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Abstract The mechanism of visceral pain is still less understood compared with

that of somatic pain. This is primarily due to the diverse nature of visceral pain

compounded by multiple factors such as sexual dimorphism, psychological stress,

genetic trait, and the nature of predisposed disease. Due to multiple contributing

factors there is an enormous challenge to develop animal models that ideally mimic

the exact disease condition. In spite of that, it is well recognized that visceral

hypersensitivity can occur due to (1) sensitization of primary sensory afferents

innervating the viscera, (2) hyperexcitability of spinal ascending neurons (central

sensitization) receiving synaptic input from the viscera, and (3) dysregulation of

descending pathways that modulate spinal nociceptive transmission. Depending on

the type of stimulus condition, different neural pathways are involved in chronic

pain. In early-life psychological stress such as maternal separation, chronic pain

occurs later in life due to dysregulation of the hypothalamic–pituitary–adrenal axis

and significant increase in corticotrophin releasing factor (CRF) secretion. In
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contrast, in early-life inflammatory conditions such as colitis and cystitis, there is

dysregulation of the descending opioidergic system that results excessive pain

perception (i.e., visceral hyperalgesia). Functional bowel disorders and chronic

pelvic pain represent unexplained pain that is not associated with identifiable

organic diseases. Often pain overlaps between two organs and approximately

35% of patients with chronic pelvic pain showed significant improvement when

treated for functional bowel disorders. Animal studies have documented that two

main components such as (1) dichotomy of primary afferent fibers innervating two

pelvic organs and (2) common convergence of two afferent fibers onto a spinal

dorsal horn are contributing factors for organ-to-organ pain overlap. With reports

emerging about the varieties of peptide molecules involved in the pathological

conditions of visceral pain, it is expected that better therapy will be achieved

relatively soon to manage chronic visceral pain.

Keywords Visceral pain, Visceral afferents, Spinal cord, Pelvic nerve, Splanchnic

nerve, Colon, Urinary bladder, Gender difference, Sensitization

1 Introduction

Pain is inherent with any life that is linked with consciousness. It is a major concern in

all aspects of human life. Although with the advances of medical science, the acute

pain associated with infection and disease can be correctly diagnosed and treated,

many chronic pain syndromes still remain a challenge for clinicians. Suffering

from chronic pain can significantly deteriorate a person’s quality of life and can

often lead to disability. Such chronic pain in the viscera is observed in functional

bowel disorders (e.g., noncardiac chest pain, chronic idiopathic dyspepsia, functional

abdominal pain, irritable bowel syndrome; IBS) and chronic pelvic pain (e.g., chronic

interstitial cystitis, painful bladder syndrome) that are multifaceted problems and still

poorly understood. Functional bowel disorders and chronic pelvic pain represent

unexplained symptoms that have no readily identifiable infectious, anatomical, or

metabolic basis. The pain is diffuse and poorly localized and often it is confused as

originating from other visceral organs. One example is noncardiac chest pain, where

pain is very similar in nature to that of cardiac angina. About 15–30% of angiograms

performed in chest pain patients are normal, and coronary artery disease rarely

explains the symptoms (Richter et al. 2000). Among all functional bowel disorders,

IBS is the most common and prevalent gastrointestinal (GI) disorder (about 18–

20% of the patient population), having symptoms of cramping, abdominal pain,

bloating, constipation, and/or diarrhea. Similarly, chronic pelvic pain affects ap-

proximately 15% of women. Interstitial cystitis and painful bladder syndrome are

the most common. All functional bowel disorder and chronic pelvic pain patients

exhibit one common symptom – lower abdominal pain. There are different factors

that can cause or modify these disorders, such as persistent mental and social stress,

a previous episode of infection or inflammation, genetic background, and early-life

adverse events (e.g., abuse, trauma, and painful experience). Presumably in all
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functional disorders, patients develop excessive pain to painful stimuli (e.g., hyper-

algesia) and may also experience pain to a nonpainful stimulus (e.g., allodynia).

This was first documented in a very elegant physchophysical study in IBS patients

where patients reported pain to nonpainful colonic distension and were compared

with healthy subjects (Ritchie 1973). The general notion for visceral hypersensitivi-

ty is the presence of sensitization of the neural pathway (includes primary sensory

afferents and spinal ascending neurons) involved in the transmission of visceral

sensation to the supraspinal level and the dysregulation of descending pathways

that modulate spinal signaling (Mayer and Gebhart 1994). Therefore, recent studies

in several laboratories have focused on understanding the response characteristics

of primary sensory afferents and spinal neurons to visceral stimuli and their

sensitization. In addition, several laboratories are evaluating the cortical processing

to painful signal by employing positron emission tomography or field magnetic

resonance imaging techniques, which is critical in understanding the ultimate

processing mechanism in sensing pain.

Considering the vastness of the subject, this chapter will be restricted to our

current knowledge regarding different animal models for evaluating visceral pain,

the contribution of different types of visceral sensory afferents, sensitization,

and cross-sensitization of visceral afferents in pathological conditions and pharma-

cological modulation of visceral pain. The chapter will focus only on visceral

pain originating from the abdominal viscera and spinal processing will only be

mentioned in the context of the sensory afferent’s projection and pain modulation.

2 Behavioral Studies for Visceral Pain in Laboratory Animals

Considering the diverse nature of the disease, it is extremely difficult to design a

model of visceral pain in laboratory animals that can exactly mimic all the char-

acteristics of functional visceral pain. The majority of animal models of visceral

hyperalgesia have been developed in rats and mice. Pain can be assessed by distend-

ing the hollow viscera and recording the somatic muscle reflex (visual observation

of abdominal contraction or EMG recordings from the abdominal musculature) or

autonomic responses (change in systemic blood pressure and heart rate). These

methods have been employed to assess visceral pain from the stomach (Ozaki et al.

2002), colon (Ness and Gebhart 1988, 1990), gall bladder (Cervero 1982), ureter

(Olivar and Laird 1999; Giamberardino et al. 1995), urinary bladder (Castroman

and Ness 2001; Ness et al. 2001; Cruz and Downie 2006; DeBerry et al. 2007; Su

et al. 2008), and uterus (Berkley et al. 1995). To produce hyperalgesia, the viscera

are either inflamed with chemicals or the animals are subjected to stress in early life.

2.1 Inflammatory Model

The most commonly used inflammatory models are produced by injecting inflam-

matory agents into the viscera [e.g., 2,4,6-trinitrobenzene sulfonic acid (TNBS) or
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zymosan induced colitis, acid-infused esophagitis, cyclophosphamide, or zymosan-

induced cystitis]. Although in a strict sense, these inflammatory models cannot be

considered as true models for nonpathological functional visceral pain, hyperalge-

sia manifested by the animals may closely resemble the nature of pain observed in

patients.

Instillation of haptens such as TNBS, dinitrobenzene sulfonic acid, or dichloro-

benzene sulfonic acid into the colon produces ulcerative colitis-like symptoms in

rats (Morris et al. 1989; Rachmilewitz et al. 1989; Elson et al. 1995; Wallace et al.

1995). The inflammation peaks in 4-5 days following the injection and persists for

about 1 month (Miampamba and Sharkey 1998). Rats exhibit significant hyperal-

gesia to colon distension after TNBS-induced inflammation (Morteau et al. 1994a;

Fargeas et al. 1995; Sengupta et al. 1999; Friedrich and Gebhart 2000, 2003; Diop

et al. 2002; Delafoy et al. 2003; Lamb et al. 2006; Miranda et al. 2007). It has

recently been shown that about 24% of the rats treated with TNBS exhibit visceral

hyperalgesia for up to 16 weeks following complete remission of the inflammation

(Zhou et al. 2008). It appears that these rats behave very similarly to the subset of

patients having postinfectious IBS, where pain persists despite the resolution of

inflammation. Like TNBS, zymosan, an insoluble carbohydrate from the yeast cell

wall, has also been used to induce colon inflammation (Coutinho et al. 1996, 2000;

Traub et al. 1999; Jones et al. 2007). However, the severity of inflammation is much

less compared with that caused by TNBS and generally does not produce mucosal

ulceration.

Urinary bladder inflammation is commonly induced by intravesicular injection

of 0.2% acetic acid (Cruz and Downie 2006), zymosan (Randich et al. 2006a, b;

DeBerry et al. 2007), or acrolein (Bjorling et al. 2007). Earlier studies used

intraperitoneal injection of cyclophosphamide, an antitumoral agent, to produce

bladder inflammation (Boucher et al. 2000) and visceral pain. Although the drug

produces selective cystitis via its metabolite, acrolein, in the bladder, it has a severe

toxic effect in other organs that can complicate the evaluation of bladder pain.

2.2 Neonatal Maternal-Separation-Induced Stress Model

The early neonatal period is a critical time for the development of the nociceptive

neural pathways, which require use-dependent activity for normal development.

However, abnormal stimuli such as stress, sustained pain, or inflammation in the

neonatal period may adversely affect the development and subsequently lead to

lower thresholds for pain in later life (Anand 1998; Anand et al. 1999; Lidow et al.

