Chapter 13
Role of Nerve Fibres in Endometriosis

Natsuko Tokushige

Abstract Endometriosis is an oestrogen-dependent inflammatory disease.
Endometriosis is often associated with pain symptoms such as dysmenorrhoea,
dyspareunia, dyschezia, dysuria and low back pain. Although increased immune
cells in peritoneal fluid, adhesions, retrograde menstruation and prostaglandins are
considered to be causes of pain symptoms in endometriosis, the underlying mech-
anisms by which pain is generated still remain unknown. Recently numerous
studies have focused on nerve fibres and neurotrophins in eutopic endometrium
and endometriotic lesions from women with endometriosis as well as in animal
models as a source of pain generation. Nerve fibres in eutopic and ectopic endo-
metrium may be activated and/or sensitised by many inflammatory mediators to
cause pain and tenderness. Neurotrophins are known to regulate the survival,
development and function of nerve fibres. However, many other molecules may
act as a neurotrophic factor in endometriosis. Increased numbers of nerve fibres,
increased amount of neurotrophins and different types of nerve fibres in endome-
triosis may explain why women with endometriosis experience pain.
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13.1 Different Types of Nerve Fibres

Nerve fibres in the body arise from cell bodies in dorsal root ganglia (DRG) and
nerve fibres in the head arise from cell bodies in trigeminal ganglion. Nerve fibres
are categorised into six groups, namely Aa, AP, Ay, Ad, B and C fibres. Cell bodies
with the largest diameters give rise to myelinated Ax, Ap and Ay fibres, and cell
bodies with small and medium diameter give rise to thinly myelinated Ad and B and
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unmyelinated C fibres. Aa, Ap and Ay fibres are large (5—15 pm in diameter) with
myelin sheaths around them and they conduct at a rapid rate (20—-100 m/s). Aa, Ap
and Ay fibres carry the sensation of light pressure to deep muscle and soft touch to
skin and do not produce pain. Pain impulses originate at nociceptors, which are
sensory neurons that respond to potentially damaging stimuli. When receptors
receive pain stimuli, the stimuli are transmitted to the central nervous system
(CNS) by either Ad fibres or C fibres via DRG [1]. Ad fibres are smaller fibres
with myelin sheaths and they conduct at a slower rate (10-25 m/s) than Ao or A
fibres due to their size (1-5 pm in diameter). C fibres are small unmyelinated fibres
(0.3—1 pm in diameter) and they conduct at a rate of 0.5-2 m/s. Ad fibres mediate
rapid, acute and sharp pain (first pain), and C fibres mediate dull and diffuse pain
(second pain) to the CNS [2].

13.2 Nociceptors and Pain Transmission

There are two types of nociceptors, namely high threshold mechanoreceptors and
polymodal nociceptors. High threshold mechanoreceptors respond to mechanical
damage such as cutting, crushing or pinching, and polymodal nociceptors respond
to all kinds of damaging stimuli, such as irritating chemicals released from injured
tissue. Information from high threshold mechanoreceptors are rapidly transmitted
to the brain mainly by AJ fibres, and the location of pain can be recognised.
However, information from polymodal nociceptors is transmitted to the brain
slowly and the location of pain is usually unrecognised.

Nociceptors can be further divided into peptidergic which contains peptides,
such as substance P (SP) and calcitonin gene-related peptide (CGRP), and
non-peptidergic which binds isolectin B4 (IB4) [3]. Ad and C fibres express
many of the molecules that have been implicated in the pain activation and
sensitisation. These molecules include numerous ion channels and receptors for
chemical mediators in their sensory endings. Most nociceptors express only part of
the receptors, but prolonged inflammation can lead to an up-regulation of receptors
for excitatory compounds. It is likely that the expression of some receptors for
chemical mediators may be increased in endometriosis.

