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Case 1 
Heterotopic pain, felt as toothache, referred from the masseter muscle 
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Heterotopic pain, felt as toothache, referred from the cardiac muscle 


Case 3 
Cycling masticatory muscle pain secondary to chronic ear pain 
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Case 12 
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Temporomandibular arthralgia expressed as arthritic pain secondary to hyperuricemia
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Temporomandibular arthralgia expressed as arthritic pain secondary to inflamed fibrous ankylosis


Case 15 
Temporomandibular arthralgia expressed as arthritic pain secondary to an invasive malignant tumor


Case 16 
Heterotopic pain felt as a toothache and referred from an inflamed nasal mucosa (so-called sinus headache)


Case 17 
Heterotopic pain felt as preauricular pain and referred from an inflamed submandibular gland


Case 18 
Heterotopic pain felt as preauricular pain due to a trigger point affecting the sternocleidomastoid muscle 


Case 19 
Heterotopic pain felt as a toothache secondary to a neurovascular pain source 
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Cyclic masticatory muscle pain in the masseter secondary to neurovascular pain 


Case 21 
Neurovascular pain disorder mistaken for masticatory pain 


Case 22 
Paroxysmal neuralgia of the auriculotemporal nerve 


Case 23 
Paroxysmal neuralgia of the maxillary branch of the trigeminal nerve 


Case 24 
Paroxysmal neuralgia of the mandibular branch of the trigeminal nerve 


Case 25 
Paroxysmal neuralgia of the glossopharyngeal nerve 


Case 26 
Peripheral neuritis secondary to maxillary sinusitis, expressed as toothache 


Case 27 
Neuritic pain of the inferior alveolar nerve, expressed as a mandibular toothache 


Case 28 
Neuritis of the glossopharyngeal nerve due to a fractured styloid process, mistaken for masticatory pain 


Case 29 
Herpes zoster involving the mandibular nerve, expressed intraorally 


Case 30 
Deafferentation pain expressed as toothache 


Case 31 
Traumatic neuroma pain located in edentulous mucogingival tissue (postsurgical) 


Case 32 
Traumatic neuroma pain in the TMJ 


Case 33 
Sympathetically maintained pain felt in a tooth 


Case 34 
Deafferentation pain, maintained by sympathetic activity 


Case 35 
Clinical presentation of a somatoform pain disorder with some possibility of a posttraumatic stress disorder 
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In the early spring of 1982, I first had the opportunity to listen to Dr Welden E. Bell lecture on the subject of orofacial pain. By his written work I had already known him as an international authority on the subject of orofacial pain. I will never forget the first words from his mouth: “Pain is not a sensation,” he proclaimed. I remember squinting slightly, thinking that I had misheard his statement, but then he repeated the seemingly ridiculous remark. I thought, why, of course pain is a sensation. How could such an authority make such a misleading statement? He then went on to say that “pain is far more than a simple sensation; pain is an experience.” I must admit that at that time in my professional development I really did not appreciate what he was saying. Following that course and after much more reading of his texts and others, I began to better appreciate his words. There is an old saying that states, “When the student is ready, the teacher will appear.” At that moment, Dr Bell became my teacher and later my mentor.

As my career progressed, I learned more and more from Dr Bell. He continued to write even after his retirement from practice, completing seven editions of his two classic texts on orofacial pains and temporomandibular disorders. As I grew to know him more personally, my admiration grew even stronger.

In 1985, I published my first textbook on occlusion and temporomandibular disorders. The first letter that I received commenting on this new text came from Dr Bell. His praise and compliments meant more to me than he would ever know. Later he honored me by writing the foreword to the second edition of this text.

In October of 1989, I received a letter from Dr Bell informing me that he had just finished the fourth edition of Orofacial Pains. At that time he was 79 years old, and he asked me if I would consider coauthoring the fifth edition of this text when the time came. His letter provoked two very different emotions. I immediately felt that I had just received the greatest professional compliment of my career; yet at the same time, I was confronted with the most difficult task I had ever been asked to accomplish. I dared to say yes; I certainly could not say no. I immediately called Dr Bell to discuss his proposal. I told him of my feelings, and he comforted me by explaining that although he would like for me to take the major responsibilities, he would be there for direction and continuity. With a certain amount of pride and a great deal of insecurity, I accepted his invitation.

In the spring of 1990, I had the privilege to meet with Dr Bell on three occasions; two were during meetings that were dedicated to him for his outstanding contributions to the professions. I had the privilege to speak at both of these meetings, and I felt so proud to have him in the audience. During those three meetings, we were able to take some quiet time to discuss new research findings that altered the current views of muscle pain. He contributed greatly to the muscle pain model you see in this text.

In May of 1990, shortly after the publication of the third edition of his textbook on temporomandibular disorders, Dr Bell suddenly became ill and died. His death was a tragic loss to his family and especially his wonderful wife of 58 years, Lucy. His passing was also a tremendous loss to the profession. I personally felt as though I had lost my professional father. During the next year, I considered and reconsidered how I would accomplish the monumental task of rewriting this text. At times I even considered not attempting it at all, but my admiration for Dr Bell would not let me linger long on such thoughts. As such, the fifth edition was published in 1995.

After Dr Bell’s death, I kept in close personal contact with Mrs Lucy Bell. During the writing of the fifth edition, I would send her chapters as I completed them, for her review. I wanted her to be a part of the project, as she had been with Welden. She was always so kind and would only compliment me on my writings. Whenever I was in Dallas, I would try to meet with her for lunch and conversation. She was a very special person, one of the finest I have ever known. I know how Dr Bell found the strength to dedicate so much work to the profession. It was because of Lucy’s love and support. Even 13 years after Dr Bell’s death, she was still mourning for him. In December of 2003, she left this life to once again join him. It was truly a match made in heaven. I miss her greatly.

My goal in writing the seventh edition of this text is to update the clinician on the latest research findings related to pain. This is an enormous task and impossible for a single author. I have therefore attempted to direct this update to the clinician who treats orofacial pain patients and not the researcher exploring the way. My hope is that this text will provide information to the clinician that is helpful in reducing the suffering of his or her patients.

This text is divided into three major sections. The first section presents the normal neuroanatomy and function of the trigeminal system. With a clear understanding of normal function, the clinician can begin to understand and manage dysfunction. The second major section presents a classification of the various orofacial pain disorders and describes the history and examination procedures that can be used to differentiate each disorder. This diagnostic process is the most important aspect of orofacial pain management. The third major section presents management considerations for each orofacial pain disorder. It is hoped that this sequence of information will allow the reader to improve his or her skills in the complicated field of orofacial pain.

The work involved in this edition portrays a labor of love dedicated to Dr Welden Bell. It would not have been possible, however, without the love and support of my wonderful wife of 43 years, Barbara. Even at this moment, she is patiently waiting in the next room for me to finish. None of my accomplishments would have been possible without her love, understanding, and constant support. Dr Bell dedicated his books to Lucy, the light of his life. Barbara is the light of my life, and I am indebted to her greatly. She is “the rock on which I stand” and “the wind beneath my wings.” Thanks, Hon, for all you are and do.
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Pain is an unpleasant sensory and emotional experience that motivates the individual far more than perhaps any other life experience. Pain significantly impairs the lives of millions of people around the world, and the clinical management of pain is a primary concern of health professionals. It is interesting to note that the profession has become extremely effective in the management of acute pain secondary to surgical procedures. The same, however, cannot be said about the control of pain that becomes persistent or chronic. There are good reasons for this. The cause of surgical pain is obvious and expected. It is associated with tissue injury, and it is routinely managed by either suppressing the passage of nociceptive impulses or making the patient insensible to them. Therefore, an effective solution lies within the grasp of the clinician. Chronic pain, however, often presents with different circumstances. Although the classic definition of chronic pain is pain that lasts longer then 6 months, the more functional definition is pain that lasts longer than the normal healing time. One would expect pain during healing; however, when pain continues beyond the healing process, other mechanisms need to be considered. Often with chronic pain the patient reports the pain in structures that appear normal, making diagnosis and management much more difficult. The mechanisms that are involved with chronic pain are different than those associated with surgical pain. As a rule, orofacial pain from an obvious cause, such as a toothache, is managed with no difficulty at all. But when a pain occurs spontaneously or without evidence of structural cause, the clinician may become confused and frustrated. In order for the clinician to effectively manage chronic pain, he or she must have a basic understanding of the mechanisms that create this unpleasant experience. These mechanisms are certainly not easy to understand because our knowledge base falls short of being complete. The purpose of this text is to present the latest information regarding our understanding of pain. The explosion of information in the area of pain is so great that keeping a text updated is an extremely difficult task. It is the author’s hope that the information provided in this text will assist the clinician in managing orofacial pain disorders. However, the reader also needs to keep up with current research findings that may shed new light on this most complex problem.

As a clinical symptom, pain is an experience that cannot be shared. It is wholly personal, belonging to the sufferer alone. Different individuals sensing identical noxious stimulation feel pain in different ways and react at different levels of suffering. It is impossible for one person to sense exactly what another feels. Therefore, clinicians are faced with the task of obtaining from a patient enough information to help them imagine how that individual experiences and interprets the meaning of the pain. The ability to diagnose and treat a person afflicted with pain rests largely on knowledge of the mechanisms and behavioral characteristics of pain in its various manifestations.

The specific goals of this textbook are: (1) to supply sufficient documented information concerning pain and pain behavior so that one may better understand what pain is, how it behaves, and how it might best be managed; (2) to develop a useful classification of orofacial pain disorders; (3) to offer practical diagnostic criteria by which the different orofacial pain disorders can be identified on a clinical level; and (4) to suggest guidelines for the effective management of patients who suffer pain in the region of the mouth and face.

In recent years, the amount of information on pain has dramatically increased, and our research knowledge is expanding exponentially. It is very difficult to keep abreast of all the new findings. For every question that is answered, ten more questions arise. Although we are more knowledgeable today than ever before, we are still only touching the surface of all there is to know about pain. This textbook cannot delve into every aspect of pain. Rather, it is intended to provide the clinician with information that will assist in managing patients suffering from orofacial pain. For readers who would like a more detailed description of the basic science of pain physiology, other texts should be pursued.

Pain as a Clinical Problem 

Pain, especially chronic pain, is a major health care problem. Chronic pain costs the United States up to 635 billion dollars each year in medical treatment and lost productivity.1 In a cross-sectional Internet-based survey of more than 35,000 individuals, the prevalence of chronic pain, defined as chronic, recurrent, or long-lasting pain of at least 6 months’ duration, was 30.7%. The prevalence was higher for female (34.3%) than male (26.7%) respondents and increased with age. Half of respondents with chronic pain experienced daily pain, and 32% of them reported their average pain intensity as severe (≥ 7 on a scale ranging from 0 to 10).2 In a screening interview in 15 European countries and Israel, 19% of 46,394 respondents reported suffering from pain for 6 months or longer and had experienced pain in the last month and several times during the last week. In addition, 46% of these respondents reported their pain as constant.3

In another study, 90% of the individuals with chronic pain localized their pain to the musculoskeletal structures.4 In a survey of 45,711 American households, 22% of the respondents reported having experienced at least one of five types of orofacial pain in the past 6 months. The most common was tooth pain at 12.2% followed by temporomandibular joint pain at 5.3%.5 It is clear that chronic pain is a major social and economic burden on our society. In fact, pain affects more Americans than diabetes, heart disease, and cancer combined.6 These data indicate that the task of managing head and neck pain is a very substantial one indeed. The problem crosses the lines that demarcate the professions; it should be the concern of all health care professionals.

The Dentist’s Responsibility 

Upon dentists rests a great burden of responsibility for the proper management of pains in and around the mouth, face, and neck. They must therefore be able to differentiate between pains that stem from dental, oral, and masticatory sources and those that emanate from elsewhere. They must become experts in pain diagnosis in order to identify the complaints that are manageable on a dental level with dental methods and techniques. At the same time, they must be able to positively identify complaints that, although may relate to oral and masticatory functioning, in fact stem from causes that cannot reasonably be resolved by ordinary dental procedures.

Dentists’ responsibility in managing pain problems of the mouth and face is twofold. Their initial responsibility is diagnostic: They should identify those complaints that are correctable by dental therapy. To do this, they must have accurate knowledge of pain problems arising from sources that are not oral or masticatory. If they cannot make a proper diagnosis, it becomes their responsibility to refer the patient to someone they think is competent in that field of practice.

The second responsibility of the dentist relates to therapy. Once the pain complaint is correctly identified as a condition amenable to dental therapy, treatment by the dentist is in order. Whether or not a consultation with another practitioner is needed should be considered in the treatment planning. If therapy at any point does not prove effective as planned, it becomes the dentist’s responsibility to seek the cause of failure by using, if needed, the aid of colleagues. If the condition presented is clearly one that would not be amenable to dental therapy, the patient should be referred to the appropriate health care practitioner.