2001; Pattinson and Fitzerald 2004; Fitzerald 2005). The objective of developing

the neonatal maternal-separation (MS)-induced stress model was to evaluate the

effects of stress early in life on visceral sensitivity in the absence of visceral

inflammation. The model possibly mimics the subset of IBS patient having a history

of traumatic experiences, including physical, sexual, and emotional abuse and a

life-threatening situation in early life (Chitkara et al. 2008). In rats, the neonatal
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period from postnatal day 2 (P2) to postnatal day 14 (P14) is extremely critical for

neurological development. There is a large body of literature suggesting that

neonatal MS leads to dysregulation of the hypothalamic–pituitary–adrenal axis

resulting in long-term changes in neuroendocrine and neuropeptide secretion (Liu

et al. 1997; Caldji et al. 1998; Plotsky et al. 2005; Barreau et al. 2004a, b, 2007;

Chung et al. 2007a, b; Ren et al. 2007). Plotsky et al. (2005) have demonstrated that

brief (15 min) or prolong (180 min) MS of rat pups at P2 to P14 results in significant

elevation of corticotrophin-releasing factor (CRF) messenger RNA (mRNA) and the

CRF1 receptor immunoreactivity in the paraventricular nucleus, amygdala, and locus

ceruleus. Subsequent studies have shown that MS for 180 min (MS180) results in

visceral hyperalgesia to colon distension (Coutinho et al. 2002). The hyperalgesia in

MS180 rats is exacerbated following 1 h of water-avoidance stress, and this can be

prevented by preemptive administration of a selective CRF1 antagonist, suggesting

that CRF indeed may play a critical role in the development of visceral hyperalgesia

(Schewtz et al. 2005). The manifestation of visceral hyperalgesia in MS rats is

possibly a global pain hyperresponsiveness and may not be somatotopically

restricted. In a recent study, it was shown that orogastric suction for 30–45 s in

Long-Evans rats during P2 to P14 results in visceral hyperalgesia to colon disten-

sion when tested at their adult age (postnatal day 60) (Smith et al. 2007). This result

is similar to that reported by a retrospective clinical study that frequent gastric

suction in newly born babies has a potential risk for functional disorders in later life

(Anand et al. 2004). An animal study has also shown that pretreatment with CRF1

receptor antagonist 10 min prior to orogastric suction averted the visceral hyper-

algesia to colon distension (Smith et al. 2007). It is very likely that the stress in early

life induces functional changes in the central neurons affecting the descending

modulatory system that may contribute to hyperalgesia. For example, in neonatal

MS rats there is significantly higher c-fos expression in the cingulate cortex and

superficial (I and II) and deeper (V–VI) laminae of the spinal cord to colon

distension compared with c-fos expression in naı̈ve non-handled rats (Chung

et al. 2007a; Ren et al. 2007). The notion that early-life stress or a noxious stimulus

affects the descending modulatory system is also evident in recent behavioral

studies where naloxone, a nonselective opioid antagonist, failed to facilitate the

visceromotor response (VMR) to colonic distension in MS compared with naı̈ve

non-MS rats (Coutinho et al. 2002; DeBerry et al. 2007).

Although the initial concept was that MS-induced stress triggers central sensiti-

zation leading to visceral hyperalgesia, later studies showed that stress also affects

the immune system of the viscera and subsequent visceral inflammation. It is now

well established that mast cells play a critical role in stressed-induced gut inflamma-

tion (Barreau et al. 2007). In rats, MS enhances mast cell density and degranulation

in the GI tract, resulting in disruption of the mucosal barrier and luminal bacterial

translocation into the tissue (Barreau et al. 2004a, 2007; Gareau et al. 2006). Recent

studies indicate that peripheral CRF triggers mast cell degranulation via the activa-

tion of CRF1 receptors of the cell, leading to the release of serotonin (5-HT), nerve

growth factor (NGF), proteases, and proinflammatory cytokines in the gut to trigger

the inflammation. NGF released from mast cells possibly enhances tissue perme-
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ability and excitation of sensory neurons to produce visceral hypersensitivity, since

anti-NGF antibody treatment abolishes these effects (Barreau et al. 2004a, 2007).

2.3 Neonatal Noxious-Stimulus-Induced Visceral
Hyperalgesia Model

Population-based studies have demonstrated that approximately 8% of children

experience functional recurrent abdominal pain and about 18–61% of these children

continue to report abdominal pain or IBS-like symptoms in their adulthood

(Chitkara et al. 2005). Similar to MS-induced stress, a neonatal noxious stimulus

can lead to visceral hyperalgesia later in life. Recent studies have shown that

visceral or somatic noxious stimulation in the early stage of life (P2–P28) can result

in chronic hyperalgesia in rats. In all of these studies, the hyperalgesia was present

in the absence of persistent inflammation (Al-Chaer et al. 2000; Miranda et al.

2006; Randich et al. 2006a, b; DeBerry et al. 2007). Repetitive noxious colon

distension (60 mmHg, two distensions 30 min apart) during postnatal day 8–21 or

repetitive instillation of mustard oil (0.2 ml of a 5% solution) results in visceral

allodynia in adulthood. In addition, the lumbosacral spinal neurons and colonic

afferents in adult rats were shown to be highly sensitized to colon distension and

somatic stimuli compared with those of saline-treated pups (Al-Chaer et al. 2000;

Lin and Al-Chaer 2003). It is possible that the spinal neuron sensitization observed

in Al-Chaer’s study is contributed by sensitization of primary sensory neurons.

Interestingly, if the same stimuli are given at a later stage in life (postnatal day 21 or

45), animals do not develop visceral hypersensitivity (Al-Chaer et al. 2000).

Randich et al. (2006a, b) have shown that cystitis induced in early life by

intravesicle injection of zymosan (1%) during postnatal days 14–16 in female rats

results in visceral hyperalgesia to bladder distension. These rats exhibited higher

micturition frequency (i.e., bladder hyperreflexia) as adults and when these rats

were rechallenged with zymosan they exhibited significantly higher response to

bladder distension and augmented inflammatory response compared with neonatally

saline-injected rats. Following a similar experimental protocol, we have observed that

neonatally zymosan-treated rats also exhibit visceral hyperalgesia to colon distension

in later life (A. Miranda and J.N. Sengupta, unpublished observation). Although a

similar finding has been reported in adult rats where cyclophosphamide-induced

cystitis exhibits hyperalgesia to colon distension, it is not known whether the effect

is long term (Bielefeldt et al. 2006). Such overlap of sensitization may suggest two

possible mechanisms: (1) sensitization of dichotomized (i.e., peripheral axon col-

laterals) primary sensory neurons innervating two visceral organs (see Fig. 1a;

Malykhina et al. 2006; Christianson et al. 2007) and/or (2) sensitization of spinal

horn neurons having synaptic input from two organs (i.e., viscerovisceral conver-

gence, see Fig. 1b; McMahon andMorrison 1982; Qin et al. 2004). This is discussed

in more detail in Sect. 3.3.

Manifestation of hyperalgesia to colon distension is not only observed after

noxious stimulation of the bladder, but also occurs following a noxious stimulus to
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the somatic referral site in neonatal rats (Miranda et al. 2006). This phenomenon is

due to somatovisceral convergence in the spinal cord and the sensitization occurs at

the spinal level, since an ipsilateral noxious stimulus to the hind limb results in

contralateral mechanical hyperalgesia. However, there is a distinct difference

between rats that received a noxious somatic stimulus in adulthood and rats that

received a similar stimulus in their early postnatal (P4–14) life. In adult rats,

repetitive low-pH saline injection in the gastrocnemius muscle significantly aug-

ments the VMR to colon distension that persists about 2 weeks (Miranda et al. 2004,

2006). In contrast, the adult rats that received low-pH saline injection during

postnatal days 8–12 exhibited visceral hyperalgesia lasting up to 5 weeks (Miranda

et al. 2006). Although the resultant effect is the same for neonatal stress and a

neonatal noxious stimulus, it may or may not share the same neural pathways,

neurotransmitters, and neuroendocrine systems. In addition, there could be differ-

ential cognitive processing in the brain for different experiences, which is still

poorly understood.

Fig. 1 Illustrates the pelvic nerve dichotomy (A) and viscero-visceral convergence of colon and

bladder afferent fibers on to spinal dorsal horn neuron (B). A: Although the primary sensory

neurons are pseudounipolar cells, retrograde labeling of bladder and colon shows colabeling of

dorsal root ganglion (DRG) soma in the lumbosacral spinal cord, suggesting that there are two

axon collaterals innervating two pelvic structures. Therefore, sensitization of a spinal neuron by

inflammation of one organ may influence the sensitivity of the noninflamed organ innervated by

the axon collateral. B: Common convergence of two primary sensory afferents from two organs a

spinal dorsal neuron is another neural pathway which can exhibit cross-organ sensitization. It has

been documented that a small proportion of colorectal distension-sensitive neurons are also

sensitive to urinary bladder distension and most of these neurons are in the deeper laminae of

the spinal cord.
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3 Contribution of Sensory Afferents in Visceral Pain

3.1 Anatomical Distribution of Visceral Afferents

We have come a long way in our understanding of the existence and contribution of

visceral sensory afferents in regards to visceral sensation. Historically, there was a

misconception that the visceral organs did not receive any sensory innervation and

therefore could not perceive any sensation when the viscera were cut, pinched, or

pricked (Von Haller 1755; Lennander 1901). Later, the sensory innervation was

recognized, but a notion was formed that visceral dysfunction could only lead to

somatic pain since, clinically, muscle tenderness and pain was evident during

visceral dysfunction (Mackenzie 1893). It took many years to understand that

true visceral pain did exist and that somatic tenderness observed during visceral

dysfunction was due to convergence of visceral and somatic sensory afferents in the

spinal cord, a phenomenon commonly known as ‘‘referred pain’’ (Bloomfield and

Polland 1931; Lewis and Kellgren 1939; Ruch 1946, 1961; Doran 1967).

The majority of thoracic and abdominal visceral organs, except the pancreas, are

dually innervated by parasympathetic (craniosacral) and sympathetic (thoracolum-

bar) outflows. Thoracic viscera and upper abdominal viscera are primarily inner-

vated by the vagus (cranial nerve X) and spinal thoracolumbar outflows. The lower

abdominal viscera, including the small and the large intestine and the urogenital

organs, are innervated by thoracolumbar (i.e., lumbar splanchnic nerve, LSN, and

hypogastric nerve, HGN) and sacral (i.e., pelvic nerve, PN) outflows. For a detailed

description of the anatomical organization of visceral afferents, see Jänig and

McLachlan (1987) and Sengupta and Gebhart (1994c,1998). The primary sensory

afferents are pseudounipolar cells having central and peripheral axonal processes.

The peripheral process innervating the visceral organ may have specialized end-

organ-like pacinian corpuscles or intraganglionic laminar endings or free nerve

endings with multiple parallel branches known as ‘‘intramuscular array fiber’’

(Berthoud et al. 1997; Fox et al. 2000; Phillips and Powley 2000; Zagorodnyuk

et al. 2000, 2001, 2003, 2005; Lynn et al. 2003, 2005). The central processes enter

the spinal cord via the dorsal root and project primarily to superficial lamina I and

deeper laminae V–VII (Cervero 1983; Cervero and Tattersall 1986).