The pain from the periphery enters the spinal cord via DRG and it is passed
to the nociceptive second-order neurons in the dorsal horn of the grey matter.
Second-order neurons are divided into two groups, namely nociceptive-specific
(NS) neurons and wide dynamic range (WDR) neurons [4]. Neurotransmitters such
as glutamic acid and SP are released from the nerve terminals and they can activate
DL-a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid receptor (AMPA) and
N-methyl-p-aspartic acid (NMDA) receptors on the second-order neurons. The pain
goes to the thalamus and then enters the cerebral cortex or cerebral limbic system.
Not all neurotransmitters activate AMPA or NMDA, and some neurotransmitters
such as gamma-aminobutyric acid (GABA) and serotonin suppress pain sensation.
Neurotransmitters can actually control pain transmission in the brain and spinal cord.
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13.3 Pain-Producing Substances

The sensitisation and activation of nociceptors after inflammation result from the
release of a variety of chemicals by damaged cells and tissues in the vicinity of the
injury. These substances include bradykinin, histamine, prostaglandins (PGs),
serotonin and nerve growth factor (NGF). They sensitise (lower the threshold) or
activate the terminals of the nociceptor by interacting with cell-surface receptors
expressed by these neurons. Primary sensory neurons have been shown to contain
bioactive peptides that can cause local inflammation. These peptides include SP,
CGRP, neuropeptide Y and vasoactive intestinal polypeptide (VIP). Inflammatory
mediators activate the non-selective cation channel transient receptor potential
vanilloid 1 (TRPV1) which leads to an influx of calcium. Tryptase released from
degranulated mast cells cleaves PAR-2 at the plasma membrane of sensory nerve
endings. Increased calcium causes depolarisation of the nerve and activated PAR-2
stimulates the release of bioactive peptides including SP and CGRP from sensory
nerve endings.

SP and CGRP can contribute to the inflammatory response by causing vasodila-
tion, plasma extravasation (leakage of proteins and fluid from postcapillary venules)
and cellular infiltration by interacting with endothelial cells, arterioles, mast cells,
neutrophils and immune cells [5]. SP acts on mast cells in the vicinity of sensory
nerve endings to evoke degranulation and the release of histamine, which further
induces a release of SP and NGF. SP also acts on platelets to release serotonin,
providing a positive feedback [6]. CGRP inhibits SP degradation by a specific
endopeptidase (SPE) [7] and enhances SP release, amplifying the effects [6].
VIP induces vasodilation and histamine release from mast cells. Histamine and
serotonin levels rise in the extracellular space, secondarily sensitising nearby
nociceptors. This leads to a gradual spread of hyperalgesia and/or tenderness.

13.4 Research on Nerve Fibres in the Uterus

Research on nerve fibres in the human uterus began about 1680 [8]. Kilian [9] was
one of the first researchers to investigate nerve fibres in the human endometrium [9].
Frankenhauser [10] reported unmyelinated nerve fibres to the smooth muscle of the
myometrium with branches to the stroma and the lining epithelium of the human
endometrium [10]. Patenko [11], Kostlin [12] and Clivio [13] also demonstrated a
fine plexus of unmyelinated nerve fibres in the submucosa from which fine fibrils
extended to the epithelium of the human endometrium. Von Gawronsky [14]
showed large nerve bundles extending parallel to the endometrial-myometrial junc-
tion, with fine branches into the human endometrial stroma [14]. Labhardt [15] and
Mabuchi [16] were unable to demonstrate nerve fibres in the human endometrium;
however, Dahl [17] described numerous fine nonmodulated nerve fibres in the
human endometrium, ending in small treelike branches in the stroma and as straight
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fibres between the cells of the epithelium. Stohr [18] reported nerve fibres in the
mucosa of the human uterus, even fine fibres to the epithelium. Davis [19] did not
find nerve fibres beneath the mucosa of the body of the human uterus. Brown and
Hirsch [20] reported nerve fibres in the basal layer of the endometrium in the
infantile uterus but were unable to demonstrate the mode of termination in those
tissues. These investigators used the silver reduction methods to stain nerve fibres in
the human uterus. There is a discrepancy between these studies and it is considered
that the silver staining method did not clearly differentiate the nerves and reveal the
nerve fibres in the uterus compared with immunohistochemistry.

State and Hirsch [21] used Goldner’s modification of Masson’s trichrome stain
to demonstrate nerve fibres in human uteri with no obvious pathologic changes.
Some nerve fibres were present in the lower third of the basal layer of the
endometrium that have branches terminating in the stroma, in the basolar arterioles
and at the origin of the spiral arterioles. No nerve fibres were detected beyond
the basal layer of the endometrium. They also demonstrated some nerve fibres in the
myometrium and at the endometrial-myometrial junction. In this study, the nerve
fibres in the endometrium were found to be unmyelinated. Koppen [22], Stohr [23],
Krantz [24] and Witt [25] reported that branches of nerve fibres accompanying
arteries had been clearly revealed only in the basal layer of the endometrium and
there were no nerve fibres in the outer two-thirds of the endometrium by Goldner’s
modification of Masson’s trichrome stain.