Many pain problems are such that interdisciplinary management is needed. Such problems require a good working relationship between the therapists involved. It is important that dentists understand what their responsibilities in treatment are so that they can conduct their portion of the therapy effectively. They should exercise care not to attempt more than what their share of responsibility requires, and they should not relinquish what should be theirs. A positive, confident competence tempered by a reasonable and cooperative attitude should properly equip dental practitioners to work effectively in any multidisciplinary environment, whether it is wholly dental or dental and medical combined.

In recent years, there has been an increase in the dental profession’s interest in orofacial pain disorders. This interest has motivated some universities to establish specialized programs in the field of orofacial pain. The Commission on Dental Accreditation has recently recognized this effort and is now accrediting these programs. This is a very positive step in formalizing and standardizing the field of orofacial pain. A new type of clinician will emerge with unique understanding and experiences in managing orofacial pain disorders and who must have a greater appreciation for the principles of medicine as well as dentistry. The role of this professional in the management of pain is currently being established, making this an exciting time to be involved in this field of study.

Historical Note 

Merskey7 reviewed some of the historical background of modern pain concepts. In ancient times, Homer thought that pain was due to arrows shot by the gods. The feeling that pain is inflicted from an outside source seems to be a primitive instinct that has persisted to some degree down through the ages. Aristotle, who probably was the first to distinguish the five physical senses, considered pain to be a “passion of the soul” that somehow resulted from the intensification of other sensory experience. Plato contended that pain and pleasure arose from within the body, an idea that perhaps gave birth to the concept that pain is an emotional experience more than a localized body disturbance. 

The Bible makes reference to pain not only in relationship to injury and illness but also as anguish of the soul. Hebrew words used to express grief, sorrow, and pain are used rather interchangeably in the old scriptures.8 This implies that the early Hebrews considered pain to be a manifestation of concerns that lead also to grief and sorrow. As knowledge of anatomy and physiology increased, however, it became possible to distinguish between pains due to physical and emotional causes.

In 1664, Descartes first described the concept of pain being carried by fibers to the brain to be perceived as pain. He thought that pain resulted from the overstimulation of these sensory fibers.

During the 19th century, the developing knowledge of neurology fostered the concept that pain was mediated by specific pain pathways and was not simply due to excessive stimulation of the special senses. Later it was recognized that strict specificity of neural structures for the exclusive mediation of pain did not exist. In recent years, however, some specialization of nociceptive pathways has been identified.9 Freud developed the idea that physical symptoms could result from thought processes. He believed that such symptoms as pain could develop as a solution to emotional conflicts.

The knowledge and understanding of pain continues to develop as research efforts uncover new information. Clinicians’ ultimate role is to use this information to improve the management of pain for patients. Success is far greater at this time then it has ever been in the past, but there is still a long way to go.

Changing Concepts of Pain 

The definition of pain as found in the medical dictionary summarizes very well the traditional understanding of what pain is like: “A more or less localized sensation of discomfort, distress, or agony, resulting from the stimulation of specialized nerve endings. It serves as a protective mechanism insofar as it induces the sufferer to remove or withdraw from the source.”10 This definition identifies pain as a localized sensation that occurs as the result of noxious stimulation. It suggests that pain is mediated by way of specialized neural structures that are made for that purpose. It indicates that pain is a protective mechanism against injury. Being external to the body, the presumed noxious agent could be avoided by proper evasive action. Such a definition actually describes only one type of pain: protective pain. In later chapters, this will be defined as superficial somatic pain. This type of pain occurs as the result of noxious stimulation of cutaneous structures by an environmentally located agent that affects the exteroceptive nociceptors.

During recent years, quite a different concept of pain has evolved. Although the usefulness of pain as a protective mechanism is recognized with regard to purely exteroceptive noxious stimulation, many pains, especially chronic pains, occur too late to have much protective value.

Although pain is now recognized as being more an experience than a sensation, it does have a sensory dimension that registers the nature of the initiating stimulus, including its quality, intensity, location, and duration. But it has other dimensions also: (1) cognitive, which represents the subject’s ability to comprehend and evaluate the significance of the experience; (2) emotional, which represents the feelings that are generated; and (3) motivational, which has to do with the drive to terminate it. In humans, pain actively involves neocortical processes that have to do with the recognition and interpretation of the consequences of the experience, thus exerting a good measure of influence on the pain and the suffering that is generated by it.11 Pain is thought to be more like other “need states” such as hunger and thirst; it initiates a drive for action. Pain cannot be sensed in a detached manner; it comes in combination with dislike, anxiety, fear, and urgency.12 Although pain does result from noxious stimulation, it can also result from non-noxious stimuli or even occur spontaneously with no stimulus at all. The source of stimulation need not be external to the body.

A more applicable definition of what constitutes pain is expressed in the definition proposed by the Subcommittee on Taxonomy of the International Association for the Study of Pain: “An unpleasant sensory and emotional experience associated with actual or potential tissue damage, or described in terms of such damage.”13 By this definition, pain is understood to represent a subjective psychologic state rather than an activity that is induced solely by noxious stimulation. It should be noted that if an individual reports his or her experience as pain, it should be accepted as pain.

Perhaps an even more complete definition of pain is “an unpleasant sensation associated with actual or potential tissue damage and mediated by specific nerve fibers to the brain, where its conscious appreciation may be modified by various factors.”14 This definition recognizes that pain may have a noxious transmission component, a psychologic component, and a very important modulatory component. As is discussed in this text, the ability to modulate ascending transmission as it passes through the higher centers is a very important part of understanding the pain experience.

More precisely, pain as presently conceived has a sensory-discriminative dimension to identify the form of energy (thermal, mechanical, and chemical) and the spatial, temporal, and intensive aspects of the stimulus. It also has a motivational-affective property by which the consequences of the experience become manifested as escape and avoidance behavior, which includes reflex somatic and autonomic motor responses.15

When an identifiable cause can be established for pain, management usually entails measures to eliminate this cause if possible. Some pains, however, have a significant central component, making them more complex. Such pains may confuse the clinician who is stimulusresponse oriented and thinks only in terms of cause. Many times, however, the consequences of the experience become the paramount issue in managing the pain problem. In such cases, the proper manipulation of various environmental factors may help the patient unlearn the established pain behavior.16

It is interesting to note that the more severe the pain and the more distressed the patient, the more emotional are responses and the greater is the impact on ability to function.17 The pressure to seek aid for a pain problem increases when the patient is under greater than usual stress. It seems that those who find their life situation satisfactory tend to ignore symptoms.18

The degree of pain and suffering that a patient experiences is not related to the amount of tissue injury experienced. It has been observed that the intensity of pain from physical injury relates to the attention given at the time. Pain and injury may be coincident only when attention is directed to the injury. If one’s attention is fully absorbed at the time of injury, no pain may be felt. The individual may remain relatively free of pain if distracted by events having to do with self-preservation, fighting back, escaping, or obtaining aid. Pain may not become an issue until the consequences of the injury induce feelings of concern and anxiety that relate more to therapy and recovery processes than to the injury itself.19,20

With the changing concepts of pain represented in body, mind, and person, the diagnosis and management of such problems require a broad understanding of people on the part of the attending doctor. Good therapy begins with an attitude of caring and concern for the person more than for the body. Human beings are more than patients that have to be treated.21

Emergency Nature of Pain 

Pain creates for the patient an emergency and therefore becomes a prime motivating cause for seeking aid. When the suffering occurs in and around the mouth, the dentist is usually the first to be called. When it occurs about the ears, face, head, or neck, a physician may be consulted. The actual location of the symptom may well determine whom the patient sees first. Yet the location of the pain can mislead both patient and doctor as to its true source and significance. In the case of obscure pain, the patient may visit several doctors and receive conflicting opinions and treatments. The alarm with which patients naturally regard their own discomfort is increased when a clinician fails to give prompt and lasting relief, so ineffective therapy may intensify the pain and magnify the task of the next therapist to be consulted. It therefore behooves all clinicians to familiarize themselves with the mechanisms of pain and the technique of examining patients with pain complaints.

The emergency nature of pain relates to the significance the patient attaches to it. If the cause is obvious, such as a cut finger, little or no alarm ensues because the subject is able to recognize the cause of his suffering and evaluate it realistically. If, however, the pain is located in an area of greater significance, such as, for example, the eye, the alarm mounts because it represents a greater threat. Similarly, if the discomfort arises from deeper structures where its cause is less obvious and its seriousness less certain, the patient becomes more concerned. The emergency nature of pain relates more to the fear that it generates than to the actual intensity of the discomfort.

The importance of prompt and effective therapy should not be underestimated, for in this area therapists prove themselves or utterly fail. Whereas competent therapy has as its prime attribute the means of furnishing consolation to a suffering patient, it can be said conversely that incompetence can intensify the patient’s alarm. Perhaps there is no area of practice where this is more likely to occur than in the diagnosis and treatment of obscure pain. Nor is any complaint more adversely affected by professional failure. Minor discomfort assumes major significance if the patient feels he or she has a problem so dreadful that it escapes even the “magic” abilities of the doctor.

Yet there is a more important consideration regarding the need to quickly identify and manage pain. It is becoming appreciated that the longer a patient experiences pain, the more likely the central nervous system is to change in processing the nociception. Therefore, the longer the pain experience, the more difficult it becomes to manage. In fact, recent information suggests that these central changes can become permanent, leading to an ongoing, chronic pain disorder that may be unresponsive to present therapies.

Levels of Pain Processing 

It is important early in a discussion of pain to distinguish the differences between four terms: nociception, pain, suffering, and pain behavior. Nociception refers to the noxious stimulus originating from the sensory receptor. This information is carried into the central nervous system by the primary afferent neuron.

Pain is an unpleasant sensation perceived in the cortex, usually as a result of incoming nociceptive input. The presence or absence of nociceptive input, however, does not always relate closely to pain. As is discussed in later chapters, the central nervous system has the ability to alter or modulate nociceptive input before it reaches the cortex for recognition. Therefore, nociceptive input entering the central nervous system can be modified in such a manner that the cortex never perceives it as pain. One can quickly appreciate that this ability of the central nervous system to modulate noxious stimulation is an extremely important function. As is discussed later, modulation of nociceptive input can either increase or decrease the perception of pain.

The term suffering refers to yet another phenomenon: how the person reacts to the perception of pain. When pain is perceived by the cortex, a very complex interaction of many factors begins. Factors such as past experiences, expectations, perceived threat of the injury, and attention drawn to the injury determine to what degree the subject will suffer. Suffering, therefore, may not be proportionally related to nociception or pain. Patients experiencing little pain may suffer greatly while others with significant pain may suffer less.

Pain behavior refers to the individual’s audible and visible actions that communicate suffering to others. Pain behavior is the only communication the clinician receives regarding the pain experience. This behavior is as individual as people themselves.

It is important for the clinician to recognize that the information related by the patient is not nociception or pain or even suffering. The patient only relates his or her pain behavior. Yet it is through this communication that the clinician must gain insight into the patient’s pain problem. One can easily see how difficult the clinician’s task is when attempting to manage pain disorders.

Phylogenic Considerations 

The human brain system can be functionally divided into three components. The first component is made up of the spinal cord and medulla. This might be thought of as the basic reptilian brain because it functions on a very primitive level and likely represents the only functional brain of the reptile. This portion of the brain provides protective reflex activity against challenges from the environment. For example, if a person were to accidentally touch a hot stove, the hand would be quickly pulled away. This reflex activity occurs without thought or cerebral function. The same activity occurs if you strike a snake with a stick. The snake will coil up or quickly slither away. There is no evidence in reptiles that pain is felt. This primitive brain serves a valuable protective function for the individual.

The second functional component the human brain possesses is the mammalian brain. The mammalian brain is made up of the limbic structures wrapped around the upper portion of the medulla and spinal cord. The limbic structures provide the individual with instinctive drives and emotions. This portion of the brain is made up of various centers that instinctively drive the individual toward certain behaviors. These drives do not function on a fully conscious level but rather represent basic needs of the individual (eg, hunger, thirst, sleep, and sexual activity). There appears to be a pain/pleasure center in the limbic structures that strongly motivates the individual. When pain is felt, the individual will instinctively direct behavior toward activities that will reduce the pain and when possible stimulate the pleasure side of this center. Stimulating the pleasure side of the pain/pleasure center is a basic drive and can powerfully direct behavior. In fact, addictions to drugs, alcohol, food, and sexual activities are common behaviors that represent instinctive drives to stimulate the pleasure center of the limbic system.

