising to the response to high concentration potassium 

chloride (Table Ic). Normalisation of E ^  against the response to potassium chloride 

was nevertheless adopted as a standard method for subsequent studies as it rendered 

the size of vessel preparations less critical and mitigated against the possible adverse 

effects on responsiveness of handling. In analyses pDg was taken as the more robust 

parameter for assessment of differences in responsiveness between preparations and 

individuals.

2 .4 .4  PRELIMINARY STUDIES: TISSUE STORAGE AND RESPONSIVENESS

The possibility of storing vein specimens overnight was considered. Paired 

vein rings obtained from three individuals were exposed to cumulative concentrations 

of NA either immediately after removal, or after overnight storage at 4° C in a 

refrigerator, without oxygenation, in Hartmann’s solution. Storage in the modified 

Krebs solution used for organ bath studies was avoided because of the possibility of 

tissue damage from phosphate crystallisation. Paired E^^ (normalised to KCl) results 

were 78/96, 62/125 and 48/18. Paired pDz results were 6.29/6.14, 5.50/5.46 and 

6.4/5.16. In further studies, responses to SP were seen in tissue which had been 

stored overnight. However, responses to electrical field stimulation were never seen 

in stored tissue. Because of this, and in order to avoid introducing a further variable 

into the investigations it was decided to carry but all substantive experiments on 

fresh tissue.

2 .4 .5  Analysis of concentration-response curves

A method similar to that of Hoyle and Edwards (1992) based on the probit 

transformation was used as follows. The response at each final bath concentration 

was expressed as the percentage of the maximal response in that experiment. 

Including data ranging from 5-95 % of maximal response, percent maximal responses
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T able  1: REPROoucmiLiTY Studies

a: Repeat cumulative concentration-response to 5-HT in the same vessel

Mean (SE) pDz Mean (SB) (g)

First Repeat First Repeat

6.31 (0.15) 6.35 (0.13) 2.40 (0.43) 2.06 (0.54)

Paired t-test: n=7, 1=0.58, P=0.59 Paired t-test: n=7, t=1.17, P=0.29

b; Coefficient of Variation (CV)

Vessel and agent pDj: mean (SE) CV E ^ :  mean (SE) CV

NA, vein rings (n = 13) 5.38% (1.06) 36.0%(6.7)

NA, vein longitudinal (n=3) 5.9%(2.9) 16.3%(5.0)

5-HT, vein rings (n=9) 2.94% (0.76) 39.0% (6 .6 )

c; Normalisation of and Coefficient of Variation (CV)

Vessel and agent Mean (SE) CV of 

E calculated in g

Mean (SE) CV of 

KCl-normalised E ^

NA, vein rings (n = 13) 39.0% (7.1) 36.0%(6.7)

NA, vein longitudinal (n=3) 23.1%(4.1) 16.3%(5.0)
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were then transformed into probits using an algorithm written in dBase IV adapted 

from a B asic  version in Cooke et al. (1982). Linear regression of log concentration 

with response in probits was then performed and a correlation coefficient (r) with an 

associated probability was obtained, using a routine in dBase IV including an 

algorithm for the ”t” distribution. As a means of evaluating the quality of 

preparations, if the probability were greater than 0.05 the data were rejected for the 

calculation of pDg (-log EC5 0) values. This could occur either because of erratic 

response data, or because an insufficient number of concentration increments giving 

responses between 5-95% maximal response had been used resulting in less than one 

degree of freedom.

Using the regression coefficients interpolated concentration values were then 

obtained for a range of responses to construct an individual concentration-response 

curve, with the interpolated concentration giving a 50% response being the pDg 

value. To combine data from several experiments, interpolated concentrations were 

averaged horizontally using the a g g r eg ate  procedure in SPSS/PC + and a standard 

error (SE) calculated. This methodology was found to be satisfactory in experiments 

using excitatory agents. However, for studies on the role of the endothelium in 

mediating inhibitory responses the interpolation approach was unsatisfactory as, for 

example in the case of substance P, removal of the endothelium resulted in 

considerable attenuation of responses preventing the construction of a valid 

interpolated curve. In these experiments a vertical approach was used, averaging 

actual responses at each concentration for graphical display, although E ,̂^ responses 

were calculated for each experiment and used in statistical analyses.

2 .4 .6  Characterisation of responses to electrical  stimulation , 

PUTATIVE neurotransmitters AND ENDOTHELIN-1

After equilibration NA, 5-HT or ET-1 were added in a cumulative fashion 

in volumes of 5-15 /xL. The significance of the vascular endothelium and of local 

prostaglandin biosynthesis in modulating excitatory responses was investigated by 

comparing responses to 5-HT in vein rings with the endothelium either intact, or 

denuded by luminal rubbing, or before and after exposure to with indomethacin 1 0  

/xmol 1** (see section 2.4.7). In other experiments single incremental doses of a,B- 

methylene adenosine 5'-triphosphate (a,B-MeATP), a P2 x-purinoceptor agonist
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(Bumstock & Kennedy 1985), were added at intervals of at least 50 min and rapidly 

washed out after reaching the maximal response in order to avoid desensitisation. 

Excitatory responses were expressed as percentages of the response to potassium 

chloride (KCl) 125 mmol 1*.

Electrical field stimulation was applied via tungsten wires mounted on either 

side of the vessel using a Grass model SD9 stimulator. A continuous train of current 

was applied until a maximal response was obtained. In ten preliminary experiments 

in longitudinally mounted vein preparations responses to electrical stimulation were 

evoked using a range of stimulation parameters, from 50-150V with a pulse width 

of 0.3-0.5 ms and a frequency of 2-32 Hz. However, in some preparations responss 

were very small (less than 5% of KCl-evoked contractions). Careful tissue handling 

during surgery and while mounting specimens in the organ bath appeared to be an 

important factor in obtiaining satisfactory responses to nerve stimulation. Using a 

pulse width of 0.3 ms, contractions were abolished by tetrodotoxin (1 /xmol 1'*), 

suggesting that responses were nerve mediated. With a pulse width of 0.4 ms or 

more tetrodotoxin-resistant direct muscle stimulation responses were observed. A 

frequency of 6  Hz and a pulse width of 0.3 ms was used for all subsequent studies. 

The effect on electrically evoked responses of NPY, the Y, agonist leu^*pro^-NPY 

and 178-oestradiol were investigated and in other studies the effect of the a- 

adrenoceptor blocker phentolamine (1 /xmol 1'*) was observed. Where residual 

responses were present after exposure to phentolamine the presence of a purinergic 

component was investigated by desensitisation with a,15-MeATF or by the addition 

of suramin (30 /xmol 1‘).

NA, 5-HT, a,13-MeATP and 17B-oestradiol glucuronide were obtained from 

Sigma (UK) as was leu ‘̂pro^-NPY. ET-1 and NPY were purchased from CRB 

(UK). For peptides, stock solutions were made up at 0.1 mmol 1’* concentration in 

water and aliquots were stored frozen at -20°C until required. Suramin was obtained 

from Bayer, Switzerland and phentolamine (Rogitine) was obtained from CIBA, UK.

For NA, 5-HT, a,15-MeATP and ET-1 interpolated concentration-response 

curves were constructed for each experiment as described above. Using the statistics 

package SPSS/PC-I- responses were aggregated such that "n" referred to the number 

of patients from whom specimens were obtained, and analyzed by means of stepwise
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multiple regression to identify relationships significant at the 5% level between 

and pDg as dependent variables and, as independent variables, diagnostic category, 

age, parity, stage of the menstrual cycle, hormonal therapy or menopausal status, 

previous sterilization and smoking (see section 2 .6 ).

2.4.7 S u b s t a n c e  P a n d  B r a d y k in in

In each experiment four 3 mm segments of the ovarian vein were mounted 

in 5 ml organ baths as described above. 11 experiments were carried out on SP 

responses but tissue availability limited experiments on BK to 5. Using tissue from 

a single individual for each experiment, one vein ring was denuded of endothelium 

before mounting by gentle luminal rubbing with no.l silk suture material. In 

preliminary studies the efficacy of endothelial denudation was established by 

examination with scanning electron microscopy (Figure 2), and silver nitrate staining 

of the endothelium before viewing with light microscopy. To the bathing solution in 

a second organ bath was added indomethacin (Sigma, UK), freshly prepared as a 10 

mmol 1*‘ stock solution diluted in 0.2 M sodium carbonate, at a final bath 

concentration of 10 /xmol 1*. The inhibitor of nitric oxide synthesis L-nitro arginine 

methyl ester (l-NAME) (Sigma, UK) freshly made up to a final bath concentration 

of 0.1 mmol 1* was added to a third organ bath, and a fourth served as control. SP 

(CRB, UK) or BK (Sigma, UK) were prepared as stock solutions in water at a 

concentration of 0.1 mmol 1̂  and aliquots were stored at -20°C until required. For 

experiments a range of dilutions was prepared in the bathing solution described 

above.

After the application of a 2g load and an equilibration period of at least 40 

min and when a stable baseline had been reached, the vein rings were preconstricted 

using carboprost (Hemabate, Upjohn UK) at a final bath concentration of 1.5 nmol 

which induced a prolonged stable rise in isometric tension. After reaching a 

plateau SP or BK were added in a volume of 5-15 ptl over a range of final bath 

concentrations from 0.1 nmol 1* to 0.1 /xmol l '\  After washing out and re

equilibration for approximately 2 0  min carboprost was again added followed, after 

reaching a stable rise in tone, by the next concentration increment of SP or BK. 

Further concentration increments of SP or BK were tested until a maximal response 

was reached. In preliminary studies in preconstricted vein rings, inhibitory responses
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F igure 2:

Scanning electron micrographs of luminal surface of human ovarian vein, a: after 

use in an organ bath experiment without luminal rubbing. Scale bar = 5 ^m, x

4.000. b; after luminal rubbing to remove the endothelium. Scale bar = 5 ^m, x

3.000.
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to the nitrovasodilator sodium nitroprusside (1-30 fimol 1*) were not inhibited by 

endothelial denudation, or by exposure to indomethacin or l-NAME. Where 

carboprost evoked spontaneous contractions, responses to SP or BK were measured 

from the baseline having attained a stable rise in tone.

Results were expressed as the percentage loss of initial tone and the maximal 

response ( E ^  to SP was recorded. For SP, where a test for goodness of fit was 

satisfied at the 5% probability level, probit-transformed interpolated concentration- 

response curves to SP were constructed as described above, from which pDj (-log 

EC5 0 ) values were calculated. However, as valid interpolated curves could not be 

constructed in all cases, especially after luminal rubbing or exposure to L-NAME, 

for each SP concentration and for all BK studies actual responses were averaged and 

a standard error calculated and presented graphically. Using the statistics package 

SPSS/PC-I-, En,ax responses were analyzed against a range of clinical characteristics 

with stepwise multiple regression. The effect on E^» of luminal rubbing or the 

addition of indomethacin or l-NAME was analyzed using one-way analysis of 

variance with Tukey’s range test. A 5% level of probability was considered 

significant.

2.4.8 A n g io t e n s in  II a n d  o t h e r  a g e n t s

The role of Angiotensin II (A-II) as a putative regulator of venous tone was 

investigated using ovarian vein rings. As desensitisation to A-II applied to isolated 

vessels is well described, studies were designed to assess the extent of this 

phenomenon in the ovarian vein, as well as to give an indication of the concentration 

range over which which vasomotor effects might be seen. Tissue availability limited 

these studies to comparison of responses to i) cumulative concentrations of A-II 

applied to endothelially intact and denuded vessels, and then repeated in the same 

vessels after washout and requilibration over 60-120 min, and ii) repeated exposure 

to cumulative concentrations of A-II following exposure to indomethacin.