3.2 Response Characteristics of Visceral Afferents

Sensory afferents innervating the visceral organs are not just a homogeneous group

of afferents signaling visceral pain to the CNS. It is now a general notion that pain

is primarily signaled by spinal afferents, while vagal afferents signal nonpainful

sensations such as hunger, satiety, fullness, and nausea. Studies in the esophagus

have shown that the response characteristics of vagal afferent fibers to mechanical

and chemical stimuli are distinctly different from those of the spinal afferents (for a
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detailed review, see Sengupta 2006). The vagal afferents may not signal pain, but

several human and animal studies have documented that vagal nerve stimulation

attenuates somatic and visceral pain. The analgesic effect by vagal activation

could be related to its descending inhibitory influence on responses of spinal dorsal

horn neurons or via the release of catecholamines from the adrenal medullae

(Multon and Schoenen 2005; Sedan et al. 2005; Kirchner et al. 2000; Ness et al.

2000; Jänig et al. 2000; Thurston and Randich 1992; Ren et al. 1991, 1993).

Recent studies have also revealed that even the spinal afferents running via the

thoracolumbar (LSN) and sacral (PN) pathways are not functionally a homoge-

neous group of afferents (Brierley et al. 2004, 2005a) and transmit different

qualities of signals to the spinal cord (Traub et al. 1992; Wang et al. 2005).

In addition, it has been shown that the PN afferents counterbalance the activities

of thoracolumbar spinal neurons via the supraspinal descending loop (Wang et al.

2007). Since visceral pain is primarily transmitted via spinal afferents, the

following subsections will mainly focus on the functional characteristics of spinal

afferents resulting from various types of stimulus.

3.2.1 Visceral Afferents in the Gastrointestinal Tract

In the GI tract, according to the location of the receptive endings in the gut, spinal

afferents are classified as mucosal, muscle or tension-sensitive, muscle/mucosal

(also known as ‘‘tension/mucosal’’), serosal, and mesenteric afferents. There is a

differential distribution of these afferents in the LSN and PN of mice (Brierley et al.

2004). For example, mesenteric afferents are only identified in the LSN, but not in

the PN. Conversely, muscle/mucosal afferents are only found in the PN, but not in

the LSN. Although the serosal, muscle, and mucosal afferents are commonly found

in both nerves, the population of mucosal (4%) and muscle (10%) afferents in the

LSN is much less than the population of those afferents in the PN (23 and 21%,

respectively). It is not known whether this differential anatomical distribution of the

LSN and the PN holds true in other species.

The majority of mucosal, muscle, muscle/mucosal, serosal, and mesenteric

afferents are mechanosensitive, having typical characteristics of response to a

mechanical stimulus. Apart from these mechanosensitive afferents, a small group

of afferents have been found in the colon mucosa that responded exclusively to

chemicals (Lynn et al. 1999). The mucosal mechanosensitive afferents are mostly

located in or below the mucosal epithelium. These afferents were previously

studied in the vagus nerve, with a major focus on its ability to sense pH and

nutrients in the lumen (for review see Mei 1985; Grundy and Scratchard 1989;

Sengupta and Gebhart 1994c). Recently, mucosal afferents have been identified and

characterized in the LSN and PN afferents (Lynn and Blackshaw 1999; Berthoud

et al. 2001; Brierley et al. 2004, 2005a). Under normal conditions, these afferents

are either silent or have very low spontaneous firing (< 1 impulse s�1). They exhibit

extremely dynamic firing to discrete probing of the mucosal receptive spot, but

rarely respond to luminal distension or stretch. It is thought that the mucosal
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afferents monitor the dynamic events of mechanical positioning of the gut and

passage of a bolus through the lumen. The majority of these mucosal mechan-

osensitive afferents are also chemosensitive and respond to a hyperosmolar solu-

tion, acid, bile, 5-HT, ATP, and capsaicin (Lynn and Blackshaw 1999; Berthoud

et al. 2001; Brierley et al. 2004, 2005a ; Hicks et al. 2002). Although there is no

direct experimental evidence on how spinal mucosal afferent are involved in

visceral pain, considering their multimodal character, it can be speculated that

these afferents are possibly the first line of the neural pathway that signal pain

and discomfort due to a change in the luminal chemical environment, mucosal

damage, or inflammation.

The mechanosensitive muscle afferents in the LSN and the PN have been studied

extensively in different laboratory animals (Bahns et al. 1987; Blumberg et al.

1983; Clerc and Mei 1983; Haupt et al. 1983; Janig and Koltzenburg 1990, 1991;

Sengupta et al. 1990, 1992, 2002; Sengupta and Gebhart 1994a, b; Lynn and

Blackshaw 1999; Ozaki and Gebhart 2001; Lynn et al. 2003; Zagorodnyuk et al.

2005). These afferents respond to distension and stretch of the hollow viscera;

therefore, they are also known as ‘‘distension-sensitive receptors’’ or ‘‘tension

receptors.’’ Typically, muscle afferents demonstrate slow adaptation to tonic dis-

tension and the frequency of firing is directly related to tension developed in the

smooth muscle. The majority (70–85%) of muscle mechanosensitive afferents have

a low threshold for response to luminal distension. However, a small population

(15–20%) of afferents exhibit a high threshold (more than 30 mmHg) for response,

which could be evidence for their role in visceral nociception (Jänig and Koltzen-

burg 1990, 1991; Cervero and Jänig 1992; Sengupta et al. 1990, 1992; Sengupta and

Gebhart 1994a; Ozaki and Gebhart 2001). Like mucosal afferents, muscle mechan-

osensitive afferents are also multimodal in character. The effect of the algogenic

peptide bradykinin (BK) has been tested in several studies (Haupt et al. 1983;

Cervero and Sharkey 1988; Sengupta et al. 1992; Sengupta and Gebhart 1994a;

Brierley et al. 2005b). BK excites muscle afferents via the activation of B2

receptors, since the effect is blocked by the selective B2 receptor antagonist,

HOE140 (Sengupta et al. 1992; Sengupta and Gebhart 1994a; Brierley et al.

2005b). Interestingly, in the opossum esophagus, muscle afferents in the vagus

and splanchnic nerves responded differentially to BK (Sengupta et al. 1992). The

splanchnic afferents exhibited greater sensitivity to BK compared with those from

the vagus nerve. Activation of vagal afferent fibers by BK was primarily associated

with strong smooth muscle contraction, which was attenuated after muscle paraly-

sis. In contrast, the effect of BK on splanchnic afferent fibers was found to be a

result of direct action on the nerve endings, since the excitation resulting from

exposure to BK was unaffected after paralysis of the smooth muscle (Sengupta et al.

1992). Similar findings were also reported in other areas of the GI tract (Haupt et al.

1983; Cervero and Sharkey 1988; Sengupta and Gebhart 1994a). Studies have also

shown that spinal afferents are also sensitive to hot and cold temperatures (Zamiya-

tina 1954; Su and Gebhart 1998; Ozaki and Gebhart 2001); however, the exact

mechanism of the thermosensitivity of these afferents is still not known. It is very

likely that the hot and cold sensations are mediated via the activation of TRPV1-
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2 and TRPM8 channels, respectively. The existence of muscle/mucosal (tension/

mucosal) afferents is a relatively new finding in in vitro studies (Page and Black-

shaw 1998; Lynn et al. 1999; Brierley et al. 2004, 2005a). The morphological

structure of this small subset of afferents is not known. However, from the typical

response to muscle tension and mucosal probing, it can be speculated that these

afferents have axonal collaterals innervating the muscle layers and mucosa. Alter-

natively, these afferents can terminate in the submucosal layer and respond to

distension and mucosal probing (Paintal 1954). The exact functional role of these

afferents has not been suggested, but it is possible that sensitization of the mucosal

endings by luminal toxin or chemicals may cross-sensitize the muscular endings,

resulting in sensitization of response to distension.

The serosal layer of the GI tract and its adjacent mesentery are innervated by

C- and Ad-afferents. These afferents are commonly found in both the LSN and the

PN. One mechanosensitive serosal afferent often has multiple receptive points

along the mesenteric blood vessels and at the branching points of the capillary

blood vessels supplying the serosal surface (Bessou and Perl 1966; Morrison 1973;

Ranieri et al. 1973; Crousillat and Ranieri 1980; Blumberg et al. 1983; Floyd and

Morrison 1974; Floyd et al. 1976; Lew and Longhurst 1986; Longhurst and Dittman

1987; Longhurst et al. 1984; Berthoud et al. 2001; Brierley et al. 2004, 2005a, b;

Haupt et al. 1983). The majority of serosal afferents have spontaneous firing that

does not correlate with movement of the bowel or with changes in intraluminal

pressure. Since their receptive fields are close to blood vessels, it can be speculated

that serosal afferents possibly sense the serosal blood flow by mechanical sensing of

the capillary diameter (Gammon and Bronk 1935). These afferents may also signal

an ischemic state of the gut, since occlusion of the descending aorta or mesenteric

artery excites these afferents (Sheehan 1932; Haupt et al. 1983; Longhurst and

Dittman 1987). Excessive distension due to obstruction may cause blanching of the

viscera and excitation of the serosal afferents to signal pain. Serosal mechanosen-

sitive afferents are highly sensitive to several endogenously released substances,

such BK, substance P (SP), and 5-HT (Cervero and Sharkey 1988; Haupt et al.

1983; Lew and Longhurst 1986; Longhurst and Dittman 1987; Longhurst et al.

1984). Approximately 65% of serosal mechanosensitive afferents that are sensitive

to ischemia are also simulated by BK and prostanoids. It is very likely that the

excitation of the serosal afferents during ischemia is due to the release of prosta-

noids, since treatment with the cyclooxygenase inhibitors aspirin and indomethacin

prior to ischemia attenuates excitation (Longhurst et al. 1991).