Lerner et al. [26] reported abnormal innervation in the myometrium from
women with chronic pelvic pain and dysmenorrhoea. There was a marked prolif-
eration of unmyelinated nerve bundles in the myometrium, but nerve fibres in the
endometrium were not mentioned in this study. Quinn and Kirk [27] investigated
uterine innervation in normal and some clinical conditions such as adenomyosis
and chronic pelvic pain. They performed immunohistostaining using an antibody
against protein gene product (PGP9.5). They demonstrated nerve bundles at the
endometrial-myometrial interface and throughout the myometrium in nulliparous
and parous subjects with no histologic abnormality. There was nerve fibre prolif-
eration throughout the myometrium with small-diameter nerve fibres eccentric
courses throughout the myometrial stoma in some subjects with chronic pelvic pain.

Some researchers have identified types of nerve fibres in the human uterus. SP- and
CGRP-immunoreactive nerve fibres were present in the human myometrium [28].
Heinrich et al. [29] demonstrated neuropeptide (NPY), SP, neurotensin (NT)
and VIP-immunoreactive nerve fibres in the basal layer of the endometrium and
myometrium in nonpregnant women. Lynch et al. [30] and Helm et al. [31] also
detected VIP-immunoreactive nerve fibres in the endometrium and myometrium in
women with no pathologic abnormality.

Nerve fibres in the endometrium in animals have also been investigated by some
researchers. A number of tyrosine hydroxylase (TH), dopamine B-hydroxylase
(DBH), NPY and VIP-immunoreactive nerve bundles and fibres were present in
equine endometrium [32], and CGRP-immunoreactive nerve fibres were in equine
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and rat endometrium [32, 33], secretoneurin (SN)-immunoreactive nerve fibres
were in rat endometrium [34], VIP-immunoreactive nerve fibres were in rat
and porcine endometrium [35, 36], adrenergic and acetylcholine (ACh)-
immunoreactive nerve fibres were in sheep endometrium [37], and AChE- and
NPY-immunoreactive nerve fibres were in rat endometrium [38].

TH-immunoreactive nerve fibres are considered to regulate uterine contractility,
uterine blood flow and endometrial secretion as those nerve fibres are often
associated with blood vessels, endometrial glands and myometrial smooth muscle.
SP and CGRP are co-expressed in a subpopulation of nerve fibres (sensory Ad and
C). SP induces contraction in the human uterus [28] and controls blood flow [39]. In
contrast, CGRP is a potent vasodilator [40] and inhibitor of spontaneous contractile
activity in the human uterus [28]. Also CGRP inhibits uterine contractility caused
by SP in rat uterus [41], regulates sensory transmission and glandular secretion [42,
43] and has a proliferative effect on human endothelial cells [43]. NPY is known to
co-exist with noradrenaline and considered to regulate vascular tone and exert
inhibitory effect on myometrial contractility [28]. VIP is a potent vasodilator of
the uterine artery and involves in smooth muscle relaxation, blood flow increase
and secretion [36]. ACh is associated with myometrial and vascular smooth muscle
[44] and evokes contraction of the myometrium [45]. VIP co-exists with ACh [46]
and promotes relaxation of the myometrium through inhibition of the excitatory
action of ACh [47]. CGRP also inhibits ACh-stimulated uterine contraction and this
is dose dependent [33]. SN is contained in sensory C fibres and parasympathetic
neurons [34] and co-exists with SP and CGRP [48]. SN may regulate vascular
control and smooth muscle contraction and play a role in the process of neurogenic
inflammation that involves the activation of sensory C fibres, which release SP,
neurokinin A, CGRP and nitric oxide from their peripheral terminals to increase
vascular permeability, protein extravasation, tissue oedema, vasodilation and acti-
vation and recruitment of inflammatory immune cells. TH and DBH are present in
adrenergic nerve fibres and they are associated with vascular and nonvascular
smooth muscle and participate in the regulation of myometrial contractions and
blood flow [49]. It would be interesting to see how these nerve fibres are correlated
with variation in pain symptoms and response to hormone treatment.