Responses of ovarian vein rings to a range of other vasoactive agents were 

investigated. These included ATP, the P2y purinoceptor agonist 2-methylthioATP, 

adenosine, dihydroergotamine (DHE), vasopressin (AVP), somatostatin, the 

somatostatin analogue octreotide, acetylcholine (ACh), the calcium ionophore 

A23187 and CGRP.
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2.5 STUDIES ON THE ISOLATED PERFUSED HUMAN OVARY
2.5.1 S p e c im e n  c o l l e c t i o n ,  p r e p a r a t io n  a n d  p e r f u s io n  p r o t o c o l

Surgical specimens were obtained at oophorectomy for benign indications, 

usually accompanied by hysterectomy, in premenopausal women (age range 31-53). 

The diagnoses were pelvic pain (7), menorrhagia (3) (one with associated 

premenstrual syndrome) and fibroids (2). One ovary, where possible that containing 

a developing follicle or corpus luteum, was used in perfusion studies before being 

returned for routine histopathology. Specimens were collected in the operating 

theatre into Hartmann’s solution (composition (mmol 1*) sodium 131, potassium 5, 

calcium 2, chloride 111 and lactate 29) at room temperature and transported to the 

laboratory. The fallopian tube was dissected free and ovarian vessels supplying the 

tube were ligated. The uterine arterial anastomosis with the ovarian artery was 

ligated and the ovarian artery cannulated. The ovary was suspended in air within a 

glass cylindrical jacket heated by water circulating at 37°C. The ovarian artery was 

perfused using a Masterflex model 7016.20 peristaltic pump controller (Cole Parmer 

Instrument Co, Chicago, USA) with a modified Krebs solution whose composition 

(mmol 1‘) was NaCl 118, KCl 4.7, NaH^PO^ 1.0, NaHCOj 25.0, MgSO^ 1.2, 

Glucose 11.1, CaClz 2.5, and bovine serum albumin 1 g VK The perfusing solution 

was kept at 37°C and bubbled with a mixture of 95% oxygen and 5% CO2  to 

maintain a pH of 7.4. Perfusion pressure was measured using a transducer connected 

to a Grass model 79D polygraph. Flow was initially adjusted to give a perfusion 

pressure in the range 35-50 mmHg and the preparation was allowed to equilibrate 

over approximately 2 0  min with a constant flow rate until a stable perfusion pressure 

had been reached. Under these conditions the basal flow rate was between 2.5-11 ml 

min'*.

After equilibration the preparation was subjected to two consecutive periods 

of increased flow in order to induce a shear stress on the vascular endothelium by 

increasing the pump rate so as to achieve a perfusion pressure of approximately 1 0 0  

mm Hg for one minute. Serial timed samples of perfusate were collected at 20 sec 

intervals for one minute before increasing the flow rate, during the minute of 

increased flow, and for one minute after reducing the flow rate to baseline. This 

procedure was then repeated so as to give a total of 18 samples, of which six were
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collected during the two periods of increased flow. Samples of perfusate were stored 

in polypropylene vials and assayed for ATP, or frozen at -20°C pending assay for 

ET, SP or A VP.

2.5.2 V ia b il it y  o f  t h e  p r e p a r a t io n

As a means of assessing tissue damage under these perfusion conditions 

lactate dehydrogenase (LDH) was assayed in fresh perfusate using a colorimetric kit 

(Sigma, UK). In two experiments basal concentrations of LDH were 5.3 and 13.3 

u ml * with basal LDH release estimated at 51.5 and 78.8 u min * respectively. There 

was no increase in LDH release in relation to periods of increased flow or 

experimental duration. The presence of an intact vascular endothelium was 

established by examining arteriolar segments with transmission and scanning electron 

microscopy after periods of increased flow followed by perfusion fixation. The 

possibility that periods of increased flow might open up poorly perfused areas of the 

ovarian vascular bed and flush out pooled blood was investigated by counting red 

cells in samples of perfusate obtained before and during periods of high flow. The 

red cell count in perfusate was 268,000 ml * (SB 19,000) before and 256,000 ml * 

(SB 17,000) during increased flow, indicating that a spurious rise in apparent ATP 

release after periods of increased flow arising from red cell contamination was 

unlikely.

2.5.3 A s s a y  o f  a d e n o sin e  5 '-t r ip h o s p h a t e

For ATP estimation 100 /xl aliquots of perfusate were transferred into 

polypropylene tubes and kept a 4°C for 2 h. A solution of luciferase-luciferin 

(Sigma, UK) was prepared with sterile bidistilled water to a final concentration of 

3.33 mg ml * and left in the dark for 1 h at 4°C and 1 h at room temperature. 

Measurements were made using aluminometer (Canberra Packard, Pangboume, UK) 

following the addition of 2 0 0  luciferin-luciferase solution to the 1 0 0  fxl samples, 

as previously described (Bodin et al. 1991). The luminometer was calibrated using 

paired standard solutions of ATP (Sigma, UK) dissolved in perfusate over a 

concentration range of 1  pmol 1 '*- 1 0 0  fxmol 1 * to construct a standard curve of logio 

luminescence with logio concentration ATP.
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2.5.4 P epttoe ELISA a ss a y s

ET, SP and A VP release were estimated by inhibition enzyme-linked 

immunosorbence assay (ELISA) as previously described (Belai et al. 1988, Bodin 

et al. 1992). Cross-reactivity of the ET anti serum was 1% with big endothelin, 15% 

with endothelin-2 and 100% with endothelin-3. AVP antiserum crossreacted 1% with 

oxytocin and SP antiserum did not crossreact with neurokinin A or B. The minimum 

detectable dose of ET was 10 fmol per 50 ^1 well with an intra assay variability of 

5%. For AVP the minimum detectable dose was 2.9 fmol per well with an intra 

assay variability of 6 %, and for SP the minimum detectable dose was 0.89 fmol per 

well with an intra assay variability of 4%.

2.5.5 R e s p o n s e s  t o  d r u g s

Three perfused ovary preparations were used to study the effects of drugs on 

the vascular bed. In one experiment suramin was added to the perfusate at a 

concentration of 30 jimol 1* before subjecting the preparation to two periods of 

increased flow as described above. Pressure/flow ratios under basal and high flow 

conditions were calculated. In two preparations tone in the vascular bed was raised 

by the cumulative addition of NA to the perfusate until a stable perfusion pressure 

of 75-100 mmHg was reached. Drugs, dissolved to a range of dilutions in perfusate, 

were then added as 50 /xl bolus doses into the perfusion tubing adjacent to the 

ovarian arterial cannula. Effects of the purine analogue 2-Methylthio ATP, ACh, 

ET-1, angiotensin II and SP on tone in the vascular bed were observed. In one 

preparation, experiments were repeated after exposure to indomethacin 1 0  /xmol T* 

and then, in addition, l-NAME.
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2.6 DATA HANDLING AND STATISTICAL ANALYSES
A program was written in dBase IV for the storage and analysis of clinical 

and experimental data. Patient identifiers were replaced with a reference number for 

entry into the database. The file structure was relational, with the master file 

containing patient variables related to experimental data files by the reference 

number field.

For the analysis of concentration-response curves, probit transformation, 

linear regression and estimation of probability using the "t” distribution were carried 

out as dBase routines using algorithms based on standard formulae in the case of 

linear regression, or adapted from ba sic  programs in Cooke et al. (1982). All other 

statistical analyses were carried out using the statistical package SPSS/PC +  version

3.1. dBase data files were read directly using the SPSS/PC + t r a n sl a t e  fr o m  

routine. Comparisons of and pDj responses between two sets of experiments 

were made using paired or unpaired "t" tests as appropriate.

In pharmacological studies on vasorelaxation in isolated vessels oneway 

analysis of variance was used to determine the significance of differences between 

four experimental groups. This method was considered appropriate because each set 

of four groups in these experiments contained tissue from a single individual, so the 

results were not confounded by inter-patient factors. In studies on the isolated 

perfused human ovary statistical analyses of perfusion pressure/flow and ATP release 

data were carried out using paired Wilcoxon rank sum tests with a 5% probability 

level considered significant.

For the examination of possible relationships between experimental findings 

and patient variables including age, parity (number of births), hormonal therapy, 

stage of the menstrual cycle, smoking, a history of sterilization and diagnostic 

category the method of stepwise multiple regression was used in SPSS/PC+ . The 

criterion for inclusion of variables in stepwise analysis (pin ) was a partial regression 

coefficient significant at the 0.05 level, and that for elimination (po u t ) was a partial 

regression coefficient failing to reach significance at the 0.1 level. For analysis in 

groups, for example samples from patients previously sterilized or not sterilized, 

variables were assigned dummy values of 0  and 1  for inclusion in regression analyses 

(Armitage & Berry 1987).
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3. Results
3.1 THE FINE STRUCTURE OF THE HUMAN OVARIAN VEIN
3.1 .1  Electron microscopic studies

Clinical data relating to patients from whom specimens were obtained are 

presented in Table 2.

Intima

The intima comprised a single endothelial cell layer. Endothelial cell 

cytoplasm contained numerous elongated electron-dense bodies (Weibel & Pallade 

1964) in addition to rough and smooth endoplasmic reticulum and numerous 

microfilaments (Figure 3 a-d). Some endothelial cells were convoluted suggesting 

that the vessel was constricted at the time of fixation (Figure 4 a). Areas of close 

apposition of adjacent cells were often seen (Figure 3 c). A subendothelial matrix 

varied in density and geometry (Figure 3c and Figure 4 a-b) but no distinct layer of 

elastic lamina was present separating the internal and muscular coats.

Smooth muscle

The smooth muscle was arranged into three distinct layers (Figure 5 a). The 

inmost layer contained longitudinally orientated smooth muscle cells often widely 

separated by ground substance (Figure 4 b). The middle muscle layer consisted of 

up to 16 layers of smooth muscle cells orientated in a circular fashion around the 

vessel, although in two specimens (from patients 1 and 9) this layer was deficient. 

In some specimens the circular layers were closely apposed, the cells were relatively 

thick in transverse diameter and the nuclei had a spiral appearance (Figure 5 b,c) 

whereas in others the layers were separated by collagen, the transverse diameters 

were relatively small and the nuclei were elongated (Figure 5 d). These differences 

may relate to the state of contraction or relaxation of the muscle at the time of 

fixation; in elongated muscle cells the nuclei were strikingly long suggesting a 

structural adaptation rather than an artefact of fixation. The outer layer was 

composed of longitudinally arranged bundles of smooth muscle cells separated by 

collagenous tissue (Figure 6 ). Capillaries of the vasa venorum were invariably seen 

in the outer longitudinal and middle circular smooth muscle layers and were 

occasionally seen to penetrate the inner layer. Changes related to inflammation, lipid

52



deposits or muscular degeneration were not seen in any of the specimens examined.

The relative proportions of each smooth muscle layer making up the total 

vessel wall thickness are shown in Table 3. A significant reduction in the percentage 

of the vessel wall thickness occupied by the middle circular layer was seen in 

specimens from older patients (n = l l ,  r=-0.67, P<0.05) with a corresponding 

increase in the proportion occupied by the outer longitudinal layer. This relationship 

became more pronounced when only specimens from premenopausal women were 

included in the analysis (n=7, r=-0.83, P<0.05).

Innervation

Nerve fibres, most ensheathed by Schwann cell processes, were seen in the 

longitudinal layer (Figure 7 a-e) but penetration into the middle circular layer was 

noted in two out of 9 specimens from patients 1 and 3 (Figure 7 f). The typical 

distribution of nerves is illustrated in figure 5 a. The density of innervation in the 

outer smooth muscle layer ranged between 38.5 and 215.9 nerves mm  ̂ (Table 3). 