3.2.2 Visceral Afferents in the Urinary Tract

Under the normal physiological condition, the main function of the urinary bladder

is to store and periodically empty (i.e., micturition) urine. This is a reflex process

coordinated by three sets of nerves that innervate the lower urinary tract; the PN, the

HGN branch of the LSN, and the pudendal nerve (sacral somatic nerves mostly

control the external urethral sphincter). There are a large numbers of sensations
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associated with the process of storage and micturition that range from fullness to

urgency, pubic discomfort, and pain. These sensations are transmitted to the CNS

via LSN and PN afferents. In the rat, retrograde tracer transport studies have

revealed that the LSN bladder afferents enter the spinal cord via L1 and L2 dorsal

roots, while PN afferents enter via the L6 and S1 roots (Applebaum et al. 1980;

Vera and Nadelhaft 1990, 1992; Nadelhaft and Vera 1991; Pascual et al. 1989,

1993). However, in the cat, LSN afferents run via L2 to L5 dorsal roots, while PN

afferents run via S1 to S4 dorsal roots (Applebaum et al. 1980). The variation of

segmental distribution has also been observed between females and males and

between strains of rats. For example, in female Sprague-Dawley rats, 84% of PN

afferents enter the spinal cord via the L6 dorsal root (Vera and Nadelhaft 1990),

whereas in male Wistar rats bladder afferents run via the S1 dorsal root (Pascual

et al. 1989, 1993). The PN appears to be the major pathway for sensation from the

lower urinary tract, because morphological studies in different species of animals

clearly indicate that the PN carries a much greater number of afferents than the LSN

and selective sacral (S3) nerve denervation in human alleviates bladder pain and

urgency (Baron et al. 1985a, b; Hulseboch and Coggeshall 1982; Nadelhaft and

Booth 1984; Nadelhaft et al. 1983; Jänig and McLachlan 1987; Schnitzlein et al.

1960; Torrens and Hald 1979). The patterns of innervation of PN and LSN afferents

have been studied in the cat bladder by using a selective ganglionectomy induced

nerve degenerative technique (Uemura et al. 1973, 1974, 1975). According to these

studies, the PN afferents are more abundant in the muscle than in the suburothelium

and are widely distributed throughout the bladder, including the dome, body, and

trigone area of the bladder. In contrast, LSN afferent innervation is more restricted

in the dorsal trigone and neck regions and the nerve terminals are predominantly

found in the suburothelium. This strategic innervation by the LSN and the PN may

discriminate the mode of sensations arising from the bladder. For example, disten-

sion of the bladder can induce sensations in the suprapubic and perineal area,

including the perineum and penis. The midline suprapubic sensation associated

with bladder overdistension is very likely mediated via LSN afferents entering the

thoracolumbar spinal cord, because these segments of the spinal cord innervate the

suprapubic dermatomes and myotomes (Morrison 1987). Perineal sensations are

thought to be mediated via the PN afferents which enter the sacral spinal segments

having a dermatomal distribution in the perineal area.

Until recently, most electrophysiology studies characterized the response of

bladder afferents in intact animals by employing intravesicle fluid distension or

by punctate probing of the serosal surface, which demonstrated the presence of

distension and/or stretch-sensitive afferents (Evans 1936; Talaat 1937; Iggo 1955;

Floyd et al. 1976, 1977; Winter 1971; Clifton et al. 1976; Bahns et al. 1986; Häbler

et al. 1988a, 1990; Jänig and Koltzenburg 1990; Sengupta and Gebhart 1994b; Su

et al. 1997a, b; Dmitrieva and McMahon 1996; Shea et al. 2000; Roppolo et al.

2005). Recently, bladder afferents in the LSN and the PN have been characterized

by using an in vitro electrophysiology recording technique from isolated bladders

of rats, mice, and guinea pigs (Namasivayam et al. 1999; Rong et al. 2002;

Zagorodnyuk et al. 2007; Daly et al. 2007; Xu and Gebhart 2008). These studies
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revealed different classes of afferents, which are quite similar to the types found in

the GI tract. Xu and Gebhart (2008) demonstrated four classes of afferents from the

LSN and the PN: serosal, muscle, muscle/urothelial, and urothelial. Interestingly, in

the LSN, serosal afferents are predominant (67%) and devoid of urothelial affer-

ents, whereas in the PN, muscle afferents are predominant (63%) compared with

serosal afferents (14%). The distribution of receptive fields of LSN and PN affer-

ents in mice is very similar to that reported in cats, where LSN receptive fields,

irrespective of class of afferents, are mostly located at the base of the bladder and PN

afferents are widely distributed throughout the whole organ (Xu and Gebhart 2008).

The only difference between cats and mice is that in cats the LSN afferents

innervate urothelium, whereas such innervation is absent in mice (Uemura et al.

1973, 1974, 1975; Xu and Gebhart 2008). Species difference is also evident in the

guinea pig, where serosal afferents are nonexistent (Zagorodnyuk et al. 2007).

The recordings in this study were done from the nerve trunks in close proximity

to the bladder and therefore the pathway of the recorded afferents was not known.

Unlike colon mechanosensitive afferents in the LSN and the PN of mice that exhibit

differential mechanosensitivity (see Sect. 3.2.1; Brierley et al. 2004, 2005a), blad-

der mechanosensitive afferents in the LSN and the PN of mice do not exhibit any

difference in mechanosensitivity (Xu and Gebhart 2008). However, multiunit

recordings from HGN and PN afferents have demonstrated that HGN afferents

are sensitive to intravesicle KCl, while PN afferents rarely (1/15 units) responded

(Moss et al. 1997).

In addition to the four classes of mechanosensitive afferents, there is a subset of

afferents that are unresponsive to a noxious mechanical stimulus (Häbler et al.

1990). These afferents, commonly known as ‘‘silent nociceptors,’’ have been

identified by electrical stimulation of the PN trunk (Häbler et al. 1990) or by

chemical stimulation with a,b-methylene ATP in the isolated bladder (Rong et al.

2002). Interestingly, instillation of irritant substances such as mustard oil or turpen-

tine oil into the bladder sensitizes these afferents to become mechanosensitive. Due

to technical limitation and lack of knowledge of adequate natural stimuli, these

afferents have not been studied systematically. It is still not known whether these

afferents are exclusively chemospecific and how they become mechanosensitive

following chemical sensitization. It is generally thought that these afferents partici-

pate in pain signaling following tissue inflammation.

In the PN, muscle afferents exhibit ongoing resting firing when the bladder is

empty (Evans 1936; Talaat 1937; Sengupta and Gebhart 1994b; Su et al. 1997a, b;

Shea et al. 2000). The spontaneous firing of the muscle afferents has also been

reported in in vitro experiments from isolated bladder of mice (Rong et al. 2002;

Daly et al. 2007). This is in contrast to some studies in the cat where PN afferent

fibers did not exhibit spontaneous firing (Bahns et al. 1987; Häbler et al. 1990,

1993; Iggo 1955). The muscle afferents respond to passive distension of the bladder

and the majority of them exhibit a linear increasing response to a graded increase in

intravesicle pressure (see the example in Fig. 2) (Sengupta and Gebhart 1994b;

Shea et al. 2000; Roppolo et al. 2005) or muscular stretch (Zagorodnyuk et al. 2007;

Xu and Gebhart 2008). However, some afferent fibers, mostly those innervating the
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body of the bladder, do not exhibit a linear relationship with increasing intravesicle

pressure (Shea et al. 2000; Daly et al. 2007). These fibers exhibit peak firing at

lower pressure and reach a plateau or a decline in firing when the intravesicle

pressure reaches the maximum. Although it has been reported that bladder afferents

in the cat HGN have a high threshold for response to distension (Evans 1936), their

existence in the urinary bladder and GI tract was questioned by investigators (Jänig

and Morrison 1986; Morrison 1987). Often it was thought that afferents exhibiting a

Fig. 2 Illustrates response characteristics of a thinly myelinated (conduction velocity 4.6 ms�1)

pelvic nerve afferent fiber to isovolumic distension. The fiber exhibited low ongoing spontaneous

firing when the bladder was empty. With increasing volume of distension (0.1–0.8 ml), the firing

frequency of the fibers progressively increased and with higher volume (0.6 and 0.8 ml) it

developed a post-stimulus increase in spontaneous firing even when the bladder was empty. In

each panel, the top trace represents the frequency histogram (1s binwidth), the middle trace shows
nerve action potentials, and the bottom trace shows the isovolumic distension of the bladder.

(unpublished data of Sengupta JN)
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high threshold for response were not adequately stimulated, as their receptive fields

were away from the site of the stimulus. It has now been well documented in several

studies, including in vitro studies where the stimulus can be applied to the organ

more precisely, that there is a large proportion (approximately 75%) of afferents

having a low threshold for response and a small proportion (approximately 25%) of

fibers having a high threshold for response (Häbler et al. 1990, 1991, 1993;

Sengupta and Gebhart 1994b; Shea et al. 2000; Rong et al. 2002; Daly et al.

2007; Xu and Gebhart 2008). In humans, a sensation of bladder fullness generally

occurs at an intravesicle pressure of 5–15 mmHg. A sense of urgency to void occurs

when the intravesicle pressure reaches 20–25 mmHg and a pressure exceeding 30

mmHg gives rise to a sense of discomfort and suprapubic pain (Morrison 1987). In

rats, the majority of low-threshold afferents respond to an intravesicle pressure

below 15 mmHg, while high-threshold afferents start to respond at a pressure above

25 mmHg (Fig. 3). Since low-threshold afferents respond to small increments of

intraluminal pressure, they exhibit a change in firing rate during the spontaneous

contraction of the detrusor muscle, suggesting that they constantly monitor bladder

filling to signal the urgency of micturition. On the other hand, high-threshold

afferents do not respond until the intravesicle pressure reaches a certain degree,

which signals the sense of discomfort and pain (Fig. 4). A recent report indicates

Fig. 3 In rats, majority of low-threshold afferent fibers respond to intravesicle pressure <
15 mmHg, while a small proportion of high-threshold afferent fibers respond at a pressure > 25

mmHg. This figure illustrates examples of two pelvic nerve afferent fibers in a multiunit recording.

Unit 1 having conduction velocity 8.75 ms�1 exhibited a low threshold for response (approxi-

mately 17 mmHg), whereas unit 2 (conduction velocity 2.12 ms�1) began to respond at about 32

mmHg. The low-threshold afferent (unit 1) had relatively higher spontaneous firing compared with

the high-threshold afferent (unit 2). (unpublished data of Sengupta JN)
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that the excitability of low-threshold, but not high-threshold, afferents is associated

with transient receptor potential vanilloid receptor 1 (TRPV1) (Daly et al. 2007).