13.5 Nerve Fibres and Neurotrophins in the Uterus from
Women with Endometriosis

Quinn and Kirk [27] reported that there was widespread nerve fibre proliferation
(small-diameter nerve fibres) in the uterine isthmus suggesting nerve fibre damage
in the uterine isthmus in women complaining of chronic pelvic pain. Few of these
women had endometriosis, but they did report widespread nerve fibre proliferation
in the uterus and cervix in one woman with advanced endometriosis and with
painful periods and intercourse. These nerve fibres were prominently seen around
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arteries and veins throughout the uterine isthmus. Quinn and Armstrong [50]
reported widespread nerve fibre proliferation with extensive perivascular nerve
fibre proliferation around both arteries and veins in the myometrium in an endo-
metriosis patient with dysmenorrhoea and dyspareunia. In another study, increased
numbers of nerve fibres were seen in the myometrium from women with advanced
endometriosis compared with women without endometriosis [51]. These studies
demonstrated the proliferation of nerve fibres; however, types of nerve fibres in the
endometrium and myometrium from women with endometriosis were not investi-
gated in these studies. It has been demonstrated that no nerve fibres were detected in
the functional layer of the endometrium from women without endometriosis;
however, there were several small nerve fibres present in the functional layer of
the endometrium from women with endometriosis (the mean density of nerve
fibres: 13.4 mmz) [52]. There were more nerve fibres in the basal layer of the
endometrium and myometrium from women with endometriosis than women
without endometriosis. Several thick nerve trunks were seen in the basal layer of
the endometrium or at the endometrial-myometrial interface in women with endo-
metriosis, but these nerve fibres were not seen in women without endometriosis.
Many small nerve fibres were also present throughout the basal layer of the
endometrium, but only a few nerve fibres were seen in women without endometri-
osis. Many more nerve fibres and nerve trunks were seen in the myometrium in
women with endometriosis than in women without endometriosis. In women with
endometriosis, nerve fibres in the functional layer of the endometrium were sensory
C fibres; sensory C, sensory Ad and adrenergic fibres in the basal layer; and
sensory C, sensory AJ, adrenergic and cholinergic fibres in the myometrium [53].
These results indicate that abnormal innervation in the uterus may be associated
with pain generation in women with endometriosis who suffer from chronic
pelvic pain.

Progestogens and combined oral contraceptives are often used to treat women
with endometriosis-associated pain. Progestogens and combined oral contracep-
tives significantly reduced the nerve fibre density in the functional and the basal
layers of the endometrium and myometrium from women with hormonally treated
endometriosis compared with that from women with untreated endometriosis [54].
Hormonal treatments may reduce pain symptoms by decreasing nerve fibres in
the endometrium and myometrium in women with endometriosis.

13.6 Conscious Pain Mapping

Several groups have studied conscious pain mapping since it has been assumed that
endometriotic lesions are the source of localised pain and tenderness, and conscious
pain mapping may help to identify potential areas causing pelvic pain. Palter and
Olive [55] first described conscious pain mapping to identify a focal source of pain
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and generalised visceral hypersensitivity in a majority of women with chronic
pelvic pain (CPP). They found that deep infiltrating sclerotic endometriosis of the
rectum, active peritoneal endometriosis and an adhesion of small bowel were
apparent sources of cause of pain. Demco [56] found that most women localised
or mapped their pain to their endometriotic lesions and the surrounding peritoneum.
In this study, pain extended beyond the lesions to normal-looking peritoneum.
Almeida and Val-Gallas [57] found 48 positive findings in 50 women with con-
scious pain mapping and Howard et al. [58] also reported that conscious pain
mapping successfully identified tender lesion in 70 % of women. It seems that
most endometriotic lesions themselves appear to be capable of generating pain
stimuli, and conscious pain mapping can be useful in detecting a source of pain.
However, not all endometriotic lesions produce pain and it is likely that there may
be other sources of pain generation in women with endometriosis.