There were no differences between specimens of right and left ovarian vein. Mean 

numbers and diameters of nerve vesicles per nerve for each specimen are presented 

in Table 4. There were no correlations between the number of nerves containing 

predominantly LG Vs per specimen and age, parity, hormonal status, smoking, a 

previous history of sterilization or diagnostic group. The mean numbers and mean 

diameters of AGV, SGV or LGV in the nerves analyzed for each specimen also 

showed no correlation with these clinical variables.
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T able  2: EM  St u d ie s : C lin ic a l  details  o f  pa tients

Patient Age Parity Hormonal status Diagnosis Smoking Previous
sterilization

1 57 5 Postmenopausal Endometrial atypical hyperplasia No No

2 28 2 Luteal Pelvic pain No No

3 37 2 Early follicular Pelvic pain Yes No

4 31 2 2° Amenorrhoea Pelvic pain Yes No

5 53 3 Postmenopausal Renal transplant donor No No

6 36 3 Early follicular Pelvic pain No Yes

7 47 3 Early follicular Menorrhagia No No

8 54 0 On hormone replacement therapy Menorrhagia and fibroids No No

9 44 5 Late follicular Menorrhagia Yes Yes

10 74 1 Postmenopausal Endometrial adenocarcinoma No No

11 34 2 Mid follicular Endometriosis No No



F ig u r e  3:

a-d  Ovarian vein endothelium, a: Two adjacent endothelial cells, one sectioned 

through the nucleus (1), the other containing Weibel-Pallade bodies (2). Note smooth 

muscle cell (S). Scale bar = 2^ , x 8,400. b: Higher magnification of part of cell 1 

in a  showing intermediate filaments and micropinocytotic vesicles. Scale bar = 

500nm, x 36,000. c: Weibel-Pallade bodies (filled triangles) and an area of close 

apposition of neighbouring cell membranes (large triangle). Scale bar = 400nm, x

60.000. d: Swollen endoplasmic reticulum (filled triangles). Scale bar = 1/x, x

24.000.
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F ig u re  4:

Ovarian vein endothelium, a; Convoluted cell and subendothelial electron dense 

extracellular material. Scale bar = Ifj., x 16,000. b: Endothelial cell with luminal 

processes in close proximity to a smooth muscle cell. Scale bar = 1/x, x 24,000.
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F ig u r e  5:

Smooth muscle coat, a: Light micrograph. Transverse section showing circular 

muscle sandwiched between two longitudinal layers. L = vessel lumen. Filled 

circles = position of one or more nerves. Scale bar = 1mm, x 12.6.

Middle circular smooth muscle layer, b; Note spiral nucleus. Scale bar = 4/x, x

5,000. c: Apparently constricted circular muscle cells. Scale bar = 4/x, x 3,400. d: 

Extended circular muscle cells. Scale bar = 4^, x 6,000.
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F igure 6:

Smooth muscle coat, a: Junction of middle circular and outer longitudinal layer. 

Scale bar = 4/ ,̂ x 3,450. b: Smooth muscle bundles in outer longitudinal layer. 

Scale bar = 4/i, x 3,450.
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F ig u r e  7:

Nerve profiles a-e in longitudinal layer showing small granular (SGV) and agranular 

vesicles (AGV) and large granular vesicles (LGV). a: Two axons with predominantly 

AGV and some LGV. b: Axon containing a predominance of LGV (filled triangles), 

c; Showing the relationship of nerves to a smooth muscle cell (s) with caveoli. Note 

small granular vesicles (filled diamonds).

d: Axon containing numerous irregularly shaped granular vesicles, e: Axons 

containing AGV (filled triangles), SGV and LGV. f: Nerves located in the middle 

circular smooth muscle layer. Scale bar = 400nm, x 40,000.
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T able  3; Sm o o t h  m u scle  la y ers : pe r c e n t a g e  o f  to ta l  vessel  m u scle  th ic k n ess , and o u t e r  layer  nerve  density  p e r  m m ^

Specimen from 
patient no.

Side of 
origin

Inner layer 
% of muscle 
thickness

Middle layer 
% of muscle 

thickness

Outer muscle layer

% of muscle 
thickness

Nerves per mm^

1 R 13 3 84 215.9

2 R 33 33 33 38.5

3 L 13 16 71 175.0

4 L 17 28 55 96.5

5 L 3 10 87 86.6

6 L 14 12 74 170.4

7 R 14 9 77 103.8

8 R 3 11 86 136.1

9 L 11 0 89 78.6

10 L 19 5 76

11 L 10 10 80



Table 4: M ean  vesicle numbers, percentage o f nerves with more than 50% LGV, and mean vesicle diam eters. AGV
SMALL AGRANULAR VESICLES, SGV =  SMALL GRANULAR VESICLES, LGV =  LARGE GRANULAR VESICLES

Specimen 
from patient 

no.

Mean (SE) vesicles per nerve % nerves 
with >50%  

LGV

Mean (SE) vesicle diameter (nm)

AGV SGV LGV AGV SGV LGV

1 19.8 (3.7) 6.1 (1.2) 8.0 (1.3) 14.8 54.1 (0.2) 56.9 (1.1) 107.1 (1.0)

2 13.8 (2.4) 1.3 (0.9) 4.3 (1.0) 0 60.7 (0.3) 53.0 (1.6) 109.4 (3.4)

3 16.6 (2.7) 6.0 (1.3) 7.9 (2.0) 9.4 58.0 (0.3) 57.1 (0.4) 122.6 (1.1)

4 7.1 (1.4) 10.6 (1.7) 4.3 (0.6) 0 57.3 (0.5) 60.8 (0.6) 112.1 (1.9)

5 9.4 (1.6) 5.0 (0.7) 5.6 (0.8) 13.0 56.4 (0.4) 56.8 (0.6) 112.7 (2.2)

6 11.8 (2.2) 1.5 (0.6) 3.0 (0.7) 15.0 54.2 (0.3) 50.0 (0.8) 95.1 (2.0)

7 14.7 (3.6) 8.9 (1.5) 11.5 (2.1) 20.0 53.4 (0.3) 50.8 (0.4) 103.6 (1.4)



3 .1 .2  D iscussion

A longitudinally arranged adventitial smooth muscle layer is a feature of 

several larger veins in humans, particularly those not enclosed by striated muscle 

such as the vena cavae, the portal vein and the renal veins. Embryologically, the 

gonadal veins are constituted from those portions of the embryonal subcardinal veins, 

originating in the medial aspects of the urogenital folds, which are not included in 

the formation of the inferior vena cava (Hamilton and Mossman 1972). The 

embryology of differentiation into separate muscle layers has not been studied in 

human veins. In the guinea pig, neural penetration was observed in fetal portal veins 

prior to complete differentiation of longitudinal and circular layers (Torok and 

Kristek 1990). It may be that, in humans, the presence of a well developed 

longitudinal muscle layer together with autonomic innervation is a structural 

adaptation helping to maintain venous return from the lower abdomen and pelvic 

organs against the gravitational effect of an upright posture. The structural features 

of convoluted cells, spiral and elongated nuclei and numerous endothelial cell 

microfilaments observed in this study may represent adaptations to enable the ovarian 

vein to accommodate to the circulatory demands of the different phases of 

reproductive life.

In women, the left and right ovarian veins are similar in smooth muscle wall 

thickness, as observed in this study, and also in diameter under a variety of 

conditions, for example as observed at the time of Caesarean section in late 

pregnancy when the ovarian veins are grossly but equally distended. The termination 

of the left ovarian vein at a right angle into the left renal vein is probably not as 

functionally significant as in the male, where varicocoele occurs predominantly on 

the left, possibly as a result of this arrangement which may impair venous return 

compared to the right sided termination at an acute angle directly into the inferior 

vena cava. Other factors in the male are the greater length of the spermatic veins as 

a result of descent of the testes, and the presence of valves which may become 

incompetent (Wishahi 1991) .

Weibel-Pallade bodies are a feature of vascular endothelial cells and are
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storage granules for von Willebrand factor in multimeric form after dimerization in 

the endoplasmic reticulum and assembly into multimers in the Golgi complex 

(Wagner et al. 1991). The pathway of regulated secretion and storage depends on 

the presence of the von Willebrand factor propolypeptide (Wagner & Bonfanti 1991) 

and Weibel-Pallade body formation in vivo can be modified by 5-hydroxytryptamine 

(5-HT), reserpine, histamine and thrombin (Dikranian and Stoinov 1991). The 

presence and significance of these bodies has not been systematically investigated in 

human vascular endothelium from different organs. They could make a contribution 

to haemostasis in these large veins where a local vasoconstrictor response to 

haemorrhage would be less effective than in an arteriolar or capillary bed.

There are difficulties in attempting to classify nerves on the basis of their 

vesicle content in a single electron microscopic section which may not represent the 

nerve as a whole (Cook and Burnstock 1976). However, small vesicles are associated 

with classical neurotransmitters, ie NA and ACh, whereas large vesicles contain 

peptide neurotransmitters, each vesicle type being associated with different pathways 

of regulated secretion (De Camilli and Jahn 1990). In particular, small vesicles can 

replenish transmitter stores by synthesis and/or reuptake, and synaptophysin (p38) 

has been shown to be associated with small synaptic vesicles but not large dense-core 

vesicles (Navone et al. 1986). Hoyle (1992) reviewed evidence for the storage of 

ATP involved in purinergic neurotransmission in both large and small vesicles. In 

the present study image analysis did not reveal any specific changes in the electron 

microscopic appearances of nerve storage vesicles which might have reflected altered 

neurotransmitter production and storage in relation to different phases of 

reproductive life.

A significant association was noted between ageing and the relative thickness 

of the outer longitudinal and circular smooth muscle layers, especially prior to the 

menopause. A possible mechanism might involve the high local concentrations of 

ovarian steroid hormones present in the ovarian vein, discussed in detail in section 

1.2.6.3. Although in this study no statistical relationship was present between parity 

and the relative thickness of the vessel wall layers, nerve penetration into the circular
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muscle layer was seen in two specimens, both from parous women. A similar 

penetration was also seen in immunohistochemical studies (see section 3.2.2) and it 

is possible that changes in the pattern of innervation could influence the growth or 

regression of vascular smooth muscle layers.

As a third possible mechanism, trophic effects could result from increased 

transmural pressure. Increasing the transmural pressure in the rat portal vein, which 

has a well developed longitudinal smooth muscle layer, resulted in a doubling of the 

cross-sectional area of the vessel by smooth muscle cellular hypertrophy. There was 

a proportionate increase in contractile and structural proteins and a change in the 

expression of isoforms of actin but not myosin (Malmqvist and Amer 1990). Further 

studies in human vessels are required to resolve these issues.

64



3.2 IMMUNOfflSTOCHEMISTRY OF THE OVARIAN VEIN 

AND OVARY
3.2 .1  O varian vein endothelium

In situ immuno-electron microscopy showed the presence of SP-like 

immunoreactivity in a subpopulation of endothelial cells in human ovarian vein. 9 

out of 180 (5%) cells examined were positive for SP. Immunoprecipitate was 

distributed throughout the endothelial cell cytoplasm (Figure 8 b). A larger 

subpopulation of endothelial cells in culture showed SP-like immunoreactivity 

(Figure 8c) with 104 out of 228 (46%) cells examined being SP positive. However, 

approximately half the SP-positive cultured cells showed only a low level of 

immunoreactivity. Endothelial cells in culture also showed immunoreactivity to ET 

(Figure 9 b), 5-HT (Figure 9 c) and NPY (Figure 9 d).
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F ig u r e  8:

Intima of human ovarian vein, a: Electron micrograph of endothelial cells showing 

(1) dark-staining cytoplasm immunopositive for SP with adjacent unlabelled cell (2). 