The third functional component of the human brain represents the most complex structure: the cortex. The cortex, which is attached to the medulla and spinal cord (the reptilian brain) and the limbic structures (the mammalian brain), provides the human with the ability to reason and think. It is at this level that the human who experiences pain begins to apply meaning and consequence to the sensation. For example, the human experiencing pain will evaluate the meaning of this condition in regard to how it will affect other relationships such as with a spouse or other family members or how it might influence the ability to work or to socialize. It is this phenomenon that leads to the human concept of suffering, which is so different from that experienced by lower animal life. Through this mechanism, factors such as attention, anxiety, and fear influence the level of suffering. The effect of one’s mental awareness or state of arousal, one’s concern for the outcome, and the emotional and/or physical stability of the individual become the dominant modulating influences in every painful experience. It may be concluded, therefore, that chronic pain as we know it is an experience unique to humans.

Human Anatomical Considerations 

The human being is a phenomenal organism with complexity far beyond the imagination of the best scientific mind. Perhaps it is best to begin a discussion of anatomy from a very broad perspective. The human being is composed of a musculoskeletal system that is encompassed by an envelope that separates it from the environment. The basic structures or cells of the musculoskeletal system as well as the envelope need to receive food or nutrients, and so a supply system is present to carry out this task. The functions of all these systems are very complex; therefore, a communication system is needed to coordinate activities of the entire organism.

The previous description sums up the basic systems of the human being. The musculoskeletal system is made up of muscles, bones, and associated structures such as ligaments and tendons. These structures provide the individual with mobility so that food can be procured. The envelope consists of the cutaneous (skin) and mucogingival structures that surround the musculoskeletal system. These structures provide input to the individual from the environment so that appropriate actions can be carried out to preserve the organism.

The supply system is able to take food and air and convert it into energy that can be utilized by the cells. The supply system then transports these essential elements to each individual cell throughout the organism. The supply system is comprised of the digestive, pulmonary, and circulatory systems.

Because of the complexity of these systems, a master control system is in place to coordinate all these activities. This system is known as the nervous system and is divided into several functional parts. The peripheral nervous system carries information from the musculoskeletal and cutaneous (envelope) structures. There is also a separate nervous system that coordinates activities of the supply system. This is called the autonomic nervous system, and it is predominantly responsible for the regulation of blood flow, breathing, and digestion. Coordination of the peripheral and autonomic nervous systems is carried out by the central nervous system, which is made up of the brainstem and the cortex. The cortex can be thought of as the master computer that stores the data necessary to carry out function of the individual.

One of the basic concepts in understanding pain is to appreciate that the manner in which the master computer communicates with each of these structures is perceived differently by each individual. As soon as the clinician appreciates this concept, the patient’s description of the pain complaint becomes meaningful. As discussed in later chapters, pain originating in each structure has certain clinical characteristics that help differentiate it from the others.

In general, the medical and dental professions do not refer to the various systems using such terms as supply system or envelope. The terms used in this text are as follows: Somatic structures include all the structures that make up the body (soma) other than the neurologic structures. Somatic structures are divided into two types, the superficial somatic structures, which represent the envelope (skin and mucogingival tissues), and the deep somatic structures, which compose the remainder of the body tissues. The deep somatic structures are then divided into the musculoskeletal structures and the visceral structures (ie, supply structures). The nervous system is divided into the three components that have already been presented (peripheral, central, and autonomic).

Neural Pathways of Pain 

The subjective experience of pain arises by way of four distinct processes: transduction, conduction, transmission, and perception.

Transduction is the process by which noxious stimuli are converted into electrical activity in the appropriate sensory nerve endings. The body has several types of sensory organs that initiate the process of nociception. These receptors are discussed in detail in chapter 2.

The second process is called conduction, in which the nociceptive information is carried by the neuron by way of an action potential to the central terminal of the neuron (see chapter 2).

Transmission refers to the neural events that carry the nociceptive impulses through synaptic junctions from one neuron to the next. There are three basic components to the transmission system. The first is the peripheral sensory nerve, called the primary afferent neuron. This neuron carries the nociceptive input from the sensory organ to the spinal cord. The second component of the transmission process is the second-order neuron, which begins the process of carrying the input on to the higher centers. This portion of the transmission process can involve a number of neurons that interact as the input is sent up to the thalamus. The third component of the transmission system represents interactions of neurons between the thalamus, cortex, and the limbic system as the nociceptive input reaches these higher centers. This process of transmission is discussed in detail in chapters 3 to 5.

The final process involved in the subjective experience of pain is perception. If nociceptive input reaches the cortex, perception occurs, which immediately initiates a complex interaction of neurons between the higher centers of the brain (Fig 1-1). It is at this point that suffering and pain behavior begin. This is the least understood aspect of pain and the most variable between individuals. This is discussed in chapters 5 and 6.
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Fig 1-1 A basic drawing of the trigeminal nerve entering the brainstem. Transduction occurs in the peripheral tissues with the activation of sensory receptors. This begins the process of conduction of the neural impulses into the central nervous system. Once the impulses reach the central neurons, transmission allows the impulses to be carried to the next neuron. Pain perception is the result of processing the ascending information at the higher centers.



There is another important process that must be mentioned here: modulation. Modulation refers to the ability of the central nervous system to alter the nociceptive impulses carried by the transmitting neurons. Several areas of the cortex and brainstem have been identified that have the ability to inhibit or decrease the nociceptive input of the transmitting neurons. This would lessen the input to the higher centers, reducing the pain experience. Likewise, there are other areas that have the ability to attenuate or enhance the nociceptive input of the transmitting neurons, leading to increased pain experiences. The process of modulation is extremely important, and appreciating it will help clinicians better understand pain and their patients. Because pain modulation occurs in many areas of the peripheral and central nervous system, it is discussed in several later chapters.

Special Considerations for Oral and Facial Pain 

Certainly pain in the limbs and back greatly impacts quality of life; however, for the patient suffering with orofacial pain, additional emotional elements become important considerations. This is especially true when orofacial pain becomes chronic. It is interesting to note that approximately 45% of the human sensory cortex is dedicated to the face, mouth, and oral structures (Fig 1-2). This degree of sensory dedication suggests that these structures have significant meaning to the individual. In fact, pain felt in these structures impacts greatly on the individual. For example, chronic pain in the orofacial structures significantly limits the ability to chew. Although in modern times life can be sustained without chewing (through, eg, liquid diets, stomach tubes, and intravenous feeding), there is an instinctive sense that the inability to feed is a threat to one’s existence. Therefore, chronic pain in the face triggers an instinctive survival response. Also, pain in the orofacial structures compromises the ability to speak, which is essential in a society dependent on communication. Chronic orofacial pain jeopardizes the individual’s ability to successfully engage in society both at work and at play. A third aspect of chronic orofacial pain that often goes unrecognized by the clinician is the emotional component. The orofacial structures are very important for the expression of one’s emotions. The smiles, frowns, laughter, and tears are all expressed by our faces. Intimate activities such as kissing are also compromised by pain in the face. Clinicians, who are often quite oblivious to this very significant and personal component of orofacial pain, need to be aware that pain felt in the orofacial structures is much more threatening, meaningful, and personal than pain felt in other areas of the body. Dentists who do not appreciate this relationship commonly move abruptly into patient examination and management without considering the emotional impact of the pain. Dentists need to understand that psychologic factors accompany orofacial pain, especially as the pain becomes more chronic. Perhaps the most important concepts for the clinician to remember when managing pain are to listen carefully, consider all possibilities, cure if you can, manage if you cannot, but always console.
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Fig 1-2 The homunculus is a graphic depiction of the functional areas of the sensory cortex. Note that approximately 45% of the sensory cortex is dedicated to the face, mouth, and throat. (Reprinted from Okeson22 with permission.)
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The most essential element of managing a patient’s pain problem is an understanding of normal function of the system. This is true of managing any condition. A clinician cannot effectively treat a disorder without a sound understanding of order. This basic fact needs to be appreciated by all clinicians. When a patient reports to an office with some type of dysfunction, the clinician’s therapy should be directed toward reestablishing normal function. The clinician cannot expect to be successful in the absence of a sound understanding of normal function. The management of pain disorders is far too complex to develop a simple “cookbook” of therapies. The clinician must understand the unique characteristics of the system so that therapy can be specifically designed for each patient.

As mentioned in chapter 1, the functional processing of pain can be separated into four categories: transduction, conduction, transmission, and perception. All four of these processes occur in a complex network of neural tissues that make up the peripheral and central nervous systems. From the beginning of transduction in the peripheral tissues to the final perception of pain in the cortex lies a complicated and integrated pathway of nerves. This chapter highlights the important anatomical features of this complex neural network.

Neural Structures 

Nerves 

A nerve is a cordlike structure that has the ability to convey electrical and chemical impulses. It consists of a connective tissue sheath called the epineurium that encloses bundles (fasciculi) of nerve fibers, each bundle being surrounded by its own connective tissue sheath, the perineurium. Within each bundle, the nerve fibers are separated by interstitial connective tissue called the endoneurium (Fig 2-1).
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Fig 2-1 The nerve fiber consists of a connective tissue sheath, called the epineurium, that encloses bundles, which are surrounded by their own connective tissue sheath, called the perineurium. Within each bundle, the nerve fibers are separated by interstitial connective tissue called endoneurium.



An individual nerve fiber consists of a central bundle of neurofibrils in a matrix of nerve protoplasm called axoplasm and enclosed in a thin nerve tissue plasma membrane called axolemma. Each peripheral nerve fiber is covered by a cellular nerve tissue sheath called neurolemma (primary sheath or sheath of Schwann). Some of these fibers also have a layer of fatty nerve tissue called the myelin sheath (medullary sheath or white substance of Schwann). Fibers with myelin sheaths form the so-called white nerves; those without myelin sheaths are referred to as the gray nerves. Constrictions called nodes of Ranvier occur in myelinated nerves at intervals of about 1 mm. These nodes are caused by the absence of myelin material; only neurolemma covers the nerve fiber. Nerve fibers in the central nervous system (CNS) have no neurolemma. Those situated in the white substance are myelinated, whereas those in the gray substance are nonmyelinated.

Myelination of a nerve fiber affects the resting and action potential of the neuron. The myelin acts as insulation so that the action potential of a transferring impulse is only expressed at the node of Ranvier. Therefore, the impulse travels from node to node, requiring less time to move down the nerve fiber.1 Thus, myelination increases the conduction velocity of the fiber. The ultrastructure of the primary trigeminal neuron has been well described2 by use of electron microscopic techniques.

Neurons (nerve cells) 

The structural unit of the nervous system is the nerve cell or neuron. It is composed of a mass of protoplasm termed the nerve cell body (perikaryon), which contains a spherical nucleus (karyon) and gives off one or more processes. The nerve cell bodies located in the spinal cord are found in the gray substance of the CNS. Cell bodies found outside the CNS are grouped together in ganglia. The term nucleus, as applied to the gross structure of the CNS, is used to designate a group of nerve cells that bear a direct relationship to the fibers of a particular nerve. Protoplasmic processes from the nerve cell body are called dendrites and axons (Fig 2-2). A dendrite (from the Greek word dendron, meaning tree) is a branched arborizing process that conducts impulses toward the cell body. An axon (from the Greek word axon, meaning axle or axis) or axis-cylinder is the central core that forms the essential conducting part of a nerve fiber and is an extension of cytoplasm from a nerve cell.
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Fig 2-2 The structure of a peripheral neuron.



Depending on the number of axons present, a nerve cell is unipolar, bipolar, or multipolar. Peripheral sensory neurons are unipolar. The single axon leaves the nerve cell body located in the dorsal root ganglion and branches into two parts: a peripheral branch that extends to terminate in a sensory receptor and a central branch that passes through the root of the nerve to terminate in the gray substance of the CNS.

Depending on their location and function, neurons are designated by different terms. An afferent neuron conducts the nervous impulse toward the CNS, whereas an efferent neuron conducts it peripherally. Interneurons, or internuncial neurons, lie wholly within the CNS. Sensory or receptor neurons, afferent in type, receive and convey impulses from receptor organs. The first sensory neuron is called the primary or first-order neuron, and it lies in the peripheral structures outside the CNS. Second-and third-order sensory neurons are interneurons, and they lie entirely within the CNS. Motor neurons are efferent neurons that convey impulses out of the CNS to a target structure. If the target structure is a muscle, it causes contraction. If the target structure is a gland, it will cause secretory effects. A preganglionic neuron is an autonomic efferent neuron whose nerve cell body is located in the CNS and terminates in an autonomic ganglion. A postganglionic neuron has its nerve cell body in the autonomic ganglion and terminates peripherally.

Neural impulses are transmitted from one neuron to another only at a synaptic junction, or synapse, where the processes of two neurons are in close proximity. All afferent synapses are located within the gray substance of the CNS. It should be noted that the only synapses that normally occur outside the CNS are those of the efferent preganglionic and postganglionic autonomic fibers, and these are located in the autonomic ganglia. This indicates that there are no anatomical peripheral connections between sensory fibers. All connections are within the CNS, and the peripheral transmission of a sensory impulse from one fiber to another is abnormal. Any artificial or false peripheral synapse, called an ephapse, signifies an abnormal or pathologic change.3

Glial cells 

In addition to the nerve cells, which transmit neural input into and within the CNS, are the glial cells. The word glia in Greek means glue. For many years, it was thought that the glial cells were non-neuronal cells that maintain homeostasis, form myelin, and provide support and protection for neurons in the brain. More recently, however, it has been discovered that these cells can greatly influence the neural activity of adjacent neurons.