13.7 Nerve Fibres in Endometriotic Lesions

Tamburro et al. [5S9] demonstrated the expression of transforming growth factor f1
(TGFp1) in nerve fibres in endometriotic lesions from women with dysmenorrhoea
associated with endometriosis. There was a significant correlation between the
dysmenorrhoea and maximal intensity of staining of TGFf1 and a relationship
between the colour of the lesions and maximal intensity of staining of TGFp1.
Greater maximal intensity of staining of TGFf1 was seen in red, deep lesions than
in black and normal peritoneum. TGFp1 is increased in the peritoneal fluid of
women with endometriosis [60] and can increase cyclooxygenase-2 (COX-2)
activity to produce more PGs [59]. Since there were no morphologic differences
in the nerve fibres between endometriotic peritoneal lesions and normal perito-
neum, substances that are present in the nerve fibres appear to be associated with
causing pelvic pain in women with endometriosis. Tulandi et al. [61] demonstrated
nerve fibres in endometriotic lesions in women with endometriosis by using an
antibody against neurofilament (NF). They reported that the distance between
endometrial glands and nerve fibres in endometriotic lesions from women with
pain was closer than in women with no pain. Quinn and Kirk [62] reported
widespread nerve fibre proliferation (small-diameter nerve fibres) in endometriotic
lesions from a woman with pelvic pain. Berkley et al. [63] demonstrated nerve
fibres in endometriotic lesions in a rat model and these nerve fibres were protein
gene product 9.5 (PGP9.5), CGRP, SP and vesicular monoamine transporter
(VMAT) immunoreactive. SP and CGRP are present in myelinated and unmyelin-
ated sensory nerve fibres (A fibres and C fibres), and VMAT is present in
sympathetic fibres.

In peritoneal endometriotic lesion from endometriosis patients who presented
pain symptoms, nerve fibres were innervated by sensory C, sensory Ad, cholinergic
and adrenergic fibres, and the mean density of nerve fibres was 16 mm?. Pro-
gestogens and combined oral contraceptives significantly reduced nerve fibre
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density in peritoneal endometriotic lesions from hormone-treated women with
endometriosis (the mean density of nerve fibres: 10.6 mm?) compared with perito-
neal endometriotic lesions from untreated women with endometriosis (the mean
density of nerve fibres: 16.3 mm?) [65]. Nerve fibres expressing growth-associated
protein 43, which is a marker of neuronal development and sprouting in peritoneal
endometriotic lesion as well as SP, have also been reported by another group [66].
The same group has shown the relationship between the severity of pain symptoms
and the density of nerve fibres in peritoneal endometriotic lesions [67]. There were
more nerve fibres stained with PGP 9.5 and NF in endometriosis patients whose
pain score was at least 3 or more than those whose pain score was 2 or less. This
study has shown that there is a correlation between the density of nerve fibres and
pain severity in peritoneal endometriotic lesions in women with endometriosis.
Alvarez et al. have developed peritoneal endometriotic lesions in a rat model by
implanting with autologous uterus in the gastrocnemius muscle [68]. Those lesions
showed peptidergic nerve fibres (CGRP-positive), non-peptidergic nerve fibres
(IB4-positive) as well as GAP43-positive nerve fibres. Since no studies have
demonstrated IB4-positive nerve fibres in endometriotic lesions from women with
endometriosis, it would be interesting to investigate the presence of IB4-positive
nerve fibres and to find out the roles of these nerve fibres in endometriosis.

Deep infiltrating endometriosis (DIE) is often associated with severe pain and is
defined as endometriotic lesions penetrating into the retroperitoneal space or the
wall of the pelvic organs for a distance of 5 mm or more [69]. Patients with deep
pelvic infiltrating endometriosis usually have much stronger pain than those with
other types of endometriosis [69-71]. Anaf et al. [70] have demonstrated that
endometriosis patients with DIE had significantly higher preoperative pain scores
than patients with peritoneal or ovarian endometriosis. In their study, mast cells
located <25 pm from nerve fibres were significantly more abundant in DIE than in
peritoneal and ovarian endometriosis. Wang et al. have reported that there were
more nerve fibres in DIE (the mean density of nerve fibres: 68 mmz) than in
peritoneal endometriosis (the mean density of nerve fibres: 16 mm?) [72]. Those
nerve fibres were sensory C, sensory Ad, cholinergic and adrenergic fibres. When
compared with the locations of DIE, more nerve fibres were detected in DIE in the
sigmoid colon, appendix and rectum (the mean density of nerve fibres: 172 mm?)
than in the uterosacral ligament, cul-de-sac or peritoneal sidewall (the mean density
of nerve fibres: 68 mmz).