L = vessel lumen, i = intima. Scale bar = 2 x 7,000. 

b: Electron micrograph of control unlabelled endothelial cells. L = vessel lumen. 

Scale bar = 2 x 5,500. c: Light micrograph of SP-immunopositive endothelial 

cells in culture. Note dark immunoprecipitate concentrated in the perinuclear region. 

Scale bar = 40 /-t, x 270.
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F igure 9:

Light micrographs of human ovarian vein endothelium in culture, immunostained for 

a: SP (detail of this figure also seen in Figure 6c), b: ET, c: 5-HT and 

d: NPY. Note apparent concentration of dark immunoprecipitate in the perinuclear 

region.
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3 .2 .2  Innervation of the human ovarian vein; light  microscopy

In cryostat sections immunostained for NPY dense immunofluorescence was 

seen predominantly in the outer longitudinal smooth muscle layer (Figure 10 a-b). 

Preparations immunostained for tyrosine hydroxylase, a marker of noradrenergic 

nerves, also showed a similar distribution of innervation although the density of 

immunofluorescence was less than that to NPY antibody. Nerves showing CGRP-like 

immunoreactivity were sparse and were present in 13 of 25 specimens examined. 

Sparse SP-like immunoreactivity was seen in only two specimens and VIP-like 

immunoreactivity in five.

Penetration of nerves showing NPY-like immunoreactivity towards the lumen 

of the vessel, involving the middle circular smooth muscle layer, and occasionally 

reaching the inner layer, was observed in 12/25 (48%) of specimens (Figure 10 c). 

A significant relationship between this medial penetration of NPY-immunoreactive 

nerves and the reproductive history of the patients was noted: patients whose ovarian 

veins showed no medial penetration had a median parity of 1 (interquartile range 0-2) 

compared to a median parity of 2.5 (interquartile range 2-4) among those whose 

veins did show medial penetration (P <0.05 by Mann-Whitney "U" test).

Glyoxylic acid histofluorescence studies of whole mount stretch preparations 

of ovarian vein showed the presence of abundant catecholamine-containing 

innervation (Figure 11). In some preparations fluorescent nerves were distributed 

evenly in the adventitia (Figure 11 a) but in others fluorescence was present 

predominantly in vasa vasorum (Figure 11 b) or sparsely distributed in the adventitia 

(Figure 11 c). Tyrosine hydroxylase-like immunoreactivity was also seen in whole 

mounts (Figure 12 a-b) but, as in cryostat sections, NPY-like immunofluorescence 

was more prominent (Figure 12 c-d). SP- or CGRP-immunoreactive nerves were not 

seen in whole mounts.
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F ig u r e  10:

Transverse cryostat sections of human ovarian vein immunostained for NPY. 

a: NPY-immunoreactive nerves at the adventitial border (thin white arrow) and 

within the outer longitudinal muscle coat (thick white arrow), b: NPY-positive 

nerves within the outer longitudinal muscle coat (arrows), c: NPY-positive nerve 

penetrating the middle circular muscle coat (arrow). Scale bar = 30 /xm.
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F ig u r e  11:

Whole mount stretch preparations of human ovarian vein. Glyoxylic acid (GA) 

histofluorescent nerves a: distributed throughout the preparation. Scale bar = 100 

/xm. b: GA-positive nerves present in vasa vasorum. Scale bar = 100 /xm. c: fine 

varicose GA-positive nerves. Scale bar = 50 /xm.
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F ig u r e  12:

Whole mount stretch preparations of human ovarian vein, a: TH-immunoreactive 

nerves. Scale bar = 200 /xm. b: Individual TH-immunoreactive nerves. Scale bar = 

50 /xm. c: NPY-immunoreactive nerves. Scale bar = 200 /xm. d: Fine detail of 

NPY-immunoreactive nerves. Scale bar = 50 /xm.

71





3 .2 .3  N erves and blood vessels in the hum an  ovary

Specimens from five premenopausal ovaries were examined. The greatest 

density of innervation in the ovary was around blood vessels in the vascular hilum, 

with sparser innervation in the peripheral stroma (Figure 13 a-c). There was little 

innervation around, and no penetration into corpora lutea (Figure 13 d) or the 

granulosa layer of developing follicles. NPY-immunoreactive nerves were present 

in the greatest numbers, followed by those immunoreactive for TH. SP- or CGRP- 

immunoreactive nerves were not seen.

Using fluorescent UEA-1 lectin as a marker for endothelium, the vascular 

pattern in the ovary was visualised. Numerous small (less than 0.4 mm) vessels were 

seen in the vascular hilum (Figure 14a). In the cortex of the ovary vessels were less 

numerous but were seen adjacent to developing follicles and corpora lutea (Figure 

14 b). Single fine vessels, probably capillaries, could be observed penetrating the 

substance of the corpus luteum (Figure 14 c).

72



F igure 13:

Cryostat sections of human ovary, a: Vascular hilum with nerves showing TH-like 

immunoreactivity. b: Vascular hilum with nerves showing NPY-like

immunoreactivity. c: NPY-like immunoreactivity in peripheral stroma, d: absence 

of TH-like immunoreactivity within the substance of a corpus luteum. Scale bar = 

50 f im.
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F igure 14:

Cryostat sections of human ovary. Fluorescence showing binding of the endothelial 

marker UEA-1 lectin, a: Vascular hilum showing numerous small vessels, b: Corpus 

luteum and surrounding cortical stroma, cl = substance of corpus luteum, v = 

vessel in stroma surrounding corpus luteum. c: A single capillary penetrating the 

substance of a corpus luteum. Scale bars = 100 fim.
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3 .2 .4  D iscussion

SP was localized in ovarian vein endothelium using both an in situ immuno- 

electron microscopic technique and immunohistochemistry of cultured endothelium. 

Interestingly, a greater proportion of endothelial cells in culture were found to be 

SP-immunopositive (46%) compared to cells immunostained in situ and examined by 

electron microscopy (5%). This may reflect altered functional characteristics of 

endothelial cells in culture and emphasises the importance of carrying out studies in 

intact tissue. ET, 5-HT and NPY were also localized in cultured endothelium. Organ 

bath pharmacological studies provide further evidence that SP (see section 3.3.4), 

ET and 5-HT (see section 3.3.1) have a role in the local control of vascular tone in 

this vessel, although NPY did not appear to affect vascular tone in these studies.

Histofluorescence and immunohistochemical studies show that the innervation 

of the ovarian vein is predominantly sympathetic, with a minimal contribution of 

parasympathetic or sensory nerves. Catecholamine-containing and NPY- 

immunofluorescent nerves were prominent in the outer longitudinal muscle coat but 

penetration of NPY-immunoreactive nerves into the middle circular coat was seen, 

apparently in association with higher parity. A similar observation of nerves 

penetrating the circular coat was made in electron microscopic studies (see section 

3.1.1). Thus it appears that childbirth is associated with permanent changes in 

perivascular innervation. It may be that during pregnancy, where the ovarian veins 

distend considerably, migration of perivascular nerves towards the lumen occurs in 

order to enhance vascular control, and this migration is not completely reversed in 

the puerperium.

Attempts were made in whole mount preparations to demonstrate 

colocalization of tyrosine hydroxylase- and NPY-immunoreactivity in nerves using 

mouse monoclonal antibodies, and to combine catecholamine histofluoresence using 

the FAGLU method (Furness et a l 1977) with NPY immunohistochemistry, but 

satisfactory results could not be obtained. This may have been partly due to the 

properties of the antibodies used, and partly to the characteristically prominent 

autofluorescence associated with human tissue which may have obscured specific
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fluorescence of low intensity.

Studies of the innervation and vascularization of the human ovary provide a 

perspective on the possible role of neuropeptides in the processes associated with the 

ovulatory cycle. The innervation, predominantly sympathetic, was noted to be 

concentrated at the vascular hilum of the ovary and was relatively sparse in 

peripheral stroma. Nerves were absent within the substance of the corpus luteum, in 

contrast to the proliferation of capillaries. Thus it is likely that the sympathetic 

innervation of the ovary is largely involved in regulation of arteriolar tone in the 

ovarian vascular bed and has little role in the direct regulation of ovulatory activity 

or capillary proliferation. The presence of capillary proliferation in the absence of 

extensive innervation is compatible with the concept of a role for capillary 

endothelium in the local regulation of ovulatory activity discussed in section 4.4.
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3.3 PHARMACOLOGY OF THE HUMAN OVARIAN VEIN
Spontaneous contractions were noted during equilibration in some 

preparations. This activity was unrelated to clinical characteristics but appeared to 

be more prominent in specimens where tissue handling had been less gentle, although 

the quality of responses to drugs was not impaired in such specimens. However, 

responses to electrical field stimulation were found to be very sensitive to tissue 

handling. Baseline tone after equilibration in ring (n=82) or longitudinal (n = 11) 

preparations was unrelated to clinical characteristics.

3.3 .1  R esponses to putative neurotransmitters and endothelin-1

NA, 5-HT and a,13-MeATP evoked concentration-dependent contractions in 

ovarian vein preparations at concentrations between 0.01 jumol T* and 100 fimol 1'̂  

while responses to ET-1 were seen in the concentration range 0.1 nmol 1'̂  to 0.1 

^mol 1* (Figure 15 a-d).

Responses to 5-HT in ring preparations were similar before and after 

exposure to indomethacin (Figure 16 a, Table 5 a), as were responses in rings with 

and without without endothelium (Figure 16 b. Table 5 b). In control preparations 

with responses normalised against high concentration potassium chloride (n=26) the 

mean (SE) was 79% (8.0). pDj values for 5-HT were significantly different in 

relation to a history of previous sterilization, with a mean (SE) of 5.97 (0.12) in 

specimens from unsterilized patients (n = 19) compared to 5.19 (0.24) in specimens 

from those who had previously undergone sterilization (n=6) (P<0.05) (Figure 17 

b. Table 5 c).

Mean responses in ring (n=27) and longitudinal (n = l l)  preparations to NA 

were similar (Figure 17 a) with (SE) values of 93% (10.2) and 107% (15.1) and 

pÜ2  (SE) values of 5.65 (0.10) and 5.82 (0.21) respectively. There were no 

significant relationships between responses to NA and clinical characteristics.

In the case of a,13-MeATP (Figure 15 a) responses rose rapidly to a peak 

over 5-10 s, and a maximal response was often attained after two or three 

concentration increments so that a valid pDj value could not be estimated.
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F igure 15;

Ring preparations of human ovarian vein. Representative polygraph traces 

illustrating a: concentration-response experiment using single incremental additions 

of a,B-MeATP; cumulative concentration-response experiments using b: NA, c: 5- 

HT and d: ET-1. Filled triangles indicate drug addition to the stated final organ bath 

concentration, open triangles indicate drug washout.
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F ig u r e  16:

Ring preparations of human ovarian vein. Interpolated mean cumulative log 

concentration-response curves for 5-HT a: before (solid curve) and after incubation 

with indomethacin 10 /xmol 1* (dashed curve); b: in specimens with endothelium 

intact (solid curve) and denuded (dashed curve). Horizontal error bars illustrate ±SE 

around mean concentration giving 20%, 50% (pDg) and 80% maximal response. 