There are three general types of glial cells: satellite glia, microglia, and astrocytes. The satellite glia are found outside the CNS and are associated with the peripheral nerves and other tissues. The microglia and astrocytes are found in the CNS, including the dorsal horn. It has been discovered that glial cells have great potential to increase neural excitability and thereby modulate both ascending and descending neural activity. The role of glial cells in pain, both acute and chronic, is discussed in later chapters.

Functional Neuroanatomy 

Information from the tissues outside the CNS needs to be transferred into the CNS and on to the higher centers in the brainstem and cortex for interpretation and evaluation. Once this information is evaluated, appropriate action must be taken. The higher centers then send impulses down the spinal cord and back out to the periphery to an efferent organ for the desired action. The primary (first-order) afferent neuron receives stimulus from the sensory receptor. This impulse is carried by the primary afferent neuron into the CNS by way of the dorsal root to synapse in the dorsal horn of the spinal cord with a secondary (second-order) neuron. The cell bodies of all the primary afferent neurons are located in the dorsal root ganglia. The impulse is then carried by the second-order neuron across the spinal cord to the anterolateral spinothalamic pathway, which ascends to the higher centers. There may be multiple interneurons (third-order, fourth-order, etc) involved with the transfer of this impulse to the thalamus and cortex. There are also very small interneurons located in the dorsal horn that may become involved with the impulse as it synapses with the second-order neuron. Some of these neurons may directly synapse with efferent neurons that are directed back out the CNS by way of the ventral root to stimulate an efferent organ such as a muscle (Fig 2-3).
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Fig 2-3 Peripheral nerve input into the spinal cord. Note that the first-order neurons (primary afferents) carry input into the dorsal horn to synapse with the second-order neurons. The second-order neuron then crosses over and ascends on to the higher centers. Small interneurons connect the primary afferent neuron with the primary motor (efferent) neuron, allowing reflex arc activity. The dorsal root ganglion (DRG) contains the cell bodies of the primary afferent neurons.



Some neural circuits are simple. For example, an impulse from a sensory receptor is carried into the CNS by the primary afferent neuron and synapses with an interneuron. This interneuron in turn synapses with an efferent motor neuron, exiting back out the CNS to an efferent organ, such as a muscle. A circuit formed by a chain of neurons in such a way that stimulation is followed by an immediate and automatic response is called a reflex arc. As is discussed later, most reflex arcs or neural circuits are much more complex, involving several and sometimes vast numbers of interneurons with many possible responses.

Sensory receptors 

At the distal terminals of afferent (sensory) nerves are specialized sensory receptors that respond to physical or chemical stimuli. Once these receptors have been adequately stimulated, an impulse is generated in the primary afferent neuron and carried centrally into the CNS. Sensory receptors are specific for certain types of stimuli. They can be classified into three main groups, namely, exteroceptors, proprioceptors, and interoceptors.4

Exteroceptors 

Exteroceptors are sensory receptors that are stimulated by the immediate external environment and are appropriately structured and located so as to be exposed to the organism’s environment. These receptors provide information from the skin and mucosa (the envelope). Most impulses arising from these receptors are sensed at conscious levels. Some examples of this type of receptor are (Fig 2-4):
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Fig 2-4 Several types of sensory receptors (exteroceptors) that when stimulated produce specific neural input to the primary afferent neuron.



• Merkel endings: Tactile receptors in the submucosa of the tongue and oral mucosa 

• Meissner corpuscles: Tactile receptors in the skin 

• Ruffini corpuscles: Pressure and warmth receptors

• Krause corpuscles or end-bulbs: Cold receptors

• Free nerve endings: Receptors that perceive superficial pain and touch 

Proprioceptors 

Proprioceptors are sensory receptors that provide information from the musculoskeletal structures concerning the presence, position, and movement of the body. They are involved chiefly with automatic functioning. For the most part, sensations conducted from proprioceptors are below conscious levels, even though many such sensations can be brought into consciousness voluntarily. Some examples of this type of receptor are:

• Muscle spindles: Mechanoreceptors found between the skeletal muscle fibers that respond to passive stretch of the muscle, thus signaling muscle length. They are responsible in part for regulating and maintaining muscle tonicity by way of the myotatic reflex (Fig 2-5).
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Fig 2-5 The muscle spindle is a type of proprioceptor found in skeletal muscle that monitors length of the muscle. The Golgi tendon organ is found in the tendon and monitors tension in the muscle. (Reprinted from Thibodeau and Patton5 with permission.)



• Golgi tendon organs: Mechanoreceptors in the tendons of muscles that signal muscle tension both in contraction and stretching. These receptors act with the muscle spindles to regulate muscle tonicity as well as the inverse stretch reflexes. They may even play a role in nociception.

• Pacinian corpuscles: Receptors involved in the perception of pressure.

• Periodontal mechanoreceptors: Receptors that respond to biomechanical stimuli.

• Free nerve endings: Receptors that perceive deep somatic pain and other sensations.

Interoceptors 

Interoceptors are sensory receptors that are located in and transmit impulses from the viscera (supply system) of the body. Sensation from these receptors for the most part is involved in the involuntary functioning of the body and as such occurs below conscious levels. Some examples of this type of receptor include the following:

• Pacinian corpuscles: Involved in perception of pressure 

• Free nerve endings: Perceive visceral pain and other sensations 

Nociceptors 

As described above, free nerve endings are found in almost all tissues. These receptors are responsible for identifying tissue injury and are therefore referred to as nociceptors (Fig 2-6). The tissue area that the nociceptor is responsible for is called its receptive field. Unlike the other types of cutaneous receptors, nociceptors may respond to multiple stimulus modalities such as mechanical, heat, cold, and chemical stimuli.6 Nociceptors are therefore considered to be polymodal. Early studies of nociceptors only investigated heat and mechanical stimuli, and therefore two types of nociceptors were identified: the C-fiber mechanoheat-sensitive (CMH) nociceptors and the A-fiber mechano-heat-sensitive (AMH) nociceptors. The CMH nociceptor is commonly found in cutaneous tissues and when stimulated in sufficient magnitude is thought to evoke a burning pain sensation. The receptive field of the CMH in humans is about 100 mm.7 However, many of these will overlap each other, giving a particular receptive field more than one nociceptor. CMH nociceptors also respond to chemical stimuli, making them polymodal.8 The AMH nociceptors are thought to evoke pricking pain, sharpness, and perhaps aching pain. As a general rule, the A-fiber nociceptors do what the C-fiber nociceptors do but more robustly. Although specific pain sensations have been described, further investigations reveal that it is not nearly this clear. Under certain conditions, CMH and AMH nociceptors can provoke similar pain sensations.
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Fig 2-6 A free nerve ending responsible for initiating and transmitting nociceptive input in the CNS.



Electrophysiologic studies have been used to locate the receptive field of certain primary nociceptors.9 These studies utilize squeezing (mechanical) stimuli of the skin to identify the specific receptive field of the nociceptor. Nociceptors identified in these studies have been termed mechanically sensitive afferents (MSAs). Further studies revealed that there are certain nociceptors that do not appear to be activated by experimental pinching of the skin.10 This class of nociceptors has been termed mechanically insensitive afferents (MIAs), sometimes referred to as silent nociceptors. Because these fibers by definition have high mechanical thresholds, finding their mechanical receptive field is difficult. It has been found that that about half of the A delta nociceptors and 30% of the C-fiber nociceptors are MIAs.11 These silent nociceptors seem to become active with tissue injury, thereby adding to the nociceptive input entering the CNS.12

It is now known that the nerve itself has its own nociceptors. The connective tissue sheath surrounding peripheral nerves is richly innervated by its own nerves, called nervi nervorum. The nervi nervorum have potential nociceptive function (Fig 2-7). These nervi nervorum appear to enter the nerve trunk with the neurovascular bundle.13–15 Because of the nervi nervorum, peripheral nerves can be a source of pain in a manner similar to joints, muscles, and ligaments. The role of the nervi nervorum in certain pain conditions is discussed in later chapters.
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Fig 2-7 The nervi nervorum are small nerve fibers that branch off the main nerve to innervate the nerve sheath and associated capillary vessels that support the nerve.



Specialized receptors and reflexes 

The more highly specialized receptor organs are complex and admirably designed to receive a particular type of stimulus. The neuromuscular receptors, or muscle spindles, have their own sensory and motor innervation comprising a monosynaptic reflex to monitor muscle length. When muscle spindles are elongated due to passive stretching of the muscle, reflex contraction occurs. This appears to function not only to oppose the forces of gravity but also during reflex and voluntary contraction of muscles, both flexor and extensor.

It should be noted that the neurotendinous receptors called Golgi tendon organs respond to tendon stretch and muscle contraction. When these receptors are stimulated, an inhibitory reflex occurs that limits contraction and thus protects the muscle from disruption or detachment. The reflex mechanism involved in this activity is called the nociceptive reflex and is a polysynaptic relay that involves concurrently the contraction of flexor and inhibition of extensor muscles, resulting in withdrawal of the part stimulated16,17 (Fig 2-8).
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Fig 2-8 The nociceptive reflex is activated by unexpectedly biting on a hard object. The noxious stimulus is initiated when the tooth and periodontal ligament are stressed. Afferent nerve fibers carry the impulse to the trigeminal spinal tract nucleus. The afferent neurons stimulate both excitatory and inhibitory interneurons. The interneurons synapse with the efferent neurons in the trigeminal motor nucleus. Inhibitory interneurons synapse with efferent fibers leading to the elevator muscles. The message carried is to discontinue contraction. The excitatory interneurons synapse with the efferent neurons that innervate the jaw-depressing muscles. The message sent is to contract, which brings the teeth away from the noxious stimulus. (Reprinted from Okeson18 with permission.) 



When a muscle is maximally stretched, stimulation of Golgi tendon organs induces a reflex that causes contraction to cease and the muscle to relax. This type of somatic reflex is called the myotatic reflex or inverse stretch reflex (Fig 2-9). It should be noted that occasional stretching of a muscle that induces this reflex activity is necessary for the muscle to maintain its normal resting length. If conditions prevent normal operation of this reflex, muscular contracture may occur, which causes the muscle to become functionally shortened.19 The simple act of yawning lengthens the masticatory elevator muscles, stimulating the inverse stretch reflex, which maintains the full range of mouth opening. If the mouth were wired closed because of a mandibular fracture, the elevator muscles would functionally shorten, disallowing full mouth opening at the time the fixation was removed. However, as the individual attempted to open the mouth wider, the elevator muscle would lengthen, stimulating the Golgi tendon organ. This excites the inverse stretch reflex and eventually allows a return of the original functional length of the muscle. This phenomenon is also seen with the lateral pterygoid muscles in edentulous patients. When an individual with complete natural dentition fully intercuspates the teeth, the inferior lateral pterygoid muscles fully lengthen, which allows them to maintain their normal functional length. However, with dental prostheses, the resiliency of the interposed underlying soft tissues may not allow full contraction, and therefore muscle contracture can occur in the inferior lateral pterygoid muscles. This can result in a progressive shift of the mandible into a more anterior position. 
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Fig 2-9 (a) The myotatic reflex or inverse stretch reflex is a somatic reflex that can be activated by a sudden application of downward force to the chin with a small rubber hammer. This results in contraction of the elevator muscles (masseter). This prevents further stretching and often causes an elevation of the mandible into occlusion. (b) The pathway is as follows: Sudden stretching of the muscle spindle increases the afferent output from the spindle. The afferent impulses pass into the brainstem by way of the trigeminal mesencephalic nucleus. The afferent fibers synapse in the trigeminal motor nucleus with the α-efferent motor neurons that lead directly back to the extrafusal fibers of the elevator muscle that was stretched. The reflex information sent to the extrafusal fibers is to contract. Note the presence of the γ-efferent fibers. Stimulation of these can cause contraction of the intrafusal fibers of the spindle and thus sensitize the spindle to a sudden stretch. (Reprinted from Okeson18 with permission.)



The simplest type of receptor is the non-encapsulated branching of the axon called the free nerve ending (see Fig 2-6). These terminations are usually described as naked, and they form a network that is especially dense in the cutaneous layers, mucous membranes, and periodontium. In deeper tissues, the network is neither as widely spread nor as dense. Simple free nerve endings are known to be the receptors for nociception and pain, but they are not specific for pain only.

Stimulation of the free nerve ending receptors can occur as a result of mechanical stimulation such as pressure, thermal stimulation such as heat, or by chemical stimulation such as that produced by substances released following tissue damage.20 It should be noted that free nerve endings are not required for the reception of noxious stimulation because the nerve fiber itself has the same propensity and the evoked response is similar to that initiated by receptors.