The mechanotransduction of low-threshold afferents can be attenuated by the TRPV1

antagonist capsazepine in wild-type mice. Similarly, muscle afferents from TRPV�/

� mice exhibit significantly less response to distension compared with wild-type

littermates. Therefore, it is concluded that TRPV1 channels may play an important

role in normal bladder function. The mechanosensitive muscle afferents are also

sensitive to several chemical stimuli, including hypertonic NaCl, KCl, 50 mM HCl,

capsaicin, BK, 5-HT, and histamine. In addition, endogenous substances such as

ATP, NGF, and prostaglandins are released by the bladder afferents, the urothelium,

and by inflammatory cells, which leads to excitation and sensitization of response

bladder afferents to a mechanical stimulus (Chuang et al. 2001; Rong et al. 2002;

Yu and de Groat 2008). It appears that the urothelial layer play a critical role in the

bladder sensory mechanism and disruption of the urothelial barrier by protamine

sulfate may sensitize responses of mechanosensitive bladder afferents to a mechan-

ical (Fig. 5) and a chemical (Fig. 6) stimulus. The effect of ATP and the P2X3

agonist a,b-methylene ATP has been widely tested on bladder afferents and they

are known to excite the bladder afferents and sensitize their response to distension

Fig. 4 Illustrates response characteristics of the same two units shown in figure 3 during

intravesicle pressure change when the bladder is empty. Low-threshold afferent fiber (unit 1)

responds to small increments of intravesicle pressure and exhibits a change in firing rate during the

spontaneous contraction of the detrusor muscle. Therefore, these afferents can constantly monitor

bladder filling to signal the urgency of micturition. On the other hand, high-threshold afferent fiber

(unit 2) does not respond until the intravesicle pressure reaches a certain degree to signal the sense

of discomfort and pain. (unpublished data of Sengupta JN)
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(Namasivayam et al. 1999; Rong et al. 2002; Zagorodnyuk et al. 2007; Yu and de

Groat 2008). The sensitization by ATP and a,b-methylene ATP is most likely via

the activation of P2X3 receptors, since the selective P2X antagonist trinitrophenyl

ATP blocks the effect (Rong et al. 2002).

Clinical studies have shown that rapid filling of the bladder with ice-cold water

causes immediate detrusor muscle contraction in paraplegic patients. This is known

as the ‘‘bladder cooling reflex’’ (Bors and Blinn 1957). During ice-cold-water

infusion, patients report a cold sensation in the urethra or in the suprapubic regions.

Patients with painful bladder syndrome report significantly higher pain in the

suprapubic area following ice-water instillation compared with the same volume

(100 ml) of distension with saline at room temperature, suggesting that cold

temperature elicits a painful signal (Mukerji et al. 2006b). Experimental studies

in the cat and humans have indicated that cold-saline-induced bladder cooling

reflex is not initiated by activation of bladder-distension-sensitive afferents, since

the reflex occurs at a volume and pressure that is much less than the threshold

intensity to activate bladder afferents. This observation suggests that the cold

temperature possibly excites thermospecific afferents (Fall et al. 1990; Lindström

and Mazieres 1991; Giersson et al. 1993, 1999). Thermospecific afferents could be

located in the urothelium, since immunoreactivity of cold- and menthol-sensitive

Fig. 5 Instillation of protamine sulfate in to the bladder can sensitize mechanosensitive afferent

fiber to urinary bladder distension (UBD). The left column illustrates responses of a pelvic nerve

afferent fiber to 0.1, 0.2, and 0.4 ml of distension, respectively. Thirty minutes following the

instillation of protamine sulfate (1 mgml�1) the fiber exhibited greater response (right column) to
UBD. Note that the fibers exhibited markedly higher response at lower volume (0.3 ml) of

distension
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TRPM8 channels has been detected in nerve fibers scattered in the suburothelium of

human bladder tissue (Mukerji et al. 2006a). Alternatively, it is possible that

urothelial mechanosensitive afferents are multimodal in character and sensitive to

temperature, but this is yet to be documented. A recent study has shown that

saline (38�C) containing menthol (0.6 mM) decreases the voiding threshold in

guinea pigs and menthol pretreatment significantly enhances cold-saline-induced

bladder cooling reflex (Tsukimi et al. 2005). The existence of cold- and menthol-

sensitive bladder afferents in the PN of the cat has been previously documented

(Jiang et al. 2002). All the afferents responding to cold temperature are unmyelin-

ated C-fibers unresponsive to bladder distension and their response characteristics

resemble those of cutaneous cold receptors. However, the exact location of these

afferents in the bladder is not known. The notion that cold-sensitive afferents are

unmyelinated C-fibers has been supported by an immunohistochemistry study

showing that TRPM8 expression is predominantly in small-diameter neurons in

the S1 sacral dorsal root ganglion (DRG) of the guinea pig (Tsukimi et al. 2005).

The exact functional role of cold-sensitive afferents in the bladder is not known.

However, there are indications that these afferents may participate in nociception.

For example, the density of TRPM8 immunoreactivity in suburothelium nerve

Fig. 6 Sensitization of a bladder afferent fiber to chemical stimulus following protamine sulfate

treatment. Before protamine sulfate application, intravesicular injection of capsaicin (10 ml of 1
mgml�1) produced detrusor muscle contraction and an increase in firing of the fiber. However, the

firing was not associated with the detrusor muscle contraction, suggesting that capsaicin (CAP)

directly stimulated the fiber. Following protamine sulfate treatment, the fiber exhibited markedly

greater response to the same dose of CAP. The initial dynamic increase in firing was possibly

associated with muscle contraction. However, a prolonged increase in firing was maintained after

the intravesicle pressure returned to the baseline. (unpublished data of Sengupta JN)
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fibers is significantly higher in patients with painful bladder syndrome and idio-

pathic detrusor overactivity (Mukerji et al. 2006a). The functional role of cold-

sensitive afferents under pathological conditions is difficult to understand because it

is not known what the endogenous ligand is for the TRPM8 channel.

Pain is the only conscious sensation arising from the ureter. Afferents from the

ureter are mostly found in the L2-L3 and S1-S2 DRGs in the guinea pig (Semenenko

and Cervero 1992). Interestingly, retrograde injection of a dye in one ureter

revealed a large number of labeled cells in the DRGs of the contralateral side,

suggesting that pain originating from one ureter can spread bilaterally to a wide

referral site. The majority of labeled neurons were small-diameter neurons

containing SP or calcitonin gene-related peptide (CGRP) and about 65% of them

exhibited colocalization of SP and CGRP. This result is in agreement with a

subsequent study in chickens showing that the ureter is primarily innervated by

afferents rich in SP and CGRP (Sann et al. 1997). Electrophysiology recordings

from the ureter nerve of chickens and guinea pigs have revealed a large proportion

(64–90%) of afferents having a high threshold (range 25–40 mmHg) for response to

intraluminal distension, with about 10–30% of afferents having a low threshold

(range 7–10 mmHg) for response (Hammer et al. 1993; Sann et al. 1997; Sann

1998). Both low- and high-threshold ureter afferents in the guinea pig were

sensitive to algogenic substances such as ATP, a,b-methylene ATP, BK, capsaicin,

and KCl, with the exception for SP, that selectively excited high-threshold afferents

(Rong et al. 2004; Sann 1998; San et al. 1997). Similar to bladder afferents,

both high- and low-threshold ureteric afferents exhibit sensitization of response to

distension following intraluminal infusion of ATP or a,b-methylene ATP (Rong

et al. 2004). Recordings from the thoracolumbar (T12-L1) spinal dorsal horn

neurons have documented that all excitatory neurons respond to distending pres-

sures > than 20 mmHg (Laird et al. 1996), thus suggesting that ureter afferents are

largely involved in signaling a painful stimulus.

3.2.3 Visceral Afferents in the Female Reproductive Organs

Like the colon, bladder, and ureter, the female internal reproductive organs, includ-

ing the uterus, cervix, and vaginal canal, are dually innervated by the HGN branch

of the LSN and the PN. Retrograde labeling has revealed a topographical organiza-

tion of innervation of the vagina, cervix, and uterine horns (Berkley et al. 1993). In

rats, afferents from the vaginal canal predominantly enter the spinal cord via the

lumbosacral (L6-S1) dorsal roots, while the projections from the mid portion of the

uterine cervix are equally distributed in lumbosacral (L6-S1) and the first two

lumbar (L1-L2) roots. Projections from the uterine horn run through the lumbar

(L1-L2) roots. The majority of afferents innervating the reproductive organs

are multimodal in character and respond to both mechanical (uterine distension,

punctuate probing, stretching) and chemical (BK, KCl, 5-HT, NaCN, and capsai-

cin) stimuli (Berkley et al. 1988, 1990, 1993; Hong et al. 1993). Similar to colonic

afferents of the HGN and PN afferents in mice, the uterine afferents in these two

Visceral Pain: The Neurophysiological Mechanism 49



pathways differ in their sensitivity to a mechanical stimulus. PN afferents are more

sensitive to mechanical stimulation compared with HGN afferents (Berkley et al.

1993). HGN afferents mostly respond to discrete probing of the surface of the

uterine horn and respond only to a high intensity of uterine distension. This

response characteristic is very similar to that of LSN serosal afferents in the

colon. In contrast, PN afferents respond best to vaginal and cervical distension

and often to probing the internal surface of the cervix (Berkley et al. 1990). Unlike

colonic afferents in mice, where PN afferents are less sensitive to BK, uterine PN

afferents in rats are more sensitive to BK and other chemicals (5-HT and NaCN)

than their HGN counterparts. This difference is not thought to be influenced by the

estrous cycle (Berkley et al. 1990). Considering the pattern of innervation and

response to mechanical and chemical stimuli, it appears that PN and HGN afferents

signal different types of sensations from the reproductive organs. The intensity of

pain sensation is variable at different stages of the estrous cycle and is primarily

influenced by estrogen (Berkley et al. 1995). It has been shown that both the PN and

HGN afferents in rats are more sensitive, including an expanded receptive field, in

the proestrous stage compared with diestrous/metestrous stages (Berkley et al.