Vertical error bars illustrate mean ±SE
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T a b l e  5: 5-HT r e s p o n s e s  in  o v a r ia n  v e in  r in g  p r e p a r a t io n s

a: Repeat concentration-response experiments after preincubation with 

indomethacin 10 îmol 1*

Mean (SE) pDg Mean (SB) (g)

Control Indomethacin Control Indomethacin

6.33 (0.11) 6.50 (0.07) 2.80 (0.45) 2.14 (0.56)

Paired t-test: n=7, t=1.39, P=0.21 Paired t-test: n=7, t=1.44, P=0.20

b: Comparison of responses between vessels obtained from the same 

individual with endothelium intact and denuded

Mean (SE) pÜ2 Mean (SE) E^* (g)

Intact Denuded Intact Denuded

6.03 (0.23) 6.08 (0.23) 1.98 (0.79) 2.02 (0.43)

Paired t-test: n=5, t=0.19, P=0.86 Paired t-test: n=5, t=0.04, P=0.97

c; Comparison of responses between vessels from individuals previously 

sterilised (n=6) or not sterilised (n=19)

Mean (SE) pD; Mean (SE) E ^  (%KC1)

Sterilised Not sterilised Sterilised Not sterilised

5.19 (0.24) 5.97 (0.12) 81.0 (16.6) 77.9 (9.4)

Multiple regression: P =0.027 Multiple regression: not significant
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F igure 17:

Interpolated mean cumulative log concentration-response curves. Horizontal 

error bars illustrate ±SE around mean concentration giving 20%, 50% (PD2 ) and 

80% maximal response. Responses expressed as percentage of the response to 

potassium chloride (KCl) 125 mmol 1*.

a: Responses to NA in ring (solid curve) and longitudinal (dashed curve) ovarian

vein preparations. Vertical error bars illustrate mean ±SE Ê û . 

b: Responses to 5-HT in ring preparations of ovarian vein from women

previously sterilized (solid curve) or not sterilized (dashed curve).
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Figure 18 a shows the mean interpolated concentration-response curve for a,fi- 

MeATP derived from the data, notwithstanding that individual experiments did not 

satisfy the test for goodness of fit, and also shows the actual mean responses at 

individual concentrations. A similar combined respresentation of interpolated and 

actual responses for NA in ring preparations is shown for comparison (Figure 18b). 

Mean (standard error, SE) responses to o:,B-MeATP were 48% (8.4) of the 

response to KCl (n = 14) and there were no relationships with clinical characteristics.

Responses to ET-1 developed very slowly, requiring up to 20 min to reach 

a plateau after each concentration increment (Figure 15 d) and more than one hour 

was required to return to baseline after washing out. The mean E^^ (SE) response 

in ring preparations (n = 16) was 87% (10.1) with a mean pDg (SE) of 7.88 (0.74). 

The mean cumulative concentration-response curve for ET-1 is shown in Figure 19 

b. No significant relationships between these responses and clinical characteristics 

were observed.

3 .3 .2  Responses to Angiotensin II

Application of cumulative concentrations of A-II in the presence of an intact 

vascular endothelium evoked a rise in tone over a concentration range of 0.1 nmol 

1̂  to 0.2 jLtmol l '\  The mean Ê ax response was 40.6% (SE 8.7) and the mean pDg 

was 8.00 (SE 0.077). The mean concentration-response curve is shown in Figure 19 

a which also shows responses to repeat application of A-II in the same preparation 

after washout and re-equilibration over 60-120 min. Although the difference in E ^  

response in initial and repeat experiments fails to reach statistical significance (Table 

6 a) some loss of responsiveness at higher concentrations is evident in the repeat 

experiments.

Similar experiments were conducted in ring preparations denuded of 

endothelium (Figure 20 a). Initial exposure to A-II evoked a lower E^^ response 

than in vessels with an intact endothelium but this difference did not reach statistical 

significance (Table 7 a). E„̂  ̂ responses to repeat compared to initial application of 

A-II in enothelium-denuded preparations were attenuated but again this difference 

was not statistically significant (Figure 20 a. Table 6 b).
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F ig u r e  18:

Interpolated mean log concentration-response curves in ovarian vein ring 

preparations. Responses expressed as percentage of the response to potassium 

chloride (KCl) 125 mmol 1‘. Horizontal error bars illustrate ±SE around mean 

concentration giving 20%, 50% (PD2 ) and 80% maximal response. Solid vertical 

error bars illustrate mean ±SE En,ax- Open circles and dashed error bars illustrate 

mean ±SE actual responses.

a: Responses to single incremental concentrations of a,B-MeATP. Note that

interpolated curves did not satisfy a test for goodness of fit. 

b: For comparison, responses to cumulative concentrations of NA. Tests for

goodness of fit were satisfied.
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F ig u r e  19:

Ovarian vein ring preparations. Responses expressed as percentage of the 

response to potassium chloride (KCl) 125 mmol l '\

a: Mean cumulative log concentration-response curves for A-II. Initial (open

squares) and repeat (open circles) responses after washout and re-equilibrstion for 

at least 60 min. Error bars represent SB of mean response at each concentration, 

b: Interpolated mean cumulative log concentration-response curve for ET-1.

Horizontal error bars illustrate ±SE around mean concentration giving 20%, 50% 

(pDj) and 80% maximal response. Vertical error bars illustrate mean ±SE E^,^.
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After initial cumulative concentration-response experiments three ring 

preparations were then incubated with indomethacin (10 fimol 1̂ ) for at least 40 min 

prior to a repeat application of A-II. Desensitisation is again suggested by the two 

mean concentration-response curves (Figure 20 b) but too few experiments were 

carried out to show differences in (Table 7 a).

T a b l e  6: A-II r e s p o n s e s  in  o v a r ia n  v e in  r in g  p r e p a r a t io n s

a: Repeat concentration-response experiments in vessels with intact 

endothelium

Mean (SB) pDz Mean (SE) E ^  (%KC1)

Initial Repeat Initial Repeat

8.00 (0.08) 8.56 (0.28) 40.6 (8.7) 28.0 (5.7)

Paired t-test: n=5, t=2.33, P=0.08 Paired t-test: n=5, t=1.37, P=0.24

b: Repeat concentration-response experiments in vessels with denuded 

endothelium

Mean (SE) E„ ,̂ (%KC1)

Initial Repeat

29.8 (7.6) 18.8 (5.2)

Paired t-test: n=5, t=1.74, P=0.16
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Table 7: A-II responses in ovarian vein ring preparations

a: Comparison of responses in vessels from the same individual with 

endothelium intact and denuded

Mean (SE) (%KC1)

Intact Denuded

40.6 (8.7) 29.8 (7.6)

Paired t-test: n=5, t=0.93, P=0.38

b: Repeat concentration-response experiments in vessels with intact 

endothelium, after washout and equilibration with indomethacin

Mean (SE) E ^, (%KC1)

Initial Indomethacin 10 ^imol 1‘

50.7 (8.6) 33.3 (11.1)

No statistical analysis as n=3
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F igure 20:

Mean cumulative log concentration-response curves for A-II in ovarian vein 

ring preparations. Responses expressed as percentage of the response to potassium 

chloride (KCl) 125 mmol l '\  Error bars represent SB of mean response at each 

concentration.

a; Endothelium denuded by luminal rubbing. Initial (open triangles) and repeat 

(filled inverted trianlges) responses to A-II after washout and re-equilibrstion for at 

least 60 min.

b: Initial (open squares) responses and repeat (open diamonds) responses to A-II

after washout and exposure to indomethacin 10 ^mol l '\
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3.3.3 Responses to electrical field stimulation

A frequency-response experiment using electrical field stimulation and 

blockade of the response by tetrodotoxin is illustrated in Figure 21. The mean 

(SE) response to electrical field stimulation (n = 10) was 28% (7.2). Addition to the 

organ bath of NPY, which occasionally evoked a small rise in baseline tone, or 

leu *̂pro '̂‘-NPY (10-100 nmol 1‘), or 17B-oestradiol glucuronide (0.1-10 nmol 1 ') 

had no effect on electrically evoked responses. Phentolamine (1 ^mol 1'*) attenuated 

(11/15) or abolished (4/15) responses to electrical field stimulation. Where a 

response remained after exposure to phentolamine the presence of a purinergic 

component was indicated in 6/10 experiments by the abolition of the residual 

response after the addition of suramin or after desensitisation with a,15-MeATP 

(Figure 22).
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F igure 21:

Electrical field stimulation of longitudinal preparation of human ovarian vein. 

Representative polygraph trace illustrating responses to increasing stimulation 

frequency and blockade of the response after equilibration for 20 min with 

tetrodotoxin (TTX) 1 ixmol l '\  Stimulation parameters 100 V, pulse width 0.3 ms.
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F igure 22:

Electrical field stimulation of longitudinal preparations of human ovarian 

vein. Traces illustrating attenuation of electrically evoked responses (parameters: 100 

V, 0.3 ms pulse width, 6 Hz) at basal tone, after at least 20 min exposure to the a- 

adrenoceptor antagonist phentolamine (1 /xmol 1’) and abolition of the residual 

response after P2 -purinoceptor blockade by suramin 30 fimol 1'̂  (a and b) or c 

desensitisation with a,15-MeATP 3 fxmol 1*. b: note similar amplitude of response 

after phentolamine exposure but loss of multiple responses. Original polygraph timer 

traces: solid horizontal bars indicate duration of electrical stimulation.
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3.3.4 Responses to substance P and Bradykinin

Successive additions of carboprost caused a consistent rise in isometric 

tension. Expressed as a percentage of the response to high concentration potassium 

chloride, mean and (standard error (SE)) responses to carboprost were 58.8% (11.2) 

in control preparations, 82.4% (8.9) after preincubation with indomethacin, 63.4% 

(8 .6 ) after luminal rubbing and 59.3 % (6.9) after preincubation with l-NAME (not 

significant).

Following a rise in tone in response to carboprost, SP typically induced a 

rapid loss of tone (Figure 23 a) following which the tone would rise back towards, 

but not attain, the initial level. Representative traces illustrating responses after 

luminal rubbing, exposure to indomethacin and L-NAME are presented in Figures 

23 b-d. Spontaneous contractions were seen in some preparations under basal 

conditions, or after the addition of carboprost as illustrated in Figure 17 b. Figure 24 

a shows concentration-response curves for SP under the different experimental 

conditions. The mean E„,jx was 58.7% (SE 7.8) in control experiments, 54.9% (SE 

8.3) in the presence of indomethacin, 24.7% (SE 2.9) after luminal rubbing and 

32.3% (SE 5.6) in the presence of l-NAME. The probability was 0.001, with a 

range test showing luminal rubbing and L-NAME groups significantly different from 

control. A statistically valid pDz value was only obtained in 5/11 sets of experiments, 

giving a mean 8.52 (SE 0.26).

Bradykinin evoked a similar rapid loss on tone to SP in preconstricted rings. 

Vasoconstriction was not observed. Mean concentration-response curves for 

bradykinin are presented in Figure 24 b. Tissue availability limited these experiments 

to n=5. En,ax relaxation (expressed as a percentage of the preconstriction rise in tone) 

was 51.2% (16.7) in control preparations, 50.7% (15.6) in the presence of 

indomethacin, 37.3% (5.1) after luminal rubbing and 42.8% (12.4) in the presence 

of L-NAME (not significant). Valid pÜ2 values could not be calculated.
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F igure 23:

Example polygraph traces showing addition of carboprost to a final bath 

concentration of 1.5 ^mol 1* (arrows) to raise the tone, followed by SP 20 nmol 1'̂  

(filled triangles) and washing out (open triangles), a: control experiment; b: after 

luminal rubbing; c: exposure to indomethacin 10 ftmol M; d: exposure to L-NAME 

0 . 1  mmol l '\
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F igure 24:

Mean concentration-response curves for single incremental concentrations of 

a SP and b BK applied after preconstriction with carboprost. Open circles: control, 

filled squares: exposure to indomethacin 1 0  /xmol l '\  open inverted triangles: 

exposure to l-NAME 0.1 mmol 1% filled triangles: after luminal rubbing to remove 

the endothelium.
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3.3.5 N e g a t iv e  a n d  in c o n c l u s iv e  r e s u l t s

Exposure of ovarian vein rings to a number of other vasoactive agents gave 

negative or inconclusive results. Responses to ATP, 2-methylthioATP, adenosine, 

DHB, A VP, somatostatin, octreotide, ACh, A23187 and CGRP are summarised in 

Table 8 .