Associated with all vascular tissue, including the endocardium, is a remarkable network of sensory receptors derived from myelinated nerve fibers called the end-net.21 These receptors provide sensory information from the vessels.

First-order neurons 

Each sensory receptor is attached to an afferent neuron that carries the impulses to the CNS. Because these neurons are the first to carry the information into the CNS, they are called first-order neurons or primary afferent neurons. The axons of these first-order neurons are found to have varying thickness. It has long been known that a relationship exists between the diameter of nerve fibers and their conduction velocities.22–24 The larger fibers conduct impulses more rapidly than the smaller ones. A general classification of neurons divides the larger fibers from the smaller ones, calling the larger fibers A fibers and the smaller fibers C fibers. The A fibers are further divided by diameter size into alpha, beta, gamma, and delta. This relationship is summarized in Table 2-1.25

















 	Table 2-1
 	General classification of neurons





	Nerve fiber

	Diameter

	Velocity





	Type A fibers
	
	








	Alpha fibers
	13 to 20 µm
	70 to 120 m/s





	Beta fibers
	6 to 13 µm
	40 to 70 m/s






	Gamma fibers
	3 to 8 µm
	15 to 40 m/s






	Delta fibers
	1 to 5 µm
	5 to 15 m/s






	Type C fibers
	0.5 to 1 µm
	0.5 to 2 m/s












It is generally thought that there is a relationship between fiber size and the type of impulse transmitted. The fast-conducting alpha, beta, and gamma fibers carry impulses that induce tactile and proprioceptive responses but normally not nociception. It seems that nociception is conducted by A delta and C fibers, but these are not specific for nociception only.

It is recognized that there are two types of cutaneous pain sensation: pricking pain, which is felt rapidly, and dull, aching, sometimes burning pain, which is slightly delayed. It is thought that these sensations are mediated by different fibers, the pricking sensation by A delta and the dull, aching sensation by C fibers.26 It is known, however, that A delta fibers also conduct touch, warmth, and cold, and C fibers also conduct itch, warmth, and cold.27–29

There are three types of afferent neurons that can provide nociceptive input to the CNS:

1. Mechanothermal afferents, which are primarily A delta fibers that conduct at a velocity of 12 to 18 m/s and respond to intense thermal and mechanical stimuli. They provide a high degree of discriminative information and are peculiar to primates.

2. High-threshold mechanoreceptive afferents, which are chiefly A delta fibers and normally respond to intense mechanical stimuli in all mammals. However, they can be sensitized by algogenic substances or repeated noxious stimulation to also respond to noxious heat (see chapter 4).

3. Polymodal afferents, which are C fibers that conduct much more slowly, at a velocity of 0.5 m/s, and respond to mechanical, thermal, and chemical stimuli in all mammals. At this rate, it takes an impulse 2 seconds to go from the big toe to the spinal cord.

Of these three afferent neurons, only the mechanothermal A delta– and C-fiber afferents normally respond to noxious heat.30,31

Second-order neurons 

The primary afferent neuron carries impulses into the CNS and synapses with the second-order neuron. This second-order neuron has been called a transmission neuron because it transfers the impulse on to the higher centers. The synapse of the primary afferent and the second-order neuron occurs in the dorsal horn of the spinal cord. The specific anatomy of the trigeminal system is reviewed later in this chapter.

There appear to be at least three specific types of second-order neurons that transfer impulses to the higher centers.20,32 These neurons are named according to the type of impulses they predominantly carry. The low-threshold mechanosensitive (LTM) neurons transfer information about light touch, pressure, and proprioception. The nociceptive-specific (NS) neurons exclusively carry impulses related to noxious stimulation. The third type of second-order neuron is called a wide dynamic range (WDR) neuron. This neuron is able to respond to a wide range of stimulus intensities from non-noxious to noxious.

Under normal conditions, the LTM neurons do not appear to be involved in the transmission of nociception. Nociception is primarily carried by the NS and WDR neurons.

The dorsal horn of the spinal cord is subdivided into different layers or laminae.33–35 These laminae are numbered according to their depth in the dorsal horn from I to VI with the most superficial being lamina I and the deepest lamina VI20 (Fig 2-10). Studies suggest that nociceptive input enters the dorsal horn by way of the A delta neurons and terminates in the area of laminae I and V.36,37 The C fibers terminate in laminae I, II, III, and V. The beta fibers are more concentrated in laminae III and IV.
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Fig 2-10 Cross section of the spinal cord, showing the anatomical laminae I through X of the cord gray matter. The primary afferent neuron enters the dorsal horn through the dorsal root and synapses with a second-order neuron in one of these laminae. The second-order neuron then carries the impulse across the spinal cord to the ascending sensory anterolateral spinothalamic (ALST) tract in the white columns, which carries the impulses to the higher centers.



Within the dorsal horn there are interneurons that transfer impulses to other interneurons or to the ascending neurons. These neurons can be either inhibitory or excitatory. In other words, when some of the neurons are stimulated, they tend to reduce the activity of the neuron to which they synapse. These are called inhibitory neurons. Other interneurons, when excited, increase the activity of the neurons on which they synapse. These are called excitatory neurons. There are a significant population of these interneurons in laminae II and III, and this region is collectively called the substantia gelatinosa.

Once the impulses have been transferred from the primary afferents, most of the second-order neurons cross to the opposite side of the spinal cord and enter the anterolateral spinothalamic tract, which ascends to the higher centers. Some of the second-order neurons remain on the same side of the dorsal column and ascend by way of the lemniscal system. These neurons cross over to the opposite side at the level of the medulla. The dorsal column lemniscal system is composed of large, myelinated nerve fibers that transmit signals to the brain at velocities of 30 to 110 m/s. The anterolateral system is composed of much smaller myelinated and unmyelinated fibers that transmit signals at velocities ranging from a few meters per second up to 40 m/s.

These differences immediately characterize the types of sensory information that can be transmitted by these two systems. The dorsal column lemniscal system rapidly transmits information regarding touch, pressure, vibration, and proprioception needed for immediate response of the musculoskeletal system to environmental changes. The anterolateral system transmits impulses at a slower rate but carries a much broader spectrum of sensory information such as pain, warmth, cold, and crude tactile sensations.38

Nociceptive input is predominantly carried by the anterolateral system, which is divided into two tracts: the neospinothalamic tract and the paleospinothalamic tract. The neospinothalamic tract carries the A delta nociceptive inputs directly to the higher centers. The paleospinothalamic tract predominantly carries the slower C-fiber nociception and travels through many other centers before reaching the brain. The significance of these two pathways, with regard to “fast” and “slow” pain, is discussed in later chapters.

Brainstem and brain 

Once the impulses have been passed to the second-order neurons, these neurons carry them to the higher centers for interpretation and evaluation. There are numerous centers in the brainstem and brain that help give meaning to the impulses. It should also be remembered that numerous interneurons may be involved in transmitting the impulses on to higher centers. In fact, attempting to follow an impulse through the brainstem on to the cortex is no simple task. In order to intelligently discuss pain, certain functional regions of the brainstem and brain need to be described. It should be noted that the following description is merely an overview of what are thought to be the most important functions of each area. The complexity of the organ called the brain is beyond the scope of this text. In fact, it may be beyond the scope of the human mind itself. In a very thought-provoking statement Thibodeau39 writes, “Perhaps the capacity of the human brain falls short of the ability to understand its own complexity.”

The higher centers of the CNS can be subdivided into the following four regions from the most inferior to the most superior:

1. The brainstem, made up of the medulla oblongata, the pons, and the midbrain (or mesencephalon) 

2. The cerebellum 

3. The diencephalon, made up of the thalamus and hypothalamus 

4. The cerebrum, made up of the cerebral cortex, the basal ganglia, and the limbic structures 

It should be noted that the figures used throughout this text are graphic representations of the brain and brainstem. They are not meant to accurately depict the anatomy of each area but instead to give the reader an idea of the functional relationship so that pain processing can be better understood (Fig 2-11).
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Fig 2-11 A graphic depiction of the brain and brainstem. This figure will be used throughout the text to demonstrate the neuroanatomy and neurophysiology of orofacial pain.



Brainstem 

The brainstem is the most superior portion of the spinal cord that attaches to the brain structures. It is divided into three regions: the medulla oblongata, which forms the lowest part of the brainstem; the midbrain, which forms the uppermost part; and the pons, which lies between them.

Medulla oblongata. The medulla oblongata, often simply referred to as the medulla, is an enlarged extension of the cord located just above the foramen magnum. It is composed of white matter, which makes up several projection tracts that route impulses directly to the higher centers (ie, the spinothalamic tract to the thalamus). The medulla also has a region made up of both white and gray matter called the reticular formation. Within the reticular formation are concentrations of cells, or nuclei, that represent centers for various functions. Some of the more important centers are the cardiac, respiratory, and vasomotor centers, which are often referred to as the vital centers. Some of the medullary nuclei bear individual names such as the nucleus gracilis, nucleus cuneatus, and olivary nuclei. Within each nucleus are high concentrations of specific neurotransmitters that are discussed in later chapters.

The reticular formation plays an extremely important role in monitoring impulses that enter the brainstem. The reticular formation controls the overall activity of the brain by either enhancing or inhibiting impulses. This ability to modulate impulses ascending to the cortex has an extremely important impact on pain and other sensory input. This function is discussed in more detail in later chapters.

Pons. The pons is located just above the medulla and, like the medulla, is composed of both white matter and reticular formation. Fibers seem to run transversely across the pons into the cerebellum and likely act to communicate with these and other structures. The pons also has centers for reflexes mediated by the fifth, sixth, seventh, and eighth cranial nerves.

Midbrain. The midbrain is appropriately named because it forms the midsection of the brain, lying above the pons and below the cerebrum. It is also referred to as the mesencephalon. The midbrain contains several tracts that relay impulses to the cerebrum. Two other important midbrain structures are the red nucleus and the substantia nigra. Each of these consists of clusters of cell bodies of neurons involved in muscular control.

Cerebellum 

The cerebellum, the second largest part of the brain, is located just below the posterior portion of the cerebrum and is partially covered by it. The outer portion of the cerebellum is made up of gray matter, while the inner portion is predominantly white matter. The cerebellum functions to control skeletal muscles in three ways: (1) It acts with the cerebral cortex to produce skilled movements by coordinating the activities of groups of muscles. (2) It controls skeletal muscles so as to maintain equilibrium and posture. (3) It functions below the level of consciousness to make movements smooth instead of jerky, steady instead of trembling, and coordinated instead of inefficient, awkward, and uncoordinated.

Diencephalon 

The diencephalon has sometimes been referred to as the “between brain” because it links the brainstem with the cerebrum. The most important structures of the diencephalon are the thalamus and hypothalamus. Both of these are composed of multiple nuclei that perform many different important functions. In addition to these areas of the diencephalon are two smaller nuclear areas located posterior and inferior to the thalamus, the epithalamus and subthalamus.

Thalamus. The thalamus is located in the very center of the brain, with the cerebrum surrounding it from the top and sides and the midbrain below (see Fig 2-11). It is made up of numerous nuclei that function together to interrupt impulses. Almost all impulses from the midbrain and other lower regions of the brain, as well as from the spinal cord, are relayed through synapses in the thalamus before proceeding to the cerebral cortex. The thalamus acts as a relay station for most of the communication between the brainstem, cerebellum, and cerebrum. As impulses arrive at the thalamus, the thalamus makes assessments and directs the impulses to appropriate regions in the higher centers for interpretation and response.

If one were to compare the human brain with a computer, the thalamus would represent the keyboard that controls the functions and directs the signals. The thalamus drives the cortex to activity and enables the cortex to communicate with the other regions of the CNS. Without the thalamus, the cortex is useless.

Hypothalamus. The hypothalamus is a small structure in the middle of the base of the brain. Although it is small, its function is great. The hypothalamus is the major center of the brain for controlling internal body functions (the supply system). There are numerous nuclei that make up the hypothalamus, each predominantly controlling a separate function. A few of the important ones are described here. The preoptic nucleus is located anteriorly and is primarily concerned with body temperature control. The supraoptic nucleus is located anteriorly and inferiorly and controls the secretion of antidiuretic hormone. This in turn controls the concentration of electrolytes in the body fluids. The medial nucleus of the hypothalamus gives a person a sense of satisfaction, especially that associated with food. The lateral regions of the hypothalamus cause a person to become very hungry, while the anterior lateral region causes a person to become very thirsty. Stimulation of the posterior hypothalamus excites the sympathetic nervous system throughout the body, increasing the overall level of activity of many internal parts of the body, especially increasing heart rate and causing blood vessel constriction.