There are many substances secreted from endometriotic lesions including
PGs [73], tumour necrosis factor-o (TNF-a) [74] and NGF [75]. These substances
could sensitise and/or activate sensory and sympathetic nerve fibres that are present
in endometriotic lesions. TRPV 1, a key molecule in nociception, has been identified
in the human cervix uteri in the nonpregnant state [76]. The levels of TRPV1 can be
increased in painful inflammatory diseases, and TRPV1 can trigger the release of
SP and CGRP from peripheral nerve terminals during inflammation [77]. It would
be interesting to see whether TRPVI may be present in ectopic endometrium in
women with endometriosis.
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Most women with endometriosis present some kind of pain symptoms such as
dysmenorrhoea or dyspareunia. However, a few endometriosis patients do not show
any pain symptoms. When peritoneal endometriotic lesions from women with
endometriosis who did not have any pain symptoms were stained with PGP 9.5,
some nerve fibres were still detected. Therefore, not only the presence of nerve
fibres but also types of nerve fibres or molecules in endometriotic lesions may be
associated with pain generation in women with endometriosis. There may be some
molecules which can desensitise nerve fibres in those who do not experience pain
symptoms. Further studies will be required as to nerve fibres and substances
secreted from endometriotic lesions from endometriosis patients who do not have
any pain symptoms.

13.8 Neurotrophins (NGF, BDNF, NT-3, NT-4/5)
in Eutopic and Ectopic Endometrium

NGEF belongs to the neurotrophin family, together with brain-derived neurotrophic
factor (BDNF) [78], neurotrophins-3 (NT-3) [79] and neurotrophins-4/5
(NT-4/5) [80]. NGF exerts its effects by binding to a tyrosine kinase A receptor
(TrkA), and BDNF and NT-4/5 bind TrkB, and NT-3 binds TrkC instead [81]. p75,
a low-affinity glycoprotein, also binds all neurotrophins [82].

NGF was strongly expressed near endometriotic glands in peritoneal and ovarian
endometriosis [64, 75], and neurotrophin-3 (NT-3) expression was also observed in
peritoneal endometriosis [66]. In ovarian endometriosis, NGF, BDNF, NT-3, NT-4/5
and NTRK2 mRNA expressions were detected by quantitative reverse transcriptase-
polymerase chain reaction (RT-PCR) [83]. Browne et al. have demonstrated that
NT-4/5 and BDNF mRNAs concentrations in eutopic endometrium detected on the
antibody microarrays and reverse transcriptase-polymerase chain reaction were
much higher in endometriosis patients than in women without endometriosis [84].
However, another study has reported that there was no difference in amounts of NGF,
BDNF, NT-3, TrkA and NGFRp75 in eutopic endometrium between women with and
without endometriosis using immunofluorescence staining, Western blot and a neu-
ronal growth assay [85]. The discrepancy may be due to different kinds of pain
symptoms, severity of pain or the density of nerve fibres among those patients.
Much more detailed studies will be needed to determine the expression of these
neurotrophins.

NGF has several effects through a variety of mechanisms. NGF stimulates the
development, growth and survival of neurons, particularly of sensory neurons [86].
NGF increases synthesis and release of neuropeptides such as SP and CGRP from
sensory nerve endings [87] and stimulates degranulation of mast cells. Recent
evidence has implicated NGF as a key mediator of inflammation and pain. NGF
is up-regulated in nerve fibres associated with the inflamed area during inflamma-
tion. NGF can increase the sensitivity and excitability of peripheral neurons to
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cause pain by directly or indirectly sensitising sensory nerve fibres [88]. NGF in
turn activates mast cells and neutrophils which can release additional inflammatory
mediators such as histamine, serotonin and bradykinin to cause hypersensitivity
[89]. NGF has also been reported to promote angiogenesis [90]. NGF induces
proliferation of endothelial cells [91] and of vascular smooth muscle cells [92]
and stimulates the production of vascular endothelial growth factor (VEGF)
[93]. NGF is expressed in vascular endothelial cells [94] and a variety of cell
types such as T and B lymphocytes [95], mast cells [96], eosinophils [97], mono-
cytes/macrophages [98], neutrophils and basophils [99]. Increased angiogenesis in
eutopic endometrium in women with endometriosis demonstrated by several stud-
ies [100, 101] and increased numbers of immune cells may lead to further produc-
tion of NGF, promoting further nerve fibre outgrowth and pain sensation.