94



Table 8; Negative and inconclusive responses to various agents in ovarian vein ring preparations

Agent Number of 
experiments

Concentration range 
(/xmol 1 '̂ )

Basal tone/ 
preconstricted

Response

ATP 5 0.1-300 Basal and 
preconstricted

Basal: nil or small rise in tone. 
Preconstricted: small relaxations at 300 
/xmol 1% up to 45%in one preparation.

2-MethylthioATP 6 0.01-30 Preconstricted Nil. or small further rise in tone.

Adenosine 2 0 . 1 - 1 0 0 Preconstricted Nil, further rise in tone from 0.3 /xmol l '\

Dihydroergotamine 4 0.004-4 Basal 1 preparation nil, 1  very small rise in tone,
2 constriction to 52% and 29% KCl.

Vasopressin 6 0 .0 0 0 1 - 1 Basal 3 nil, 3 small rise in tone.

Somatostatin 3 0 .0 0 0 0 1 -0 . 1 Basal 1 nil, 2 constriction to 67% and 30% KCl.

Octreotide 19 0.0001-300 Basal 9 nil, 4 small rise in tone, 6  constriction 
up to 40% KCl. ? Desensitisation.

Acetylcholine 1 0 0.01-300 Preconstricted 4 nil, 7 further rise in tone, 2 small 
relaxation, 1 relaxation to 93%.

A23187 1 1 0.01-3 Preconstricted 8  nil, 3 relaxation 23-77% preconstriction.

CGRP 1 1 0.00003-0.1 Preconstricted 8  nil, 3 relaxation 19%, 55% and 87%.



3.3.6 D is c u s s io n

Surgical specimens of the human ovarian vein proved to be a suitable model 

for the pharmacological investigation of vascular responses. Evidence for a 

contribution to the regulation of venous tone both by agents released from 

perivascular nerves and from vascular endothelium has been demonstrated. 

Significant differences in vascular responsiveness in relation to hormonal status or 

clinical characteristics other than sterilization were not seen. The ovarian vein is 

unique as the only large vessel normally exposed to very high levels of ovarian 

steroid hormones, and if exposure to these hormones were associated with 

physiologically important changes in vascular smooth muscle sensitivity to 

transmitters or endothelial agents differential responses in vitro might have been 

anticipated, within the limitations of the numbers of specimens examined in these 

studies and the a posteriori approach taken to these variables. Direct responses to 

ovarian steroids have been obtained in previous studies on isolated vessels, as 

discussed in section 1.2.6 .3. However, from the present studies, it appears unlikely 

that these direct responses have major significance in the control of vascular tone. 

Cotransmission

NPY-immunoreactivity was present in a substantial number of perivascular 

nerves in the human ovarian vein (see section 3.2.2) and these nerves are therefore 

likely to be sympathetic. The absence in this study of a potentiating effect of NPY 

or a Y,-selective NPY analogue on electrically evoked responses suggests that the 

peptide acts in this vessel as a trophic factor rather than a cotransmitter and/or 

modulator of sympathetic vasomotor tone as appears likely in the uterine artery 

(Ekesbo et al. 1991).

While sympathetic cotransmission involving NA and ATP is well established 

for many vessels in experimental animals (see Bumstock 19906), evidence is sparse 

in relation to human blood vessels. Persistence of sympathetically mediated reflex 

vasoconstriction in the forearm after effective a-adrenoceptor blockade was seen in 

an infusion study involving hypertensive patients, leading the authors to suspect the 

involvement of NPY and/or ATP (Taddei et al, 1989). Responses to purine
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analogues consistent with the presence of purinoceptors of the Pj, ? 2 x and ? 2y 

subclasses have been obtained in human omental and subcutaneous resistance arteries 

(Martin et a l 1991), pial arteries (Hardebo et al. 1987) and small pulmonary arteries 

(Liu et al. 1989). In the present study of human ovarian veins, in 6  out of 10 

experiments a small residual response remained after phentolamine blockade of 

responses to sympathetic stimulation and this response was blocked by a ? 2  

purinoceptor antagonist or by desensitisation, providing direct evidence for 

sympathetic purinergic cotransmission in this vessel.

Ramsay et al. (1993) infused NA into normal pregnant and non-pregnant 

women and found that pregnant women had a reduced bradycardic response to this 

pressor challenge and a delayed recovery from it. The authors postulated enhanced 

tissue uptake and re-release of NA associated with altered catecholamine metabolism 

in pregnancy to account for these findings. An alternative explanation might be 

altered purinergic and/or NPY-mediated cotransmission or modulation of 

noradrenergic sympathetic neurotransmission as discussed above. This could account 

for changes in catecholamine levels during the menstrual cycle and the menopause 

(see section 1.2.4) and would be consistent with our observation that in vitro 

responses to NA were not altered in relation to hormonal status.

Ageing

With regard to the vascular effects of ageing, the present findings contrast 

with observations in animal vessels where ageing affected vascular responsiveness 

to ET-1, with pÜ2 values in the rat aorta and renal artery lower in older animals and 

the maximal response in mesenteric arteries greater (Weinheimer et al. 1990). In 

mesenteric arteries exposed to ET-1 ageing was associated with a decreased pD2  but 

unchanged maximal direct contractile effect, and the indirect potentiating effect of 

ET-1 on NA- induced contractions was also more pronounced in vessels from older 

animals (Dohi & Liischer 1990). In rat cardiac ventricular membranes ET-1 binding 

sites had similar selectivity and affinity in older compared to younger animals but 

the density was significantly reduced in older animals (Gu et al. 1992).
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Sterilization

A reduced sensitivity to 5-HT was observed in specimens from women who 

had previously undergone sterilization. This observation must be interpreted with due 

regard to physiological plausibility. Investigating a possible anatomical basis for 

menstrual disturbance and other symptoms after female sterilization Kjer & 

Mogensen (1989) concluded that sterilization was unlikely to cause significant 

vascular disruption in the parametrium because of the extensive collateral supply to 

the Fallopian tube from branches of the ovarian and uterine arteries. However, it is 

possible that sterilization is associated with some damage to autonomic nerves with 

a consequent alteration in receptor characteristics. It is not clear why such a process 

should selectively affect responses to 5-HT in the ovarian vein although the 

contribution of 5-HT to the control of vascular tone is complex, involving many 

different mechanisms. Vascular endothelial cells may store 5-HT and release it under 

hypoxic conditions (Burnstock et al. 1988) and in the present study 5-HT was 

localized in ovarian vein endothelium (see section 3.2.1). In addition, 5-HT has been 

localized in human autonomic nerves (Griffiths & Bumstock 1983) and on 

noradrenergic sympathetic nerves presynaptic 5-HT receptors were present whose 

type showed marked heterogeneity between tissues and species (Gothert etal. 1991). 

Further studies are required on the effect of sterilization on tubal and ovarian 

autonomic innervation and vascular control, and the relationship with vascular 

responses mediated by 5-HT.

Angiontensin II

Preliminary studies using A ll in ovarian vein ring preparations were limited 

by desensitisation to repeated applications of the peptide. It was hypothesised that 

desensitisation or tachyphylaxis might be reduced by removal of the vascular 

endothelium, as noted in rat aortic strips (Wakabayashi et al. 1990) or by exposure 

to inhibitors of prostaglandin synthesis, as seen in monkey renal arteries and 

mesenteric veins, but not femoral arteries (Yoshida et al. 1991). In the present 

studies, differences in responses in repeated application studies did not reach 

statistical significance, probably because of small numbers of experiments, but mean

98



cumulative log concentration-response curves show clear evidence of desensitisation.

A-II desensitisation was prevented by initially inducing submaxinal tone in 

isolated rat resistance vessels (Juul et al. 1987) and recently a similar effect was 

obtained by increasing the concentration of potassium ions in superfusate to 1 1 . 2  

mmol 1 % without raising the basal tone of the preparation, in guinea-pig isolated 

small intestinal smooth muscle (Hawcock & Barnes 1993). Future studies are needed 

to establish whether this approach is effective in ovarian vein preparations, and 

would be of particular interest considering the putative paracrine or angiogenic role 

of A-II in animal and human ovaries discussd in section 1.2.1 above, and the 

relationship between A-II responsiveness and oestrogen status discussed in section 

1.7.6 .3 above.

Substance P and bradykinin

The response to high concentrations of SP was not completely abolished by 

luminal rubbing or by exposure to an inhibitor of nitric oxide synthesis. This 

suggests that SP acts partly via receptors located on vascular smooth muscle, 

independently of the release of nitric oxide, although probably not via the actions of 

prostaglandins as indicated by a lack of effect of indomethacin on the responses. 

However, the rise in tone evoked by carboprost was unexpectedly greater in vessels 

exposed to indomethacin. Although not statistically significant this may have affected 

the response to SP, as the degree of vasodilatation is dependent on the baseline 

tension, and might explain the slightly enhanced response in the presence of 

indomethacin to SP at a concentration of 1 nmol T* (Figure 24 a).

It is possible that mechanical removal of the endothelium was not totally 

effective in all preparations, and that some residual nitric oxide synthase activity 

remained after exposure to 0.1 mmol 1‘ L-NAME. In human uterine arteries 

endothelial denudation prevented relaxation to SP (Bodelsson & Stjemquist 1992); 

in human saphenous vein preparations relaxation to SP was reduced but not abolished 

by removal of the endothelium (Luu et al. 1992). In porcine coronary arteries 

relaxation responses to SP were abolished by mechanical removal of the endothelium 

but only attenuated by an analogue of L-arginine (Matsumoto et al. 1993). Responses
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to SP in porcine carotid arteries showed a biphasic pattern of relaxation, with an 

initial phase which was only partially sensitive to a nitric oxide inhibitor, and a 

sustained relaxation which could be abolished by inhibition of nitric oxide synthesis 

(Fiscus et al. 1992). In canine basilar arteries both endothelium-dependent relaxation 

and thromboxane-mediated vasoconstriction were observed (Tsuji & Cook 1992). In 

the present study of human ovarian veins vasoconstriction to SP was not seen. Thus 

vasomotor responses to SP and possibly the underlying distribution of receptor 

location and type appear to vary with the species and vessel studied.

Responses to bradykinin were similar to those seen to SP. However, 

bradykinin responses were more variable and were apparently less sensitive to 

endothelial denudation or inhibition of nitric oxide synthesis with l-NAME. 

However, these results should be regarded as preliminary as the number of 

preparations studied was small and additional experiments may have enabled more 

definite conclusions to be drawn.

The demonstration of a functional mechanism of vasorelaxation in the ovarian 

vein may be relevant to the pathogenesis of pelvic pain associated with venous 

congestion, ie dilated pelvic veins in which flow is poor. Venous congestion 

(discussed in section 1,2.3) could be a consequence of increased release of, or 

enhanced receptor sensitivity to locally released vasodilators, raising the possibility 

of a role for SP. Impaired breakdown of vasodilator agents, or a loss of 

counterbalancing vasoconstrictor activity might also be involved.
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3.4 STUDIES ON THE ISOLATED PERFUSED OVARY
Table 9 shows the clinical details of patients from whom ovaries were 

obtained for perfusion studies and the ovulatory status of each ovary.