1988, 1990; Robbins et al. 1990, 1992).

3.3 Sensitization and Cross-Sensitization of Visceral Afferents

Behavioral studies (see Sect. 2) in laboratory animals indicate that inflammation-

induced hyperalgesia requires hyperexcitability of afferents to initiate the central

(spinal and supraspinal) sensitization. In several studies, acute sensitization of

spinal visceral afferents was achieved following application of irritants (mustard

oil, turpentine), algogenic substances (BK, capsaicin, ATP, NGF), an inflammatory

cocktail (5-HT, histamine, BK, prostaglandin), and inflammogens (zymosan)

(Häbler et al. 1993; Dmitrieva and McMahon 1996; Coutinho et al. 2000; Ozaki

and Gebhart 2001; Rong and Burnstock 2004; Rong et al. 2002; Xu and Gebhart

2008; Mitsui et al. 2001; Wynn et al. 2004). It is not known how long the afferent

sensitization lasts following chemical application and whether the sensitization is

always associated with the tissue inflammation. Another important question is

whether a long-term ongoing sensitization of afferents is required to maintain the

visceral hyperalgesia. There is a dearth of systematic studies that have addressed

these questions and the available results are conflicting and incomplete. Sensitiza-

tion of afferents and its duration could be variable depending on several factors,

including the time required for a particular chemical to produce inflammation, the

number of applications of a certain chemical, the duration of inflammation, and

the stages of life (neonate or adult) during which the stimulus is applied. For

example, single intracolonic application of zymosan in adult Sprague-Dawley rats

maximally sensitized low- and high-threshold and mechanically unresponsive

afferents to colon distension 30 min after injection, but normal sensitization was

achieved within 1 h. However, when the VMR response to colon distension is tested
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at different time periods (1, 2, 3, 4, 5, 6, and 24 h), rats exhibit progressive

hyperalgesia (Coutinho et al. 2000). This result suggests that the hyperalgesia

outlasts the sensitization of PN afferents and sustained sensitization of afferents is

not required to maintain the hyperalgesia. This should be regarded as acute hyper-

algesia, since zymosan-induced visceral hyperalgesia generally normalizes by 48 h

(Randich et al. 2006a, b). In dextran sulfate sodium induced small intestinal

inflammation, mesenteric afferents exhibit significantly higher responses to 5-HT

and capsaicin during acute inflammation and after recovery from the inflammation

(21 days), but not to mechanical stimulation (Coldwell et al. 2007). Thus, from

these two studies, it appears that depending on the type of chemical and the duration

of inflammation, visceral afferents exhibit a differential sensitization to mechanical

and chemical stimuli in adult rats. In contrast to these reports in adult rats, afferents

in neonatally challenged rats behave completely differently to mechanical stimula-

tion. In neonatal rats (postnatal days 8–12) that received repetitive (three times)

colonic irritation with mustard oil or noxious distension, PN afferents exhibited a

long-term sensitization of response to colon distension when the rats were tested

during adulthood when there is complete absence of inflammation (Lin and Al-

Chaer 2003). Therefore, it appears that noxious insult during the neonatal period

resulted in a long-term phenotypic change of the colonic afferents. Such long-term

sensitization of afferents in neonatally challenged rats could be due to sustained

upregulation of several receptor molecules, including TRPV1 and P2X purine

receptors in the DRGs (Winston et al. 2007; Xu et al. 2008). This is different

from adult rats, where a high expression of TRPV1 and SP in DRGs was associated

with tissue inflammation (Miranda et al. 2007; Banerjee et al. 2007). In adult rats,

premptive treatment with a selective TRPV1 antagonist prevented the development

of colonic inflammation and normalized TRPV1 expression in DRGs and hyper-

sensitivity to colon distension, whereas in nontreated rats hypersensitivity was still

observed even though TRPV1 expression following inflammation was no different

from that of noninflamed naı̈ve rats (Miranda et al. 2007). This difference in

duration of overexpression of TRPV1 in the DRGs between neonatally inflamed

and adult-inflamed rats may explain the short- and long-term sensitization of

afferents observed in electrophysiology studies (Coutinho et al. 2000; Lin and Al-

Chaer 2003; Coldwell et al. 2007). However, more systematic study is needed to

establish the fact that neonatal noxious insult produces chronic peripheral sensiti-

zation.

There are several clinical reports documenting an overlap between IBS and

chronic pelvic pain (Longstreth 1994; Longstreth and Drossman 2002; Talley

et al. 2003). Approximately 35% of patients with chronic pelvic pain showed

significant improvement when treated for IBS (Williams et al. 2004, 2005). In

recent years, it has been documented in rats that there is an organ-to-organ cross-

sensitization of pelvic viscera, including colon, bladder, and female reproductive

organs, which may contribute to the overlap of lower abdominal pain (Pezzone

et al. 2005; Malykhina 2007; Ustinova et al. 2006; Qin et al. 2004, 2005; Winnard

et al. 2006). At the peripheral and spinal level, there are two potential pathways

involved in such cross-sensitization: (1) axonal dichotomy of visceral sensory
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afferents (Fig. 1A) and (2) convergence of two visceral afferents from two organs

on spinal neurons (Fig. 1B). Injections of two different retrograde tracers in the

bladder and colon, respectively, have revealed approximately 7–14% colabeled

soma in the lumbosacral and thoracolumbar DRGs, suggesting an axonal dichoto-

my in the pelvic viscera (Malykhina et al. 2006; Christianson et al. 2007). VMR

recordings in anesthetized rats demonstrated that bladder irritation with protamine

sulfate and KCl significantly increased the VMR to colon distension. In a similar

fashion, TNBS-induced colon inflammation induces bladder hyperreflexia (Pez-

zone et al. 2005) and sensitized responses of bladder afferents to bladder distension

(Ustinova et al. 2006, 2007). It has been suggested that such cross-organ sensitiza-

tion is due to initiation of axon reflex of dichotomized afferents innervating the

urinary bladder to produce neurogenic inflammation and an increase in mast cell

density in the bladder (Ustinova et al. 2007; Liang et al. 2007). Another recent study

has shown that inflammation of the colon or uterus can produce significant inflam-

mation of the bladder. Interestingly, there is no such cross-organ inflammation

between the colon and the uterus, suggesting that the bladder is more vulnerable to

cross-organ inflammation (Winnard et al. 2006). This study also documented that

following HGN sectioning (with intact PN) there is a significant reduction of

bladder inflammation, indicating that the HGN plays a major role in cross-organ

sensitization in the pelvic viscera. However, this result does not fit well with

retrograde tracing data, which have shown a greater number of colabeled cells in

the sacral S1 DRG (20%) compared with lumbar L1 DRG (7%) (Malykhina et al.

2006). The cross-sensitization of response to bladder distension has been observed

in lumbosacral spinal neurons following inflammation of the colon (Qin et al.

2005). The sensitization of spinal neurons observed in this study could involve

viscerovisceral convergence of afferents from two sensitized organs or synaptic

input from dichotomized sensory afferents. In addition to the roles of dichotomized

afferents and viscerovisceral convergence in the spinal cord, there could be another

potential mechanism that can explain organ-to-organ cross-sensitization. This

involves axon collaterals of visceral afferents synapsing on secreto/motor (S/M)

neurons at the prevertebral ganglia (Aldskogius et al. 1986; Matthews et al. 1987).

If these S/M neurons from the prevertebral ganglia (e.g., major pelvic ganglion)

innervate different pelvic viscera, then it will be logical to think that the sensitiza-

tion of afferents can excite the S/M resulting in altered function of the innervated

viscera.

It is well recognized that visceral pain can influence the sensitivity of somatic

structures, including the skin and muscle (i.e., viscerosomatic hypersensitivity). For

example, IBS patients often experience somatic and cutaneous hyperalgesia, which

is thought to be the result of central sensitization (Verne et al. 2001, 2003; Verne

and Price 2002; Price et al. 2006). These clinical observations have been confirmed

in a recent study of experimental cystitis, where mice exhibited cutaneous thermal

hyperalgesia (Bielefeldt et al. 2006). Similar to viscerovisceral hypersensitivity,

chronic somatic pain can also influence the sensitivity of the visceral organs.

Approximately 64% of patients with somatic pain syndromes such as fibromyalgia
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have frequent abdominal pain and a large proportion of these patients (30–70%)

have IBS-like symptoms (Veale et al. 1991; Sperber et al. 1999; Triadafilopolous

et al. 1991; Caldarella et al. 2006). Recent studies have documented that a chronic

painful stimulus in the somatic referral site alters visceral sensitivity in rats (Miran-

da et al. 2004; Bielefeldt et al. 2006; Cameron et al. 2007). Miranda et al. (2004)

first documented that somatic pain, in the form of low-pH (4.0) saline injections in

the gastrocnemius muscle of rat, results in somatic and colonic hypersensitivity.

The somatic hyperalgesia in these rats was also observed on the contralateral hind

limb, suggesting that this was a result of central sensitization. In a subsequent

electrophysiology study, it was documented that spinal neurons responsive to colon

distension exhibit sensitization of response to distension following acute low pH

saline injection in the gastrocnemius muscle. The sensitized response of these

neurons was unaffected by cervical spinal transection, confirming that the sensiti-

zation occurs at the spinal level. Since it was an acute experiment, it could be also

secondary to hyperexcited primary sensory afferent input. The study documented

that the sensitization was primarily driven by glutamates as N-methyl-D-aspartate

(NMDA) and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA)

antagonists significantly attenuated the sensitization (Peles et al. 2004). These

behavioral and electrophysiology studies suggest that colonic hypersensitivity

following noxious somatic stimulation is due to somatovisceral convergence in

the spinal cord and is unlikely due to axonal dichotomy, since the existence of

somatovisceral dichotomized afferents is very rare (Häbler et al. 1988b).