The hypothalamus has neurons that when stimulated can cause secretion of releasing hormones that are carried by the venous blood directly to the anterior pituitary gland, which in turn causes a release of some of the pituitary hormones. These pituitary hormones can cause changes in body metabolism of carbohydrates, proteins, and fats as well as alter other body functions. An important functional relationship exists between the hypothalamus, the pituitary gland, and the adrenal gland known as the hypothalamus-pituitary-adrenal (HPA) axis. The HPA axis is extremely important in the body’s response to environmental challenges such as stress. It is responsible for the fight-or-flight response and is discussed more in later chapters.

One can clearly see that this small area of the brain has some powerful effects on an individual’s function. As is discussed later, increased levels of emotional stress can stimulate the hypothalamus to upregulate the sympathetic nervous system and greatly influence nociceptive impulses entering the brain. This simple statement should have great meaning to the clinician managing pain.

Cerebrum 

The cerebrum is the largest and uppermost division of the brain. It consists of two halves, the right and left cerebral hemispheres. Three major functional units make up the cerebrum: the cerebral cortex, the basal ganglia, and the limbic structures.

Cerebral cortex. The cerebral cortex represents the outer region of the cerebrum and is predominantly composed of gray matter. The cerebral cortex is the portion of the brain most frequently associated with the thinking process, even though it cannot provide thinking without simultaneous action of deeper structures of the brain. The cerebral cortex is the portion of the brain in which essentially all memories are stored, and it is also the area most responsible for the ability to acquire muscle skills. The basic physiologic mechanisms by which the cerebral cortex stores either memories or knowledge of muscle skills is still unknown; however, they are thought to be associated with neuroplasticity. Neuroplasticity refers to the ability of central neurons to change in their function according to the needs of the system. Neuroplasticity is likely responsible for storing memories in the cortex, as well as storing complex muscle patterns such as walking, breathing, and chewing. These activities occur below conscience levels, allowing the brain to simultaneously attend to other thoughts and tasks. As is discussed in later chapters, neuroplasticity may also be responsible for many chronic pain conditions.

In most areas the cerebral cortex is about 6 mm thick, and all together it contains an estimated 80 to 100 billion nerve cells. It is thought that each neuron connects with 50,000 other neurons. Perhaps a billion nerve fibers lead away from the cortex, with comparable numbers leading into it, passing to other areas of the cortex, and passing to and from deeper structures of the brain, some all the way to the spinal cord.

The surface of the cerebral cortex looks like a group of small sausages that are each called a convolution or gyrus. In between each gyrus lies a shallow groove called a sulci or a deeper groove called a fissure. Fissures divide each cerebral hemisphere into five lobes. Four of them are named for the bones that lie over them: the frontal lobe, parietal lobe, temporal lobe, and occipital lobe. A fifth lobe, the insula (island of Reil) lies hidden in the lateral fissure.

Different regions of the cerebral cortex have been identified to have different functions. There is a motor area that is primarily involved with coordinating motor function. There is a sensory area that receives somatosensory input for evaluation. There are also areas for special senses, such as the visual and auditory areas.

The Wernicke area is a region of the cortex that is important for sensory integration. It is in this region that meaning of the sensory input is interpreted. The Wernicke area interprets the ultimate meanings of almost all the different types of sensory information, such as the meanings of sentences and thoughts and whether they are heard, read, felt, or even generated within the brain itself. This area is well developed in only one of the cerebral hemispheres, usually in the left hemisphere. This unilateral development prevents confusion of thought processes between the two halves of the brain.

Deep to the gray matter of the cerebral cortex lie tracts made up of white matter. There are three types of tracts: projection, association, and commissural. The projection tracts are extensions of the ascending or sensory spinothalamic tracts and descending or motor corticospinal tracts. The association tracts are the most numerous of the cerebral tracts and extend from one convolution to another in the same hemisphere. The commissural tracts extend from one convolution to a corresponding convolution in the other hemisphere. Commissural tracts compose the corpus callosum, by which all direct communication passes between hemispheres.

To continue the comparison of the human brain with a computer, the cerebral cortex represents the hard drive that stores all information related to memory and motor function. Once again, one should remember that the thalamus (the keyboard) is the necessary unit that calls the cortex to function.

Basal ganglia. Central to the cerebral cortex is a portion of gray matter called the basal ganglia. The basal ganglia is composed of several nuclei that appear to be intimately involved with coordinating cerebral activities with other brainstem functions. Some of the important nuclei are the caudate nucleus, the putamen, and the globus pallidus. The basal ganglia is important in controlling background gross body movements, whereas the cerebral cortex is necessary for performance of the more precise movements of the arms, hands, fingers, and feet. When the hand is performing some precise activity that requires a background stance of the body, the basal ganglia provides the body movements, while the cerebral cortex provides the precise movements. The high degree of coordination required among the muscles of the body during most motor functions requires a very complex circuitry of nerve fibers not only between the cerebral cortex and the basal ganglia but also between these structures and the thalamus, cerebellum, the red nucleus, and the substantia nigra.

Limbic structures. The word limbic means border. The limbic system comprises the border structures of the cerebrum and the diencephalon. The limbic structures function to control emotional and behavioral activities. Within the limbic structures are centers or nuclei that are responsible for specific behaviors. These centers have both positive and negative sides. For example, the hunger center, when the negative side is stimulated (ie, when there is a lack of food), drives the individual to procure food, stimulating the positive side (ie, satisfaction, fullness). There appears to a pain/pleasure center that on an instinctive level drives the individual toward behaviors that stimulate the pleasure side of the center. These drives are not generally perceived at a conscious level but more as a basic instinct. The instinct, however, will bring certain behaviors to a conscious level. For example, when an individual experiences chronic pain, behavior will be orientated toward withdrawal from any stimulus that may increase the pain. Often the sufferer will withdraw from life itself, and mood alterations such as depression will appear. The very important significance of the limbic system and pain is discussed in later chapters.

The limbic system is divided into the following functional structures, which are discussed in this section: the amygdala, the hippocampus, the mammillary bodies, the septum pellucidum, the cingulate gyrus, the cingulum, the insula, and the parahippocampal gyrus. It should also be noted that many of the limbic structures function in close coordination with the hypothalamus. In some writings, the hypothalamus is considered a limbic structure.

The amygdala is a small nuclear structure located deep inside each anterior temporal lobe of the cerebrum. It is believed that this structure functions with the hypothalamus to control the appropriate behavior of the person in specific social situations.

The hippocampus is a primitive portion of the cerebral cortex that lies along the medial-most border of the temporal lobe. It is believed to interpret for the brain the importance of most sensory experiences. If the hippocampus determines an experience to be important enough, then the experience will be stored as a memory in the cerebral cortex. Without the hippocampus, a person’s ability to store memories becomes very deficient.

The mammillary bodies lie immediately behind the hypothalamus and function in close association with the thalamus, hypothalamus, and brainstem to help control many behavioral functions such as a person’s degree of wakefulness and perhaps also feeling of well-being. They are also involved with processing memory.

The septum pellucidum is located anterior to the thalamus, superior to the hypothalamus, and between the basal ganglia. Stimulation of this region can cause many different behavioral effects, such as anger and rage.

The cingulate gyrus, the cingulum, the insula, and the parahippocampal gyrus form a ring in each hemisphere of the cerebrum around the deeper structures of the limbic system. It is believed that these structures interact and develop associations between the limbic functions and the cerebral functions. This interaction coordinates the conscious cerebral behavioral functions with the subconscious behavioral functions of the deeper limbic system.

Impulses from the limbic system leading into the hypothalamus can modify any one or all of the many internal bodily functions controlled by the hypothalamus. Impulses from the limbic system feeding into the midbrain and medulla can control such behavior as wakefulness, sleep, excitement, attentiveness, and even rage or docility. With this basic understanding of limbic function one can quickly understand the impact it can have on the overall function of the individual. The limbic system certainly plays a major role in chronic pain problems, as is discussed in later chapters.

Other important brainstem structures 

This brief summary of brain and brainstem structures is by no means complete. It is presented to provide a context in which future discussions regarding pain can be understood. There are several other structures within the brainstem that should be mentioned in this section. These structures are the ventricles, the periaqueductal gray area, and the nucleus raphe magnus.

Ventricles. The entire brain, brainstem, and spinal cord are surrounded by cerebrospinal fluid, which is encapsulated by the meninges. This fluid acts as a cushion during trauma and also serves as a transport medium for neurotransmitters and other chemicals such as carbon dioxide. Carbon dioxide levels in the cerebrospinal fluid affect neurons of the respiratory center in the medulla and thereby help control respiration.

The cerebrospinal fluid is confined to certain spaces within the brain and brainstem. These spaces are called the ventricles, and there are four (Fig 2-12). Two of the ventricles are called the lateral ventricles and are located one in each of the cerebral hemispheres. The third ventricle is little more than a lengthwise slit between the right and left thalamus. The fourth ventricle is a diamond-shaped space between the cerebellum posteriorly and the medulla and pons anteriorly.
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Fig 2-12 The pathway of cerebrospinal fluid flow from the choroid plexuses in the lateral ventricles to the arachnoidal villi protruding into the dural sinuses. Note the lateral, third, and fourth ventricles. (Reprinted from Guyton and Hall40 with permission.)



Formation of the cerebrospinal fluid occurs mainly by filtration from blood in the choroid plexuses. The choroid plexuses are networks of capillaries that project from the inner lining of the meninges (the pia mater) into the lateral ventricles and into the roofs of the third and fourth ventricles. The cerebrospinal fluid then passes from the third ventricle to the fourth by way of a narrow channel called the aqueduct of Sylvius.

Periaqueductal gray area. The periaqueductal gray area is a region of the mesencephalon and upper pons surrounding the aqueduct of Sylvius. This region of the brainstem has a high concentration of neurons that are capable of producing power neurotransmitters that can greatly modulate nociceptive impulses. The significance of this region is discussed in chapter 4.

Nucleus raphe magnus. The nucleus raphe magnus is a midline nucleus located in the lower pons and upper medulla. Like the periaqueductal gray area, it functions to modulate nociceptive input ascending on to the thalamus. The importance of this nucleus is discussed in chapter 4.

Trigeminal System 

The neural pathways that have been described so far are the common pathways that transmit somatic impulses into the spinal cord and on to the brain. Somatic input from the face and oral structures does not enter the spinal cord by way of spinal nerves (Fig 2-13). Instead, sensory input from the face and mouth is carried by way of the fifth cranial nerve, the trigeminal nerve. The cell bodies of the trigeminal afferent neurons are located in the large gasserian ganglion. The sensory distribution of this nerve is discussed later in this chapter. Impulses carried by the trigeminal nerve enter directly into the brainstem in the region of the pons to synapse in the trigeminal spinal nucleus (Fig 2-14). This region of the brainstem is structurally very similar to the dorsal horn of the spinal cord. In fact, it may be considered an extension of the dorsal horn and is sometimes referred to as the medullary dorsal horn.
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Fig 2-13 The relationship of the trigeminal nerve input and the spinal nerve input as impulses ascend to the higher centers.
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Fig 2-14 A graphic depiction of the trigeminal nerve entering the brainstem at the level of the pons. The primary afferent neuron (1st nerve) enters the brainstem to synapse with a second-order neuron (2nd nerve) in the trigeminal spinal tract nucleus. The spinal tract nucleus is divided into three regions: the subnucleus oralis, the subnucleus interpolaris, and the subnucleus caudalis. The trigeminal brainstem complex is also composed of the motor nucleus of CN V and the main sensory nucleus of CN V. The cell bodies of the trigeminal nerve are located in the gasserian ganglion. Once a second-order neuron receives the input, it is carried on to the thalamus and on to the cortex for interpretation. 



The brainstem trigeminal nucleus complex consists of the main sensory trigeminal nucleus, which is rostrally located and receives periodontal and some pulpal afferents, and the spinal tract of the trigeminal nucleus, which is more caudally located. The spinal tract is divided into (1) the subnucleus oralis, (2) the subnucleus interpolaris, and (3) the subnucleus caudalis, which corresponds to the medullary dorsal horn. Tooth pulp afferents go to all three subnuclei.41 The subnucleus caudalis has been particularly implicated in trigeminal nociceptive mechanisms on the basis of electrophysiologic observations of nociceptive neurons.32,37,40 The subnucleus oralis appears to be a significant area of this trigeminal brainstem complex for oral pain mechanisms.42–44

There is sufficient evidence that facial nociceptive afferents project to the subnucleus caudalis of the trigeminal spinal tract nucleus.45 Evidence at this time supports the concept that the subnucleus caudalis is homologous to the substantia gelatinosa of the spinal dorsal horn.46 Therefore, information concerning the dorsal horn structure can be safely extrapolated and applied to the subnucleus caudalis. The marginal rim of the nucleus corresponds to lamina I of the dorsal horn. The structure of laminae II and III, comprising the substantia gelatinosa of the dorsal horn, should represent the cellular arrangement present in the subnucleus caudalis. Although it is usually presumed that the subnucleus caudalis predominates in trigeminal nociception, no doubt the more rostrally located nuclei have an important influence on nociception also.