3.4.1 R e l e a s e  o f  ATP a n d  pepttoes

Figure 25 shows an example of a polygraph recording of changes in perfusion 

pressure in the human ovarian vascular bed in response to two periods of increased 

flow. Figure 26 shows intact arteriolar endothelium after a perfusion experiment, 

demonstrated by scanning electron microscopy. Periods of increased flow sufficient 

to double the basal perfusion pressure of 35-50 mmHg were associated with a 

significant excess rise in perfusion pressure, consistent with vasoconstriction in the 

ovarian vascular bed. In 10 experiments the ratio (pressure/flow during increased 

flow) : (pressure/flow at basal flow) was a mean 1.27 (SE 0.04, P <0.01) for the 

first and 1.15 (SB 0.05, P <0.05) for the second period of increased flow. Thus the 

apparent vasoconstriction associated with the first period of increased flow was 

greater than that associated with the second period of increased flow (P <0.05). The 

extent of flow-induced vasoconstriction appeared to be unrelated to ovulatory activity 

within the perfused ovary. In a single experiment where the preparation was exposed 

to suramin 30 /xmol 1 % the pattern of vasoconstriction was apparently reversed, with 

the ratio (pressure/flow during increased flow) : (pressure/flow at basal flow) being 

1.09 for the first and 1.25 for the second period of increased flow.

Under basal conditions ATP release ranged from 0.27 pmol min*̂  to 220 

pmol min * (n= 8 ). ATP release increased in all eight experiments during periods of 

increased flow, returning towards the baseline as the flow rate was reduced (Figure 

27). No relationships were apparent between levels of basal or flow-induced release 

of ATP and either clinical characteristics or ovulatory activity.

During the whole period of perfusion, peptide release was observed in five 

out of 12 preparations. In three preparations all three peptides were released, 

whereas two preparations released only ET and SP. Where release was observed this 

tended to be greater during periods of increased flow, but the pattern was highly 

variable between preparations and between the three peptides. In some experiments
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release was seen during both periods of increased flow, whereas in others release 

occurred only in the first (Figure 28 a-c) or only in the second period of increased 

flow. When the characteristics of individual preparations were examined it was noted 

that a developing follicle or corpus luteum was a feature of four of the five ovaries 

which released peptides while those that showed no peptide release were all inactive.

3.4.2 R e s p o n s e s  t o  d r u g s

In two preparations the effects of drugs were studied after raising the tone in 

the vascular bed with NA. 2-Methylthio ATP evoked a dose-dependent 

vasodilatation, as did SP and angiotensin II (Figure 29). Vasodilatation was also seen 

to ACh. In the case of ET-1, in the presence of indomethacin 10 /xmol 1% 

vasodilatation was seen which was converted to vasoconstriction after blockade of 

nitric oxide synthesis by exposure to l-NAME 0.1 mmol '* (Figure 30).
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T able  9; Perfused  ovary  ex perim en ts

No. Age Diagnosis Cycle
day

Ovarian status Experiment Flow rate (ml min ‘) Release

Basal Maximal

1 31 Pelvic pain nU Inactive Peptides, ATP 4.2 12.4 Release of ATP, no peptides

2 42 Endometriosis 12 Proliferative endometrium, follicle in ovary Peptides, ATP 5.7 9.1 Release of ATP, ET, AVP, SP

3 33 Pelvic pain 4 Inactive Peptides, ATP 4.7 7.2 Release of ATP, no peptides

4 38 Pelvic pain 10 Inactive Peptides, ATP 6.6 12.9 Release of ATP, no peptides

5 31 Pelvic pain 10 Inactive Peptides, ATP 6.1 13.2 Release of ATP, ET, SP

6 43 Menorrhagia, PMS 23 Late secretory endometrium, CL in ovary Peptides, ATP 2.2 5.7 Release of ATP, ET, SP

7 46 Menorrhagia 3 Inactive Peptides, ATP 10.2 24.3 Release of ATP, no peptides

8 30 Pelvic pain 26 Late secretory endometrium, CL in ovary Peptides, ATP 12.2 27.3 Release of ATP, ET, AVP, SP

9 51 Fibroids 7 Inactive Peptides 6.9 12.6 No peptide release

10 38 Pelvic pain 24 Mid secretory endometrium, CL in ovary Peptides 2.9 9.4 Release of ET, AVP, SP

11 36 Pelvic pain nU Inactive, on progestogen Peptides 4.2 5.4 No peptide release

12 52 Menorrhagia 22 Inactive Peptides 6.0 17.4 No peptide release

13 28 Pelvic pain 35 Inactive, on progestogen Suramin 6.1 14.7

14 32 Pelvic pain 28 Inactive Drugs

15 48 Menorrhagia, PMS 31 Endometrium late secretory, no CL in this ovary Drugs PMS = premenstrual syndrome



F ig u r e  25:

An example of a polygraph recording of changes in perfusion pressure in the 

human ovarian vascular bed during two periods of increased flow. Filled triangles: 

point at which flow rate was increased. Empty triangles: point at which basal flow 

conditions were resumed.
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F igure  26:

Scanning electron micrographs showing intact endothelium lining an arteriole 

dissected from within an ovary used for a peptide and ATP release experiment, 

a: Scale bar = 200 ^m, x 100. b: Scale bar = 10 ^m, x 3,000.
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Figure 27:

Mean (+SE) ATP release in 20 sec serial fractions of ovarian perfusate 

expressed as percentage of baseline release (n= 8 ). Hatched bars indicate ATP 

release during the two periods of increased flow. Statistical significance of 

comparisons using raw data: * P <0.05.
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F ig u r e  28:

An example of release of SP (a), ET (b) and AVP (c) from a single perfused 

ovary preparation in response to increased flow (hatched bars). Note that this 

preparation released peptides only during the first period of increased flow. This 

ovary contained a corpus luteum (No. 10 in Table 4). Thick horizontal bars represent 

periods of increased flow rate.
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F igure 29:

Polygraph traces showing responses of the ovarian vascular bed, 

preconstricted with NA, to agents administered as 50 1̂ boluses of the stated 

concentration of each agent.
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F igure 30:

Polygraph traces showing responses of the ovarian vascular bed, 

preconstricted with NA and exposed to indomethacin 10 [xmol 1% to endothelin-1 

before (above) and after (below) inhibition of nitric oxide synthesis with l-NAME.
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3.4.3 Discussion

Release of ATP from the perfused ovary was observed in response to periods 

of increased flow, applied in order to increase shear stress on the vascular 

endothelium. ATP release characteristics were similar during the first and second 

periods of increased flow, in contrast to studies in preparations of cultured 

endothelium from rats where release was greater during a first compared to a second 

period of increased flow (Bodin et al. 1992). It is likely that the vascular 

endothelium was the source of ATP released from this preparation since a study of 

cells in culture showed that vascular smooth muscle cells do not release ATP into 

the extracellular medium whereas endothelial cells do (Bodin et al. 1991), and in the 

rat mesenteric vascular bed model endothelial denudation prevented ATP release in 

response to a shear stress (Ralevic et al. 1992). In an intact organ preparation the 

release and local actions of ATP are likely to be affected by a number of complex 

regulatory mechanisms. ATP itself has the capacity to evoke either vasoconstriction 

or vasodilatation by acting on different classes of receptors (Ralevic & Bumstock 

1988), but release of ATP from endothelial cells leads in most vessels to a 

vasodilatation following the activation of P2 y-purinoceptors on endothelial cells and 

release of nitric oxide (see Ralevic & Burn stock 1993). The observation that the 

vasoconstrictor response to increased flow in the ovarian vascular bed was 

significantly greater during the first compared to the second period of increased 

flow, even though the quantities of ATP released were comparable, suggests that 

other mechanisms besides the release of ATP are involved in mediating this 

response.

The results for the release of peptides from the perfused ovary were not 

consistent. All the factors affecting vasoactive peptide release are not yet understood, 

but one factor that does appear to be involved is ovulatory status. A likely source of 

the released peptides is the vascular endothelium, where SP, ET and AVP have been 

immunolocalized (see references in section 1.2.5, and section 3.2.1). Indeed, 

increased shear stress has been shown to be a stimulus for selective release of these 

agents from other vascular beds and isolated endothelial cells (Ralevic et al. 1990,
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Milner et al. 1990a).

In this respect, capillary angiogenesis associated with the follicle and corpus 

luteum might provide a greater surface area of endothelium from which release could 

take place, resulting in detectable levels of ET, SP or AVP in perfusate. 

Alternatively, ovulation might be associated with altered functional endothelial 

characteristics tending to promote peptide release in response to shear stress. Chronic 

exposure of rats to hypoxic conditions was shown to influence the ratio of ET to 

ATP released from cultured endothelial cells (Bodin et al. 1992) and acute hypoxia 

is a stimulus for the release of SP, ACh and 5-HT in the perfused rat heart model 

(Burnstock et al. 1988, Milner et al. 1989). It is possible that the more extensive 

capillary bed in ovulatory preparations was susceptible to local hypoxia in a system 

where oxygen carriage is limited by the quantity of gas dissolved in the perfusate. 

A special characteristic of the ovary is steroidogenesis associated with ovulatory 

activity and the high local concentrations of oestradiol or progesterone could possibly 

influence the function of the capillary endothelium, a concept opposite to, but not 

incompatible with, that of regulatory factors from capillary endothelium modifying 

follicular activity discussed in section 4.4. No direct evidence to support this 

hypothesis is currently available.

Perhaps the observed variability in peptide release is not surprising since so 

many factors are known to influence ovarian physiology. Variability in peptide 

release may even be a feature of human vascular endothelium in general: in a study 

of cultured human umbilical vein endothelium subjected to a shear stress, ATP 

release was consistent whereas release of SP and ACh was variable (Milner et al. 

19906). The preliminary observation of pharmacological responses to a some of the 

agents released from the perfused ovary provide a further indication that ATP and 

vasoactive peptides have a role in local vascular control within the human ovary.
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4. Conclusions
4.1 DUAL VASCULAR CONTROL IN THE OVARIAN VEIN

These studies have elucidated both structural and functional aspects of the 

ovarian vein, an adult vessel of particular interest as an example of adaptation to 

changing circulatory conditions. The fine structure of the vessel was described and 

the arrangement of circular and longitudinal muscle coats discussed. Perivascular 

innervation, largely sympathetic in origin, was shown to be concentrated in the outer 

longitudinal muscle coat. The middle circular coat was penetrated more frequently 

by nerves in women of higher parity, and in older women irrespective of menopausal 

status the circular muscle coat became relatively thinner. In organ bath studies 

responsiveness of the vessel to endothelial agents and putative neurotransmitters was 

not altered in relation to hormonal status or reproductive history. However, it was 

found that previous tubal sterilization was associated with reduced responsiveness to 

5-HT. For the first time in a vessel in the human female reproductive system, direct 

evidence was obtained for purinergic cotransmission in sympathetic nerves. A 

functional mechanism of vasodilatation to SP, involving in part the release of nitric 

oxide from endothelium, was demonstrated. The localization of SP in ovarian venous 

endothelium suggests that this SP-induced vasodilatation is physiologically relevant 

in vivo.