3.4 Pharmacological Modulation of Visceral Afferents
and Visceral Pain

Considering the fact that afferent nerve sensitization initiates visceral hypersensi-

tivity, attempts have been made to pharmacologically modulate the excitability of

the afferents to alleviate visceral sensitivity. The advantage of targeting visceral

afferents with a peripherally restricted drug is to avoid unnecessary CNS complica-

tions. Among many target receptors, k-opioid receptors (KOR), P2X purine recep-

tors, 5-HT3 and 5-HT4 seretonin receptors, NMDA receptors (NMDAr), tachykinin

(NK1, NK2, and NK3) receptors, TRPV1, and GABAB receptors have been

documented to have modulating effects on responses of sensory afferents and spinal

processing of pain.

3.4.1 k-Opioid Receptor

Behavioral studies in rats have shown that unlike m- and d-opioid receptor agonists,
KOR agonists have no effect when injected spinally, but exhibit significant
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antinociceptive effects to noxious colon distension when injected systemically

(Danzebrink and Gebhart 1995; Sengupta et al. 1999). Thus, this suggests that

the effect of KOR agonists is either peripherally or supraspinally mediated.

In subsequent studies, it was shown that the majority of arylacetamide KOR

agonists such as U50,488, U69,488, EMD 61,753, and IC204,488 dose-dependently

attenuate the responses of colonic and bladder mechanosensitive PN afferents to

noxious distension (Sengupta et al. 1996, 1999; Su et al. 1997a, b). Interestingly, the

inhibitory effects of these KOR agonists were not blocked by the selective KOR

antagonist nor-binaltorphimine (nor-BNI) or the nonselective antagonist naloxone.

Further evaluation revealed that similar to the local anesthetic arylacetamide, KOR

agonists attenuate the mechanotransduction of visceral afferents by blocking the

tetrodotoxin-sensitive and tetrodotoxin-resistant Na+ channels of sensory afferents

(Joshi et al. 2000, 2003; Su et al. 2002).

3.4.2 P2X Purine Receptors

Among different subtypes of P2X receptors, P2X2, and P2X3 receptors are thought

to be involved in mechano- and chemosensory transduction and these two receptors

are primarily expressed in small-diameter sensory neurons in DRGs. It is well

recognized that ATP and P2X receptors play important roles in bladder pain

associated with the inflammation (Burnstock 2002, 2006). Studies in rodents and

humans have documented that both P2X2 and P2X3 receptor expression is upregu-

lated in cystitis and possibly contribute to bladder hyperreflexia and pain (Tempest

et al. 2004; Nazif et al. 2007; Dang et al. 2008). Exogenous application of ATP and

the P2X-selective agonist a,b-methylene ATP sensitizes the responses of afferents

to distension. These responses can be attenuated by the nonselective P2X receptor

blockers trinitrophenyl ATP and pyridoxal phosphate 6-azophenyl-20,40-disulfonic
acid (Rong and Burnstock 2004; Rong et al. 2002; Wynn et al. 2003). Therefore,

selective antagonists for P2X2 and P2X3 receptors could be useful in the modulation

of bladder pain.

3.4.3 5-HT3 and 5-HT4 Seretonin Receptors

The GI tract is the largest source of seretonin (5-HT), located primarily in the

enterochromaffin and mast cells. The presence of toxins in the gut triggers the

release of 5-HT from these cells, resulting in altered gut motility, nausea, vomit-

ing, and abdominal pain. It is now well recognized from human and animal

studies that 5-HT3 and 5-HT4 receptors play critical roles in visceral hypersensitiv-

ity in IBS (Gershon and Liu 2007; Spiller 2007; Greenwood-van Meerveld 2007).

Behavioral studies in rats have documented that both 5-HT3 antagonists and 5-HT4

54 J.N. Sengupta



agonists have antinociceptive effects resulting from noxious colon distension and this

effect is thought to be peripherally mediated (Morteau et al. 1994b; Kozlowski et al.

2000; Greenwood-van Meerveld et al. 2006). Immunohistochemical studies have

revealed the existence of 5-HT3 receptors in LSN and PN afferents, indicating that

these receptors are involved in peripheral 5-HT-mediated signaling to the brain.

This was confirmed in electrophysiology recordings from the LSN where serosal,

muscle, and mucosal afferents responded to 5-HT and a selective 5-HT3 agonist.

The effects of 5-HT and 5-HT3 agonist were blocked by alosetron, suggesting

that the 5-HT effect in GI sensory afferents is mediated via 5-HT3 receptors

(Hicks et al. 2002; Coldwell et al. 2007). These studies showed that 5-HT3 receptors

are not involved in mechanotransduction of LSN afferents, since alosetron did not

affect the responses to mechanical stimulation. Therefore, the question arises how

5-HT3 antagonists produced antinociceptive effects in behavioral studies where

mechanical distension was employed to stimulate the colonic mechanosensitive

afferents (Morteau et al. 1994b; Kozlowski et al. 2000). It has recently been

documented that alosetron significantly attenuates intracolonic glycerol-induced

visceral hyperalgesia, but not to colonic distension (Mori et al. 2004). It is possible

that intraluminal injection of glycerol produces visceral pain by releasing 5-HT

from the enterochromaffin cells to stimulate the sensory afferents and this activa-

tion of afferents by 5-HT can be blocked by alosetron. In addition to its peripheral

effect to modulate the chemically induced hyperalgesia, it may also be possible that

the antinociceptive effect of 5-HT3 antagonist is partly a central effect. Recent

studies have shown that intrathecal injection of alosetron into the lumbosacral

spinal cord attenuates VMR to colon distension in sensitized rats (Miranda et al.

2006; Bradesi et al. 2007). The 5-HT4 agonists are more known for their prokinetic

effect in the GI tract by enhancing motility and water and electrolyte secretion.

However, in recent years, it has been documented that the 5-HT4 agonist tegaserod

has antinociceptive effects in the viscera (Greenwood-van Meerveld et al. 2006).

The effects of 5-HT4 agonists is possibly peripherally mediated, since the antino-

ciceptive effects were observed only when the agonists were injected systemically

(intraperitoneal), but not when they were injected centrally into the ventricular

space (Greenwood-van Meerveld et al. 2006). However, recent study in our labora-

tory indicates that antinociceptive effect of tegaserod is via the activation suprasp-

inal 5-HT4 receptors linked with opioidergic descending inhibitory pathway.

Intracerebroventricular (icv) injection of tegaserod produces visceral analgesia,

which can be blocked by selective 5-HT4 receptor antagonist GR113808 and

non-selective opioid receptor antagonist naloxone. The drug fails to attenuate the

mechanotransduction of colonic mechanosensitive afferents. In addition, our

immunohistochemistry study indicates that in LSN (T13 and L1 DRGs) and PN

(L6 and S1 DRGs) nerves mostly large and medium diameter cells are 5-HT4

positive. None of the isolectin B4 (IB4) positive small diameter cells and very

few SP-containing DRG cells are 5-HT4 positive. Therefore, it is very unlikely that

5-HT4 has any role in peripheral nociceptive transmission. On the other hand, we

have found that endorphin or enkephalin containing neurons in the rostroventral

medulla (RVM) are 5-HT4 positive. We believe that 5-HT4 agonist tegaserod
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activates opiodergic neurons in the RVM to release endogenous opioids to produce

descending inhibition of spinal neurons and that results in visceral analgesia.

3.4.4 N-Methyl-D-aspartate Receptor (NMDAr)

Glutamate is the major excitatory neurotransmitter that plays a critical role in

the development of visceral hyperalgesia. Animal and human studies have

documented that ionotropic glutamate NMDAr antagonists can modulate visceral

pain (Olivar and Laird 1999; Zhai and Traub 1999; McRoberts et al. 2001; Castro-

man and Ness 2002; Gaudreau and Plourde 2004; Ji and Traub 2001; Strigo et al.

2005; Willert et al. 2004, 2007). In the human esophagus, acid-induced secondary

hyperalgesia is significantly attenuated by the NMDA channel blocker ketamine

(Willert 2004). This drug has been found to be more effective in attenuating

visceral pain than somatic pain (Willert 2004, 2007; Strigo et al. 2005). Animal

studies have provided substantial evidence that NMDA antagonists modulate

visceral pain by attenuating responses of spinal neurons to noxious colon distension

(Kohlekar and Gebhart 1994, 1996; Zhai and Traub 1999; Ji and Traub 2001;

Traub et al. 2002; Peles et al. 2004). The excitation of central terminals of sensory

afferents leads to the release of glutamate to activate the postsynaptic NMDAr

and induce spinal neuron sensitization. In addition, glutamate released at the

synaptic junction also activates presynaptic NMDAr to regulate the release of SP

from the afferent terminals (Marvizon et al. 1997). Although NMDAr are ubiqui-

tously present in the CNS, their presence in spinal visceral afferents has been

documented in rats. It has also been shown that colonic inflammation upregulates

and phosphorylates the NR1 subunit of the receptor, resulting a functional change

(Marvizon et al. 2002; Li et al. 2006). Therefore, other than its effect in the spinal

cord, NMDAr antagonist may also attenuate responses of spinal afferents. Olivar

and Laird (1999) reported that vasopressor response induced by ureter distension in

rats was significantly inhibited by the NMDA channel blockers memantine and

ketamine as well as by the NR1 glycine-B site modulator MRZ 2/576. Similarly,

memantine attenuated the visceral sensitivity to colon distension when it was

injected intravenously, but not intrathecally. Since memantine dose-dependently

attenuated the responses of PN afferents to colon distension, the analgesic effect of

the drug was thought to be via peripheral NMDAr (McRoberts et al. 2001). Recent

studies have documented that the female gonadal hormone estrogen influences the

function of NMDAr, which is possibly one of the reasons for the fluctuation of pain

sensitivity observed at different phases of the menstrual cycle (Tang et al. 2008;

McRoberts et al. 2007). A behavioral study showed that intrathecal injection of an

NMDAr antagonist attenuates the VMR response more effectively in overecto-

mized rats compared with overectomized rats supplemented with estradiol, indicat-

ing that estradiol modulates the function of the NMDAr channel. In addition,

estrogen receptors a and NMDArs coexist in spinal neurons and activation of

estrogen receptors a enhances pain signaling by increasing the NR1 subunit ex-
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pression and phosphorylation of the subunit (Tang et al. 2008). Similarly, in

dissociated DRG cells, the average current density of NMDAr was 2.8-fold greater

in cells from female rats than in those from male rats. Further, exogenous applica-

tion of estradiol enhances the current significantly more in female DRGs (55%)

than that in male DRGs (19%) (McRoberts et al. 2007). Thus, this suggests that

female sex hormones influence the intensity of pain by modulating the function of

the receptor molecules, which could be one of the factors accounting for sexual

dimorphism in pain sensation.