Another component of the trigeminal brainstem complex is the motor nucleus of the trigeminal nerve. This area of the complex is involved with interpretation of impulses that demand motor responses. Motor reflex activities of the face are initiated from this area in a manner similar to the spinal reflex activities in the rest of the body.47

Second-order trigeminal neurons project to the thalamus from synaptic junctions with primary afferents in the subnucleus caudalis. As in the dorsal horn, these interneurons represent three types of transmission cells:

1. WDR neurons that respond to input from tactile and nociceptive fibers are activated by weak and strong stimuli from both nociceptive and myelinated LTM afferents.

2. NS neurons that respond exclusively to input from thin nociceptive fibers are activated by intense noxious mechanical and thermal stimuli. The WDR and NS neurons predominate in laminae I, II, V, and VI and compose the trigeminal nociceptive pathways. They all receive input from cutaneous structures, and at least half of them receive input from deep structures of the mouth and face as well.

3. LTM neurons are normally non-nociceptive and respond to light tactile stimuli. They predominate in laminae III and IV but have been found in all the subdivisions of the trigeminal brainstem complex and have been especially implicated in the relay of touch from the face and mouth. The LTM neurons appear to be excited by strong electrical stimulation of tooth pulps and may be involved in some painful pathologic situations.44

Dubner31 showed that pain is signaled by specialized central pathways that are exquisitely sensitive to stimulus features. He concluded that the idea that nociceptive pathways merely provide information about the threat of tissue damage should be discarded.

It is interesting to note that the trigeminal spinal tract nucleus also receives input from nerves other than the trigeminal nerve. Cranial nerves IX and X as well as the upper cervical nerves supply input to the tract. The importance of these multiple innervations is discussed in later chapters.

Autonomic Nervous System 

The visceral nervous system is composed of two divisions, the craniosacral portion known as the parasympathetics and the thoracolumbar portion known as the sympathetics. The afferent elements of these nerves receive interoceptive stimuli that normally do not reach the level of consciousness. Under unusual or abnormal conditions, however, such stimuli may be perceived as pain. The efferent elements of these nerves constitute the autonomic nervous system (ANS), the activities of which are relatively independent of volition. The craniosacral visceral efferents constitute the parasympathetic autonomics; the thoracolumbar visceral efferents constitute the sympathetic autonomics.

The ANS controls various internal functions that are vital to the individual. The ANS helps control arterial blood pressure, gastrointestinal motility and secretion, urinary bladder emptying, sweating, body temperature, and many other functions that are controlled in conjunction with other systems. Most of the functions occur continuously and below the conscious level. When stimulated, the ANS can respond quickly to change body functions. For example, the heart rate can be doubled in 3 to 5 seconds, and arterial pressure can be doubled in 10 to 15 seconds. At the other extreme, blood pressure can be lowered enough to cause fainting in 4 to 5 seconds. Sweating can begin within seconds, and the bladder may empty involuntarily within seconds as well. It is these characteristics that allow the body to respond appropriately to environmental challenge.

Because this text is directed toward orofacial pain, only a brief description of the ANS is presented. It is important, however, that the clinician have a basic understanding of this system, because some pain conditions are influenced and may even be maintained by activity of the ANS (see chapter 18). Other texts should be consulted for a more thorough review of the ANS.

The ANS is activated mainly by centers located in the spinal cord, brainstem, and hypothalamus. Portions of the cortex and limbic system can also influence ANS activity. The efferent impulses are transmitted to various organs by two major subdivisions called the sympathetic nervous system and the parasympathetic nervous system.

Sympathetic nervous system 

The sympathetic nerves originate in the spinal cord between segments T1 and L2 and pass first into the sympathetic chain and from there to the tissues and organs that are stimulated by the sympathetic nerves (Fig 2-15). The sympathetic chain is a chain of ganglia that lies to each side of the spinal column. Each sympathetic pathway, therefore, is composed of two neurons: a preganglionic neuron and a postganglionic neuron. The cell body of each preganglionic neuron lies in the intermediolateral horn of the spinal cord, and its fiber passes through an anterior root of the cord into the corresponding spinal nerve. Immediately after the spinal nerve leaves the spinal column, the preganglionic sympathetic fiber leaves the nerve and passes through the white ramus into one of the ganglia of the sympathetic chain. Once it reaches the ganglia, it may immediately synapse with a postganglionic neuron or it may travel up or down the sympathetic chain to synapse with another postganglionic neuron. The postganglionic neuron then transmits the impulse to the target organ.
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Fig 2-15 The sympathetic nervous system. Dashed lines represent postganglionic fibers in the gray rami leading into the spinal nerves for distribution to blood vessels, sweat glands, and piloerector muscles. (Reprinted from Guyton and Hall40 with permission.)



Some of the postganglionic neurons pass back from the sympathetic chain into the spinal nerves through gray rami at all levels of the cord. These pathways are made up of C fibers that extend to all parts of the body in the skeletal nerves. They control the blood vessels, sweat glands, and piloerector muscles of the hairs. Approximately 8% of the fibers in the average skeletal nerve are sympathetic fibers. This is a significant finding when considering muscle pain (see chapter 13).

It is worthy to note that some preganglionic sympathetic neurons pass without synapsing all the way from the intermediolateral horn cells of the spinal cord, through the sympathetic chain, through the splanchnic nerve, and finally into the adrenal medullae. There they end directly on modified neuronal cells that secrete epinephrine and norepinephrine into the bloodstream. The importance of these neurochemicals is discussed in later chapters.

Parasympathetic nervous system 

The parasympathetic nervous system consists of fibers that leave the CNS through cranial nerves III, VII, IX, and X as well as through the second and third sacral spinal nerves and occasionally the first and fourth sacral nerves (Fig 2-16). About 75% of all parasympathetic nerve fibers are in the vagus nerves, passing to the entire thoracic and abdominal regions of the body. In the orofacial region, the parasympathetic nerve fibers travel with the third cranial nerve to the pupillary sphincters and ciliary muscles of the eye. Fibers from the seventh cranial nerve pass to lacrimal, nasal, and submandibular glands, and fibers from the ninth cranial nerve pass to the parotid gland.
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Fig 2-16 The parasympathetic nervous system. (Reprinted from Guyton and Hall40 with permission.)



Like the sympathetic nervous system, the parasympathetic nervous system also has pre-and postganglionic neurons. The difference, however, lies in the location of the synapse. In the parasympathetic nervous system, the preganglionic fiber passes uninterrupted all the way to the organ that is to be controlled. The postganglionic neurons are located in the wall of the organ. The preganglionic fibers synapse with these, and short postganglionic fibers, 1 mm to several centimeters in length, leave and spread through the substance of the organ.

Functions of the autonomic nervous system 

As already mentioned, the function of the ANS is to maintain visceral activities of the body. These activities are constantly monitored and, when indicated, altered to maintain proper function of the body. In order to maintain this constant influence, both the sympathetic and parasympathetic nervous systems remain constantly active at a low level. This base level of activity is called sympathetic tone or parasympathetic tone. The value of tone is that it allows a single nervous system to increase or decrease the activity of a stimulated organ. For example, sympathetic tone normally keeps almost all of the systemic arterioles constricted to approximately half their maximum diameter. By increasing the degree of sympathetic stimulation, these vessels can be constricted even more. On the other hand, by inhibiting the normal tone, these same vessels can be dilated. If it were not for this continual sympathetic tone, the sympathetic nervous system could cause only vasoconstriction, never vasodilation.

The sympathetic nervous system plays a very important role in immediately preparing the individual for environmental challenges. This is commonly called the fight-or-flight response. When the individual is physically or emotionally threatened, a mass discharge of the sympathetic nervous system can occur. The result of this discharge permits the person to perform far more strenuous physical activity than would otherwise be possible. This sympathetic mass discharge is characterized by the following changes48:

1. Increased arterial pressure 

2. Increased blood flow to muscles and away from other organs 

3. Increased rates of cellular metabolism throughout the body 

4. Increased blood glucose concentration 

5. Increased glycolysis in the liver and in muscles 

6. Increased muscle strength 

7. Increased mental activity 

8. Increased rate of blood coagulation 

The importance of this response, especially in terms of its relationship to pain, is discussed in later chapters.

Peripheral Nociceptive Pathways 

It is important for the clinician to have a sound understanding of the pathways by which nociception can arise. It is the basis for understanding somatic pain. Each of the nerves that innervate the face and oral structures is reviewed in this section.

Afferent (sensory) somatic nerves 

Trigeminal nerve 

The chief mediator of somatic sensation from the mouth and face is the fifth cranial nerve, which innervates the face superficially in the region anterior to a line drawn vertically from the ears across the top of the head and superior to the level of the lower border of the mandible (Fig 2-17). The ophthalmic division supplies the parietal and frontal areas as well as the upper eyelid and nasal bridge down to the tip of the nose. The maxillary division supplies the anterior portion of the temple, malar, and maxillary areas including the lower eyelid, ala of the nose, and upper lip. The mandibular division supplies the posterior temple, tragus, preauricular area, masseter area, and mandibular region down to the lower border of the mandible, excluding the mandibular angle area. This includes the lower lip and a portion of the auricle and external auditory canal.
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Fig 2-17 Diagrammatic representation of the superficial sensory distribution of the trigeminal nerve: the ophthalmic division (V1), the maxillary division (V2), and the mandibular division (V3). Areas innervated by the cervical nerves are also depicted.



The deeper structures of the orofacial region are innervated by branches of the same cranial nerve. The ophthalmic division supplies the orbit and upper part of the nasal cavity. The maxillary division supplies a major portion of the nasal cavity; the palate; the maxillary antrum; the maxillary alveolar process along with the teeth, periodontium, and overlying gingiva; and a small portion of the buccal mucosa in the posterior oral vestibule. The mandibular division supplies sensory innervation to the anterior two-thirds of the tongue; the mandible along with the teeth, periodontium, and overlying gingiva; the mucosa of the floor of the mouth; and most of the oral vestibule. This division also contains proprioceptive sensory fibers that serve the deep sensibility of the mandibular muscles (masseter, temporal, medial pterygoid, lateral pterygoid, mylohyoid, and anterior digastric) as well as the tensor muscles of the soft palate and the tympanic membrane. A branch of the mandibular division of the fifth cranial nerve, the auriculotemporal nerve, innervates the temporomandibular joint.

Each of the three divisions gives off sensory branches that pass intracranially to supply structures above the tentorium cerebelli.

Facial nerve 

The nervus intermedius contains proprioceptive sensory fibers that serve the deep sensibility of the face except the muscles innervated by the 5th and 12th cranial nerves. These fibers also serve the deep sensibility of the platysma, stylohyoid, and posterior digastric muscles, which are innervated by the seventh nerve. According to Coffey and Rhoton49 and Finneson,50 this nerve contains sensory fibers that supply superficial sensation to the tympanic membrane and part of the external auditory canal.

The facial nerve contains taste fibers that supply the anterior two-thirds of the tongue. These fibers form part of the chorda tympani nerve that is carried in the terminal areas within the sheath of the lingual branch of the trigeminal nerve.

Glossopharyngeal nerve 

Sensory fibers of the ninth cranial nerve innervate the base of the tongue, pharynx, and most of the ear and tympanic membrane. There is considerable overlapping of trigeminal and glossopharyngeal terminal afferent fibers in the throat area so that pain arising from the deeper recesses of the oral cavity may be mediated by either or both nerve trunks. This nerve also supplies taste fibers to the posterior one-third of the tongue. Some intracranial fibers of this nerve mediate sensation below the level of the tentorium cerebelli.

The glossopharyngeal nerve contains pro-prioceptive sensory fibers that serve the deep sensibility of the pharyngeal area.

Vagus nerve 

Sensory fibers of the 10th cranial nerve innervate the lower part of the pharynx, larynx, posterior part of the external auditory canal, and skin immediately behind the auricle. It also supplies taste fibers to the epiglottis region.

Cervical spinal nerves 

The upper three cervical spinal nerves mediate sensory impulses from the superficial structures of the head and face posterior to the trigeminal area and below the lower border of the mandible, including the mandibular angle. This includes most of the auricle as well as the postauricular region except for the skin immediately posterior to the auricle, which is supplied by the vagus nerve. In about 8% of cases, the sensory root of the first cervical nerve is missing.

The upper cervical spinal nerves contain pro-prioceptive sensory fibers that serve the deep sensibility of the cervical areas except those muscles innervated by other nerves (mylohyoid and anterior digastric by the 5th cranial nerve; platysma, stylohyoid, and posterior digastric by the 7th cranial nerve; tongue muscles by the 12th cranial nerve). Although parts of the sternocleidomastoid and trapezius muscles are innervated by the 11th cranial nerve, these fibers actually arise from the upper cervical segments. These muscles may be considered to be innervated by cervical spinal nerves.