The working hypothesis has been substantiated that, in the human ovarian 

vein, dual control of vascular tone is present involving neuronal elements acting at 

the adventitial border together with agents localised in and/or released from 

endothelial cells. The limitations of tissue supply and the essentially descriptive 

nature of these investigations preclude definitive conclusions regarding the possible 

influence of patient variables on the structure and function of this vessel. In organ 

bath studies pDj proved to be less subject to inter- and intra-specimen variability 

than the maximal response, whether expressed in g or normalised against high 

concentration potassium. This provides a quantitative basis for planning future 

studies.
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The ovarian veins are not generally considered to participate as capacitance 

vessels in the maintenance of cardiovascular homeostasis as do the splanchnic 

(mesenteric) veins and the inferior vena cava. However, the ability of the ovarian 

vein to constrict in response to sympathetic stimulation or to ET-1, and to dilate via 

the endothelial release of nitric oxide suggests that the vessel could make a 

contribution to the capacitance side of the circulation. This contribution might be 

particularly important in pregnancy, when the ovarian and uterine veins are greatly 

distended and carry a significant proportion of cardiac output. The contribution of 

endothelium-mediated vasodilatation to capacitance has recently been discussed in 

connection with canine splanchnic and renal veins, where the anaphylaxis mediators 

leukotriene C4  and D4  were shown to cause powerful endothelium-dependent 

vasodilatation (Pawloski & Chapnick 1993). The possible role of purinergic 

cotransmission in this context has not been investigated. Further studies are required 

on human intra-abdominal veins to determine how the arrangement of smooth muscle 

layers and perivascular innervation, together with endothelial function, corresponds 

to the circulatory requirements of particular organs, and to the venous element in 

cardiovascular homeostasis.

4.2 THE HUMAN OVARIAN VEIN: COMPARISON WITH 

OTHER HUMAN AND ANIMAL VEINS
It was hypothesised that the ovarian vein would show structural adaptation to 

the changing circulatory demands of reproductive life. In the present studies, varied 

appearances of the smooth muscle coats and the sometimes convoluted appearance 

of endothelial cells were seen under electron microscopy. An interesting parallel to 

these observations is provided by a recent study of rat uterine veins, where changes 

in endothelial "stress fibre" expression were seen in association with pregnancy 

(Sago et al. 1993). In small (100-300 diameter) mesenteric veins of the monkey 

the arrangement of smooth muscle layers, as with the ovarian vein, includes a 

prominent outer longitudinal muscle coat which may be the main means of 

propagation of spontaneous contractions (Fujiwara et al. 1983).
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The human saphenous vein has been extensively studied because of its 

availability and importance for the preparation of vascular grafts. The ultrastructure 

of the vessel has recently been shown to be susceptible to the effects of smoking, 

which was associated with a thickened basal lamina and accumulation of fibronectin 

(Higman et al. 1994). Although a thick-walled vessel containing valves and subject 

to the action of surrounding muscles in promoting venous return, the saphenous vein 

has been shown to respond to neurotransmitters and endothelial agents. In the course 

of studies on 5-HT receptor subtypes in human veins Glusa and Miiller-Schweinitzer 

(1993) reported a mean pÜ2 value of 7.35 in saphenous compared to 7.04 in femoral 

veins. While investigating subtypes of « 2  adrenoceptor in the saphenous vein Smith 

et al. (1992) showed NA to have a pÜ2 of 6.22. Similar results were obtained by 

Lüscher et al. (1988) for NA, with a mean pD2  of 6.3 (SE 0.2), compared to 6.9 

(SE 0.1) in mammary vein preparations. Mean maximal responses of the saphenous 

vein to various agents, expressed as a percentage of KCl-evoked constriction, were 

5-HT: 115.6%(SE 6.1), ET-1: 126.5% (SE22.1), NA: 127% (SE9.3) (On&ïletal. 

1994).

Relaxation was seen to ACh in veins with a maximal response in saphenous 

vein of 21%(SE 5) and in mammary vein of 23%(SE 4). A23187 relaxed saphenous 

vein preparations by a mean 44% (SE 6 ) compared to 71 %(SE 8 ) in mammary veins. 

Adenosine did not evoke relaxation in saphenous veins (Lüscher et a l . 1988). In 

other studies however, relaxation to ACh or A23187 was not seen (Thulesius et al. 

1988) or was present in a minority of specimens (Thom et al. 1987). Evidence for 

5-HT mediated vasodilatation in preconstricted preparations was not sought in the 

present studies but endothelium dependent and independent mechanisms involving 

different classes of 5-HT receptor have been characterised in porcine vena cava 

(Sumner et al. 1991).

In studies of responses of the human saphenous vein to peptides, ET-1 had 

an EC5 0  of 3.5 nmol 1* (pÜ2 8.46) which was unaffected by endothelial denudation 

(Akar et al. 1994). Similar responses were obtained in rat portal vein rings with an 

EC5 0  of 1.4 nmol 1* (pÜ2 8.85) (Guimaraes et al. 1992). Whereas ET-1 responses
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were reversed by agents releasing nitric oxide in mammary arteries, in saphenous 

and mammary veins inhibition of ET-1 constriction was blunted (Lüscher et al . 

1990). NPY evoked slowly developing and sustained vasoconstriction up to 28%of 

the response to KCl. Somatostatin responses were rapid and were 42.7% (SE 15.0) 

of the KCl response with an EC5 0  of 0.43 ^mol 1* (pÜ2 6.37). SP evoked relaxation 

in preconstricted rings with a mean E ^  of 23% (SE 6 .6 ) and a mean EC5 0  of 6 . 8  

nmol (pDj 8.17). The Ê x̂ response to SP was attenuated by rubbing to 3.7% (2.8). 

CGRP evoked a maximal response of 14.3% (SE 2.6) which was non endothelium- 

dependent (Luu et al. 1992).

Thus in comparison to the human saphenous vein and some other vessels the 

ovarian vein is less sensitive both to putative neurotransmitters and to agents 

localised in or acting via the endothelium, with the exception of SP. In the present 

studies SP evoked greater vasorelaxation in the ovarian vein (mean E ^  58.7%, 

mean pÜ2 8.52) in a partially endothelium-dependent manner. Vasoconstriction to 

SP was not seen in the ovarian vein, in contrast to the rabbit jugular vein where 

contractions are induced via NK-1 receptors (Nantel et a l . 1990).

Further contrasts may be drawn from other animal studies. In a study of 

canine saphenous vein (Müller-Schweinitzer 1990) dihydroergotamine had similar 

constrictor efficacy to 5-HT whereas in the present study responses were smaller and 

inconsistent. This may be a consequence of in vitro methodology however, as in an 

infusion study in women dihydroergotamine constricted pelvic veins (Stones et al. 

1990). In canine mesenteric arterial rings 5-HT elicited constriction amounting to 

46.5% of the response to KCl. However, the response in mesenteric vein rings was 

only 5.2% of the KCl response (Shimamoto et al. 1994) .

4.3 VASCULAR PAIN AND THE OVARY
An aim of these studies was to investigate the vascular hypothesis for chronic 

pelvic pain in women. It was thought that pain might originate from congested pelvic 

veins either by mechanical stretching of the vessel wall, leading to the activation of 

sensory nerves in the adventitia, or by stasis and local hypoxia leading to the release
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of pain-producing substances which could excite sensory nerves in the vessel wall. 

In the light of the present studies both of these concepts appear unlikely. The 

innervation of the ovarian vein was noted to be predominantly sympathetic, and no 

substantial complement of SP- or CGRP-immunoreactive nerves was seen. The 

vessel wall is particularly well adapted for stretching and constriction and it appears 

unlikely that this should be associated with pain. With regard to endothelial release 

of pain-producing factors, release of the potent algesic agents SP and ATP from the 

ovarian bed has been demonstrated. However, it is unlikely that these agents could 

evoke pain in the wall of the ovarian vein because of the paucity of sensory 

innervation.

A novel hypothesis for pain of ovarian vascular origin is presented by analogy 

with cerebral migraine, a useful model of vascular pain in the absence of gross 

pathology and inflammation. The initiating factor in cerebral migraine is cerebral 

arterial spasm, which may be preceded or accompanied by neurological symptoms 

such as an aura. The painful phase is accompanied by cerebral vasodilatation (Lancet 

1990). Drugs active at 5-HT receptors of the iD  class on cerebral perivascular 

sensory nerves such as sumatriptan appear to be able to prevent neurogenic 

extravasation in vitro (Buzzi & Moskowitz 1990) and also reverse cerebral 

vasodilatation during a migraine attack in vivo (Friberg et al. 1991). Vasodilatation 

may be a marker for the antidromic release of pain-producing substances such as SP 

rather than the cause of pain via mechanical stretching of the vessel wall. 

Conversely, the apparent association of vasoconstriction with relief of pain may 

simply result from the action of therapeutic drugs at receptors present both on 

sensory nerves and on vascular smooth muscle. This appears to be the case with 

sumatriptan.

In the ovary, an anastomotic vascular bed is under the control of sympathetic 

innervation in the vascular hilum. Thus sympathetic activation might act as the 

initiator of arteriolar spasm within the ovary. The resulting vascular perturbation, 

shear stress and/or local hypoxia could result in the release of vasoactive agents such 

as SP and ATP from arteriolar or capillary endothelium. These agents would be
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carried downstream through the ovarian capillary bed and would then be able to 

excite sensory nerves adjacent to small venules in the ovarian vascular hilum, 

resulting in pain. Further carriage of these agents downstream into the large ovarian 

and uterine veins might result in venous dilatation and reduced venous clearance, the 

features of pelvic venous congestion. Thus under this hypothesis venous dilatation 

represents a marker of vascular perturbation upstream in the ovarian arteriolar bed, 

rather than the direct cause of pelvic pain.

This hypothesis of "pelvic migraine" could explain some of the clinical 

observations in women with pelvic pain. The contribution as initiator of the 

sympathetic branch of the autonomic nervous system provides a link with 

psychological stress, an important element in the pelvic pain syndrome. Also, pain 

is characteristically localized to the ovary rather than to the uterus. Venous 

congestion is not a universal finding in women with pelvic pain: this may depend on 

the balance of different factors released from the endothelium, and their degradation. 

The possibility of abnormal endopeptidase activity in women with pelvic pain has 

previously been raised (Stones et al. 1992). Further studies in this field could also 

investigate the therapeutic potential of a-adrenoceptor blocking agents which might 

prevent ovarian arteriolar spasm.

4.4 ENDOTHELIAL FACTORS AND THE REGULATION OF 

OVARIAN ACTIVITY
Stating that neither CGRP nor SP have direct effects on ovarian responses to 

gonadotrophins, steroid biosynthesis or prostaglandin release, Traurig & Papka 

(1993) hypothesised that release of SP from sensory nerves might have a role in 

promoting local exchange of hormones and precursors between thecal 

microvasculature and granulosa tissues through its properties of inducing 

vasodilatation and increasing vascular permeability. However, Pitzel et at. (1991) 

reported inhibition of gonadotrophin-induced steroidogenesis by both NPY and SP 

which, along with the cAMP-associated stimulatory effect of VIP (Davoren & Hsueh 

1985), suggests that neuropeptides could exert a direct local effect on ovarian
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steroidogenesis. If SP had such a role in the human ovary, the absence of SP- 

immunoreactive nerves in the human ovary renders a neural origin of the peptide 

implausible.

The present studies demonstrating localization of and responses to SP in 

ovarian vein, and release of SP from the perfused ovarian bed, assume especial 

significance by providing evidence that SP of endothelial origin could be involved 

in the regulation of ovarian activity. Such regulatory actions could come about via 

effects on the arteriolar bed, modifying the distribution of blood supply to the 

tissues, by altering capillary permeability resulting in changes in the rates of transfer 

of substances into or out of the capillary lumen, and via direct actions on granulosa 

or thecal tissue. These mechanisms provide new avenues for investigation of the 

control of ovarian function and may suggest new approaches to fertility regulation 

and the study of ovarian tumour biology.
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