3.4.5 Tachykinin Receptors: NK1, NK2, and NK3

Three tachykinins SP such as, neurokinin A, and neurokinin B are constitutively

present in small-diameter sensory neurons. Although SP is the preferred ligand for

NK1, neurokinin A for NK2, and neurokinin B for NK3, all three ligands bind to all

three receptors with different affinities. It is well recognized that SP is one of the

major neurotransmitters involved in visceral pain and deletion of the NK1 gene in

mice significantly affects visceral pain (Laird et al. 2000, 2001a, b). However,

regarding the effects of neurokinin receptor antagonists in alleviating visceral pain,

reports are conflicting. This is largely due to several factors, including the selection

of animal models, lack of selectivity and affinity of the antagonists, bioavailability,

and the lack of receptor homology among the species. For the same reasons, many

compounds designed for human neurokinin receptors failed to exhibit any analgesic

effect in animal studies. Regardless, several animal studies have documented that

selective antagonists for all three receptors (NK1, NK2, and NK3) attenuate

visceral pain in several animal species, including mice, rats, rabbits, guinea pigs

and gerbils (Gardeau and Plourde 2003; Julia et al. 1994, 1999; Laird et al. 2001a, b;

Kamp et al. 2001; Fioramonti et al. 2003; Birder et al. 2003; Greenwood-van

Meerveld et al. 2003; Bradesi et al. 2003; Okano et al. 2002; Kakol-Palm et al.

2008). Although in many of these studies, the sites of action of the antagonists were

not well characterized, presumably most of the antagonists modulate spinal proces-

sing by blocking presynaptic and/or postsynaptic neurokinin receptors in the spinal

cord. Similarly, there are a few reports of the evaluation of the peripheral effects of

these drugs. Two reports have documented the inhibitory effects of NK2 and NK3

receptor antagonists on colonic PN afferents (Julia et al. 1999; Birder et al. 2003).

3.4.6 Transient Receptor Potential Vanilloid 1

The TRPV1 receptor is a ligand-gated, nonselective cation channel sensitive to

many natural stimuli, including noxious heat (42–53�C), acidic pH (5.0–6.0), lipid

derivatives, anandamide, and H2S (Caterina et al. 1999; Caterina and Julius 2001;
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Olah et al. 2001; Trevisani et al. 2005). Traditionally, it was thought that TRPV1

was associated with somatic thermal hyperalgesia in tissue inflammation (Caterina

and Julius 2001); however, recent studies suggest that the TRPV1 channel plays

a significant role in visceral hyperalgesia associated with tissue inflammation

(Apostolidis et al. 2005; Dinis et al. 2004; Fujino et al. 2004, 2006; Matthews et al.

2004; Schicho et al. 2004; Yiangou et al. 2001). In inflammatory bowel disease and

esophagitis, the expression of TRPV1 receptors in the lamina propria markedly

increases, suggesting that the channel is closely associated with inflammatory

process of the GI tract (Matthews et al. 2004; Yiangou et al. 2001). In immunohis-

tochemical examination of tissues from rectosigmoid biopsies, it has been reported

that the TRPV1 immunoreactivity was significantly higher (3.5-fold) in the nerve

fibers from IBS patients compared with controls. The high TRPV1 immunoreactiv-

ity was associated with significantly high SP immunoreactivity in the nerve fibers,

mast cells, and lymphocytes in the tissues in the IBS group. This study also reported

that high TRPV1 immunoreactive fibers and tissue mast cells closely correlated

with the abdominal pain score in patients. Increased TRPV1 immunoreactive nerve

fibers were observed in IBS together with a low-grade inflammatory response

(Akbar et al. 2008). Similarly, the expression of TRPV1 significantly increases in

the DRGs of rats following exposure of the esophagus and stomach to acid (Schicho

et al. 2004; Banerjee et al. 2007). In a rat model of cystitis, TRPV1 plays an

important role in bladder hyperreflexia, which can be significantly attenuated by

blocking the TRPV1 channels (Dinis et al. 2004). It has been shown that hyperre-

flexia in cystitis is associated with activation of the TRPV1 channel through

inflammation-induced release of anandamide, an endogenous ligand for TRPV1

channels (Dinis et al. 2004). It appears that the TRPV1 channel functions via

positive feedback during the inflammatory process and visceral sensitivity. For

example, the activation of the channel in sensory neurons leads to neurogenic

inflammation by release of SP and CGRP. Once the inflammation of the tissue

has set in, inflammatory products, including cycloxygenase derivatives of arachi-

donic acid and other inflammatory cytokines, activate the channel to further

enhance the inflammatory process. As indicated in Sect. 3.2.2, TRPV1 plays an

important role in mechanotransduction properties of muscle afferents and for that

reason visceral sensitivity to mechanical distension of the colon was found to be

significantly reduced in TRPV1 knockout mice (Daly et al. 2007; Jones et al. 2005).

Therefore, it is very likely that blocking the TRPV1 channel may reduce visceral

pain. This has been confirmed in recent studies documenting that pretreatment or

posttreatment of a selective TRPV1 antagonist significantly improves colonic

inflammation and attenuates the visceral hypersensitivity (Fujino et al. 2004;

Miranda et al. 2007; Winston et al. 2007).

3.4.7 GABAB Receptor

g-Aminobutyric acid (GABA), a major inhibitory neurotransmitter, plays an im-

portant role in antinociception. The effect is largely mediated by GABAB receptors,
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which are ubiquitously present in the brain and spinal cord. Baclofen, a GABAB

receptor agonist, produces antinociception in the rat model of visceral pain (Abelli

et al. 1989; Hara et al. 1999). It has been shown that in conscious rats subcutaneous

injection of baclofen prevents the behavioral responses of pain produced by instil-

ling xylene into the urinary bladder (Abelli et al. 1989). Similarly, intrathecal

injection of baclofen increases the threshold for VMR to colon distension (Hara

et al. 1999). The c-fos expression in the lumbosacral spinal cord from intracolonic

mustard oil induced inflammation was markedly reduced by intraperitoneal injec-

tion of baclofen (Lu and Westlund 2001). The effect was primarily via the activa-

tion of presynaptic GABAB receptors that regulate the release of SP from the

afferent terminals in the spinal cord (Barber et al. 1978; Malcangio and Bowery

1996; Marvizon et al. 1999; Riley et al. 2001). Electrophysiology studies have

documented that GABAB receptor agonists modulate responses of vagal mucosal

and muscle afferents innervating the esophagus and proximal stomach, suggesting

the presence of functional GABAB receptors at the receptive terminals of the vagal

afferent fibers (Page and Blackshaw 1999; Partosoedarso et al. 2001; Smid et al.

2001). The existence of GABAB receptor and receptor mRNA has been documen-

ted in DRGs (Towers et al. 2000). GABAB receptor mRNA is highly expressed in

both small- and large-diameter DRG cells. A recent electrophysiology study

showed that baclofen dose-dependently attenuates responses of mechanosensitive

PN afferents to noxious colon distension, providing direct evidence that GABAB

receptor agonist can modulate visceral pain by acting at the peripheral site (Sengupta

et al. 2002). Since GABAB receptor agonist other than its antinociceptive effect has

multiple undesirable CNS effects, including sedation, tolerance, respiratory depres-

sion, and motor deficiency, its therapeutic use for visceral pain could be seriously

limited. However, GABAB is a unique G protein coupled receptor, which requires

dimerization of two subunits (GABAB1 and GABAB2) to form a functional receptor.

A number of splice variants of the GABAB1 subunit (GABA1a, GABA1b, GABA1c,

and GABA1d) have been identified in the rat and human, which are differentially

expressed in different tissues (Isomoto et al. 1998). For example, the GABAB1

subunit is ubiquitously present in the CNS and nonneuronal tissues, whereas the

GABAB2 subunit is present only in the neurons of the brain and spinal cord (Bolser

et al. 1994). Therefore, a peripherally restricted agonist targeting for the GABAB2

splice variant may be a useful to modulate the visceral pain.

4 Conclusion

Despite the large number of reports emerging, the mechanism of visceral pain is still

less understood than that of somatic pain. This is primarily due to the diverse nature

of visceral pain compounded by multiple factors such as sexual dimorphism, psycho-

logical stress, genetic trait, and the nature of predisposed disease. Sensitization of

primary sensory afferents is an important underlying mechanism for visceral hyper-

sensitivity and hyperalgesia and the duration of sensitization is possibly the determi-

nant of the chronic nature of the pain. In short-term sensitization, excitation of
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afferent fibers lasting 1–2 h may lead to a widespread increase in cell responsive-

ness in the CNS owing to enhanced synaptic strength, whereas in long-term

sensitization there could be morphological changes of neurons (e.g., sprouting),

central synaptic connectivity, expression of receptor molecules, an altered descend-

ing modulatory system, and cortical processing. Findings in animal studies have

indicated that the mechanism of neonatal stress-induced visceral hyperalgesia could

be different from that in adults. Stress and a noxious stimulus early in life perma-

nently alter the hypothalamic–pituitary–adrenal axis, the descending pain modula-

tory system, and the expression profile of receptor molecules, and these animals

exhibit chronic hyperalgesia later in their life. Such a pain mechanism is possibly

different from that observed in postinfectious, diarrhea- or constipation-predominant

IBS or in painful bladder syndrome. Similarly, sexual dimorphism plays a critical

role in differential pain sensation. Considering this diverse mechanism of visceral

pain, the treatment strategy and therapeutic intervention will depend on the disease

symptoms.
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Häbler HJ, Jänig W, Koltzenburg M (1988b) Dichotomizing unmyelinated afferents supplying

pelvic viscera and perineum are rare in the sacral segments of the cat. Neurosci Lett

94:119–124
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