13.9 Effects of Oestrogen on Nerve Fibres

It is well established that oestrogen has multiple effects on the female reproductive
system and peripheral nervous system including pain sensitivity and neural regu-
lation of vascular function. Endometriosis is oestrogen dependent for continued
growth and proliferation, and it usually becomes less active with menopause as the
oestrogen level decreases. However, oestrogen replacement therapy can reactivate
the disease. Oophorectomy significantly decreased NGF and BDNF levels while
oestrogen treatment increased these levels [102, 103], and oestrogen also
up-regulated NGF and BDNF expressions in the endometrium [104-106]. Several
studies have shown that neuroprotective effects of oestrogen were blocked by ER
antagonists [107-109]. Ovariectomy caused a significant decrease in NGF protein
content in the uterus, and short-term treatment of ovariectomised mice with
oestrogen and/or progesterone increased uterine NGF mRNA and restored NGF
protein to concentrations similar to intact control mice [110].

In animals, stronger immunostaining of NGF and TrkA was observed in luminal
epithelial cells and glandular cells in the estrous period and early pregnancy as
compared to the non-breeding period in the uterus of the wild ground squirrels [111].
p75 was immunolocalised only in luminal epithelial and glandular cells during the
estrous period, early pregnancy and non-breeding period. The mean mRNA levels of
NGF and TrkA and p75 were significantly higher in the estrous period and early
pregnancy as compared to the non-breeding period.

Strong immunostaining of NGF and its receptors NTRK1 and TNFRSF1B was
observed in uteri of golden hamsters on the day of proestrus as compared to the
other stages of the estrous cycle [112]. There was a positive correlation between
uterine NGF expression and plasma concentrations of estradiol-17beta, and
estradiol-17beta stimulated expression of NGF and its two receptors in the uterus.

Neutral endopeptidase (NEP) is the enzyme responsible for degradation of SP and
oestrogen treatment of ovariectomised rats resulted in a four-fold decrease in uterine
NEP relative to control ovariectomised rats, resulting in increased SP levels [113].
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Angiotensin-converting enzyme (ACE) is an enzyme responsible for degradation of
bradykinin and treatment of postmenopausal women with oestrogen caused an
increase in bradykinin and a decrease in ACE [114]. Steroidal hormones may induce
further production of neuropeptides and neurotransmitters by altering enzyme expres-
sions to sensitise sensory nerve terminals to cause prolonged pain sensation.

Oestrogen receptor-alpha (ER-alpha) and ER-beta are expressed in sensory
neurons of the dorsal root ganglia (DRG) [115], so oestrogen could directly act
on sensory nerve fibres to enhance axon outgrowth. Receptors for other steroidal
hormones such as progesterone may be expressed in nerve fibres and they may also
have direct effects on nerve fibres.

13.10 Prostaglandins and Neurotrophins

The correlation between prostaglandins and endometriosis-associated pain is well
established. PGE, is present in sensory and sympathetic nerve fibres and can
sensitise and activate sensory nerve fibre terminals to induce pain [116]. Prosta-
glandins may act neuroprotectively to induce the production and release of
neurotrophins to promote the survival and outgrowth of nerve fibres. Toyomoto
etal. [117] reported that PGE, induced and stimulated the secretion and synthesis of
NGF and BDNF, and Kanda et al. [118] also demonstrated that PGE, enhanced the
production of neurotrophin-4 (NT-4) via EP3 receptor.

COX-2 is an enzyme which catalyses the synthesis of prostaglandins from
arachidonic acid and COX-2 may have a key function with respect to inflammation
and pain. Previous studies have shown that COX-2 is expressed in neurons and
COX-2 expression in eutopic endometrium in women with endometriosis was
higher than in those without endometriosis [119]. Also, increased COX-2 expres-
sion in endometriotic lesions of different anatomical sites (ovarian, peritoneal and
deep infiltrating endometriosis) has been reported [120—122], resulting in further
modification of the production of prostaglandins in different sites.

13.11 Molecules That May Be Associated with Nerve Fibre
Growth in Endometriosis

Several molecules are present in eutopic endometrium and endometriotic lesions in
women with endometriosis and some of them may have effects on nerve fibre
outgrowth. Insulin-like growth factor I (IGF-I) was present in eutopic endometrium
and endometriotic lesions in women with endometriosis [123]. IGF-1 induced sensory
nerve fibre growth and potentiated the NGF-induced neuritogenesis [124, 125].
Oestrogen also regulated the expression and synthesis of IGF-I and its receptor
[126, 127].



202 N. Tokushige

Bcl-2 was present in eutopic endometrium and endometriotic lesions in women
with endometriosis [128]. Bcl-2 is expressed in neurons and promoted axonal
growth rates in sensory nerve fibres [129, 130]. Oestrogen up-regulated the expres-
sion of Bcl-2 [131], and oestrogen treatment increased the number of Bcl-2
immunoreactive nerve fibres [132]. Both oestrogen and progesterone can increase
the expression of Bcl-2 [133, 134] and Bcl-2 has been shown to inhibit neuronal
death [133]. Therefore oestrogen and progesterone may directly affect cell survival
or prevent neuronal cell death in neurons by Bcl-2-induced inhibition of cell death
and axonal growth, resulting in increased nerve fibre densities.

Hepatocyte growth factor (HGF) was up-regulated in eutopic endometrium in
women with endometriosis [135]. HGF alone had no outgrowth-promoting activity,
but it co-operated with NGF in enhancing axonal growth of sensory nerves and also
enhanced the neurotrophic activities of NGF [136]. Oestrogen also increased the
production of HGF by peritoneal macrophages in women with endometriosis [137].

Significantly increased expression of heat shock protein 27 (HSP 27) was
reported in eutopic endometrium in women with endometriosis [138]. HSP27 was
expressed by sensory nerve fibres [139, 140] and significantly increased survival for
rat sensory and sympathetic nerve fibres after axotomy or NGF withdrawal [141].
HSP expression was stimulated by oestrogen in the endometrium [142].

Fibroblast growth factor 9 (FGF-9) was present in endometriotic lesions in
women with endometriosis [143]. FGF-9 enhanced survival of cholinergic nerve
fibres [144] and administration of 17p-estradiol induced FGF-9 expression in
endometriotic lesions [143].

These molecules may be associated with increased nerve fibre densities, spe-
cially sensory and autonomic neurons in women with endometriosis to induce pain,
and steroidal hormones may promote the synthesis of these molecules in women
with endometriosis

13.12 Angiogenic Molecules

Novella-Maestre et al. [145] have demonstrated that antiangiogenic treatment with
cabergoline significantly reduced the number of immature blood vessels, nerve
fibres, mast cells and macrophages in endometriotic lesions in a mouse model of
endometriosis. Vascular endothelial growth factor (VEGF) is a secreted vascular
mitogen that is specific for endothelial cells and plays an important regulatory role
in vascular growth during development [146]. VEGF is increased in DIE [147] and
peritoneal fluid [148] in women with endometriosis compared with women without.
It is accumulating evidence that VEGF acts as a neurotrophic and neuroprotective
factor [149]. VEGF application to cultured peripheral adult ganglia caused signif-
icant neuritic outgrowth [150] and peripheral nerve regeneration in vivo has been
shown to be enhanced by VEGF application [151]. There are some proangiogenic
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factors, such as IL-8 [152], hepatocyte growth factor (HGF) [153], erythropoietin
[154], angiogenin [155], macrophage migration inhibitory factor [156], neutrophil-
activating factor [157] and TNF-a [158], and these proangiogenic factors may also
have neurotrophic effects and be involved in nerve fibre growth in endometriosis.

13.13 Conclusions

Increased numbers of nerve fibres in eutopic endometrium (both the functional
layer and the basal layer), myometrium and endometriotic lesions may contribute in
some way to the mediation of pain in women with endometriosis. It was always
been assured that the pain of endometriosis is generated in the endometriotic
lesions, but the findings in some studies allow the possibility that some of the
pain may actually arise within the endometrium.

Endometriosis is an inflammatory condition and many chemical and inflamma-
tory mediators such as bradykinin, prostaglandins as well as neurotrophins can be
released from both eutopic endometrium and endometriotic lesions. These sub-
stances can directly activate and/or sensitise sensory nerve endings by interacting
with cell-surface receptors and trigger the release of pain mediators from other cells
and afferent nerve fibres. Those pain mediators sensitise nerve endings, resulting in
an increased response to painful stimuli. Prostaglandins and other arachidonic acid
derivatives can increase the sensitivity of nerve endings to bradykinin or other pain-
producing substances, leading to a secondary sensitisation of nearby sensory nerve
fibres.

There may be a correlation between pain severity and nerve fibre density;
however, it seems that some nerve fibres in eutopic and ectopic endometrium are
not associated with pain generation. Further research will be needed to better
understand the roles of nerve fibres and molecules secreted from eutopic and
ectopic endometrium from women with endometriosis.
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