Efferent (motor) somatic nerves 

The cranial nerves and their related structures are depicted in Fig 2-18.
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Fig 2-18 The cranial nerves and the structures each serves. (Reprinted from Thibodeau and Patton5 with permission.) 



Oculomotor, trochlear, and abducent nerves 

The third, fourth, and sixth cranial nerves contain somatic motor fibers to the ocular muscles and the levator of the upper eyelid.

Trigeminal nerve 

The fifth cranial nerve contains somatic motor fibers that innervate the masseter, temporal, medial pterygoid, lateral pterygoid, mylohyoid, anterior digastric, and the tensor muscles of the soft palate and tympanic membrane. All these motor fibers are part of the mandibular division of this nerve.

Facial nerve 

The seventh cranial nerve contains somatic motor fibers that innervate the muscles of facial expression, including the occipitofrontal scalp muscles, the muscles of the auricle, and the platysma. They also supply the stapedius, stylohyoid, and posterior digastric muscles.

Glossopharyngeal nerve 

The ninth cranial nerve contains somatic motor fibers that innervate the stylopharyngeal muscle and, along with the vagus, supply the constrictor muscles of the pharynx and palatopharyngeal muscle.

Vagus nerve 

The 10th cranial nerve contains somatic motor fibers that innervate the musculature of the pharynx and larynx.

Accessory nerve 

The 11th cranial nerve contains somatic motor fibers of both cranial and cervical origin. Those of cranial origin innervate muscles of the larynx and pharynx as branches of the vagus nerve. Those of cervical origin arise from several of the upper cervical segments and innervate parts of the sternocleidomastoid and trapezius muscles.

Hypoglossal nerve 

The 12th cranial nerve contains somatic motor fibers that innervate the intrinsic and extrinsic muscles of the tongue. This nerve also contains motor fibers of cervical origin that innervate some of the hyoid muscles, including the geniohyoid muscle.

Cervical spinal nerves 

The upper cervical spinal nerves contain somatic motor fibers that supply the cervical and hyoid muscles directly as well as indirectly via the 11th and 12th cranial nerves, as noted earlier. It should be remembered that the mylohyoid and anterior digastric muscles are innervated by the fifth cranial nerve, and the platysma, posterior digastric, and stylohyoid muscles are innervated by the seventh cranial nerve.

Visceral (autonomic) nerves 

A summary of the autonomic innervation of the head and neck is shown in Fig 2-19.
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Fig 2-19 Autonomic nerves of the head. (Reprinted from Netter and Dalley51 with permission.)



Sympathetic nerves 

Sympathetic afferents. The oral and facial structures are supplied with sympathetic visceral afferents52–54 that are carried within the sheaths of the fifth, seventh, and ninth cranial nerves. All the sympathetic fibers leave these vehicular nerve trunks and pass to the cervical sympathetic chain, where they enter the CNS through the sensory roots of the upper thoracic spinal nerves.

Sympathetic efferents. The dilator of the pupil, the tarsal and orbital muscles, and the salivary glands as well as the blood vessels and skin receive sympathetic autonomic efferents. All sympathetic efferents to the head are postganglionic. The preganglionic fibers are contained within the upper thoracic spinal nerves, from which they take leave to join the sympathetic chain at about the level of the stellate ganglion and synapse with the cranial postganglionic fibers in the superior cervical ganglion. These fibers follow the external and internal carotid arteries. Those that follow the internal carotid artery form the internal carotid nerve, which becomes a loose plexus from which fibers join several cranial nerves for terminal distribution to the pupil and orbital muscles as well as to the glands of the nasal cavity, palate, and pharynx. The fibers that follow the external carotid artery supply the smooth muscle of blood vessels and skin as well as the cutaneous glands and large salivary glands.

Parasympathetic nerves 

Parasympathetic afferents. The oral and facial structures are supplied with parasympathetic visceral afferents that are carried within the trigeminal sheath but exit by way of the sensory roots of the seventh and ninth cranial nerves rather than the fifth. The fibers from the lacrimal, submandibular, and sublingual glands leave the fifth nerve and join with the seventh, whereas those from the parotid gland leave the fifth and join with the ninth.

Parasympathetic efferents. The sphincter of the pupil, the ciliary muscle of accommodation, the lacrimal gland, and all the salivary glands receive parasympathetic autonomic efferent fibers that are incorporated in the oculomotor, facial, and glossopharyngeal nerves. The preganglionic fibers in the oculomotor nerve leave it to synapse with postganglionic fibers in the ciliary ganglion and henceforth are contained within the trigeminal sheath to supply the sphincter of the pupil and the ciliary muscle. The preganglionic fibers in the facial nerve leave it to synapse with postganglionic fibers in the pterygopalatine and submandibular ganglia and henceforth are contained within the trigeminal sheath. Those from the pterygopalatine ganglion supply the lacrimal gland, and those from the submandibular ganglion supply the submandibular and sublingual glands. The preganglionic fibers in the glossopharyngeal nerve leave it to synapse with postganglionic fibers in the otic ganglion and henceforth are contained within the trigeminal sheath to supply the parotid gland. None of the parasympathetic efferents of the vagus nerve supplies structures in the masticatory area.

General Considerations of Peripheral Nociceptive Pathways 

An understanding of the functional neuroanatomy involved in the sensory and motor innervation of structures of the mouth and face is essential for the effective management of nociceptive activity in this region. A somewhat wider area than just the face, however, is implicated in masticatory function.

Pains arising from peripheral sources are mediated by anatomical structures of the nervous system, namely, sensory receptors and primary sensory neurons. These structures constitute the peripheral pain pathways. In light of currently held concepts regarding the mechanisms of pain, the clinician should be well informed concerning all the sensory pathways that exist. The brain is constantly receiving an enormous amount of sensory input initiated by stimulation of sensory receptors of all types: exteroceptive, proprioceptive, and interoceptive. Of this volume, only a fraction is ordinarily perceived at conscious levels. Most of this ongoing sensory input is for regulatory purposes in the control of automatic body functioning. Formerly, the significance of such sensation in pain processes appears not to have been fully appreciated. It is important to be aware of the various routes by which such sensation is conducted. This includes both the somatic and visceral pathways that have just been reviewed.

Dentists traditionally have received excellent instruction concerning the trigeminal pathways, which are of great significance in orofacial pain complaints. Unfortunately, the impression is sometimes gained that the trigeminal pathways are exclusively responsible for the mediation of painful sensation from this region. This impression is a fundamental error and may account for some of the confusion that exists in the clinical management of pain complaints. For example, it is a common notion that surgical interruption of the posterior root of the trigeminal nerve will assuredly arrest oral and facial pain, and great consternation may follow the failure of such an operation to be effective.

It should be noted that the oral and masticatory region is innervated by at least six major sensory somatic nerve trunks other than the trigeminal, namely, the 7th, 9th, and 10th cranial nerves and the 1st, 2nd, and 3rd cervical spinal nerves. It should also be well understood that the visceral nerves actively participate in the mediation of painful sensations. It has been established that all sympathetic afferents and at least the sacral parasympathetic afferents mediate pain at conscious levels.55 Hannington-Kiff56 strongly believed that cranial parasympathetic afferent fibers mediate pain, especially that of neurovascular disorders. An understanding of the anatomy of these pathways is important in the management of orofacial pain. Vast numbers of impulses are conducted to the CNS by afferent visceral nerves. Such ongoing sensory input is normally below conscious levels.

It should be noted that all cranial parasympathetics, although carried in the sheaths of trigeminal branches for peripheral distribution, leave the trigeminal region before entering the CNS, and none of them passes through the posterior root of the fifth cranial nerve. The parasympathetic afferents in the trigeminal region enter the CNS by way of the seventh and ninth cranial nerves. It should also be noted that all sympathetic afferents of the head regions, although carried in the sheaths of various cranial nerves including the trigeminal for peripheral distribution, leave these cranial nerves and join the cervical portion of the sympathetic chain and finally enter the cord by way of the posterior roots of the upper thoracic spinal nerves.

It has long been known that the afferent as well as the efferent limb of the myotatic reflex is mediated by motor nerves.57 Because there is ample evidence of the presence of many afferent fibers in the trigeminal motor root, the motor nerves should be included among nociceptive pathways. It is quite certain that motor nerves mediate normal sensory impulses from the skeletal musculature. This phenomenon may explain why noxious stimulation of motor trunks elicits deep somatic pain felt diffusely in the muscles innervated by those nerves.58

It should be evident that painful sensations from the mouth and face can be mediated by many pathways other than the familiar trigeminal route. For this reason, pain felt in the facial region may not necessarily be arrested by ablating the division of the trigeminal sensory nerve that is typically responsible for nociception in that location. Such an operation would not affect the mediation of nociceptive sensation conducted by afferents of the 7th, 9th, and 10th cranial nerves or the 1st, 2nd, and 3rd cervical nerves; afferent neurons carried by motor elements of the trigeminal as well as other cranial and upper cervical nerves; and afferent visceral nerves of the sympathetic and parasympathetic nervous systems.

This review makes it clear that the peripheral nociceptive input from the orofacial structures follows no simple pathway. This complexity certainly adds to the challenge for the clinician attempting to manage an orofacial pain disorder.
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Following the review of the anatomy of the peripheral and central nervous systems provided in the previous chapters, this chapter discusses the manner by which neural impulses are transferred from one neuron to another. In doing so, it outlines the actual mechanisms that allow for the transfer of impulses from the peripheral sensory receptor by way of the primary afferent neuron to the first synapse in the dorsal horn and/or trigeminal spinal tract nucleus. The next chapter discusses how activities in the dorsal horn determine the outcome of the nociceptive input and its subsequent influence on the higher centers.

Anatomy and Function of the Primary Afferent (Nociceptive) Neuron 

As discussed in chapter 2, the primary afferent neuron is made up of the cell body, the dendrites, and the axon. The cell body provides nutrients to the cell. The dendrites are multiple branching outgrowths from the cell body that are the main receptors for the neuron. The dendrites provide for communication between adjacent neurons. The cell bodies of the primary afferent neurons are located in the dorsal root ganglion or, in the case of the trigeminal nerve, the gasserian ganglion. The axon is a single fiber that leaves the cell body to communicate with another neuron at a distant site. The axon is also called the nerve fiber and may extend from a few millimeters to as long as a meter. The most distal end of the nerve fiber is located in the peripheral tissues (the peripheral terminal) near the sensory organs (eg, skin, muscles). The other end of the nerve fiber is located within the central nervous system (CNS) and synapses with a second-order neuron in the dorsal horn (the central terminal) (Fig 3-1).
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Fig 3-1 The primary afferent neuron that carries nociception to the CNS.



Action potential 

Impulses are carried from the dendrites down the axon by way of an action potential. The surface of the cell member is slightly negatively charged. An action potential begins with a sudden change from the normal resting negative potential to a positive membrane potential and then ends with an almost equally rapid change back to the negative potential. The action potential moves down the cell membrane of the nerve fiber until it reaches the end of the axon (Fig 3-2).
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Fig 3-2 Depolarization of the nerve membrane. As an action potential travels down the axon, there is a change in polarity across the membrane. In response to a signal from a sensory receptor or another neuron, the Na+- and K+-gated ion channels open and close as the membrane reaches the threshold potential. At the beginning of the action potential, the Na+ channels open and Na+ moves into the axon, causing depolarization. Repolarization occurs when the K+ channels open and K+ moves out of the axon. This creates a change in polarity between the outside of the cell and the inside. The impulse travels down the axon in one direction only, to the axon terminal, where it signals other neurons.



The resting state of the cell membrane is said to be polarized with a slight negative charge. This polarization is maintained by a balance between sodium ions on the outside and potassium ions on the inside. When the membrane becomes depolarized, there is a sudden permeability to sodium ions into the interior of the axon through specific channels in the cell membrane called sodium channels. At the same time, specific channels sensitive to potassium open, allowing a rapid outflow of potassium. After the membrane becomes highly permeable to sodium ions, the sodium channels begin to close, and potassium channels open more than usual. This causes a rapid diffusion of potassium ions back into the cell to reestablish the normal negative resting membrane potential. This is called repolarization of the membrane.

The depolarization and repolarization of the membrane are dependent on the action of a variety of ion channels, which are found mostly in the synapse.

Synapse 

Nerve signals are transmitted from one neuron to the next through interneuronal junctions called synapses. Synapses occur between different neurons predominantly through contact with the dendrites. There are as many as 100,000 small knobs called presynaptic terminals that lie on the surfaces of the dendrites and some that lie on the soma of the neuron. It is thought that in some parts of the brain a single neuron may have synaptic terminals numbering as many as 400,000.1

Impulses that cross these synapses create an action potential that is carried down to the terminal end of the axon to synapse with another neuron. Each presynaptic terminal is separated from its adjacent neuron by a small distance called the synaptic cleft. The synaptic clefts range in size from 20 to 30 nm. Understanding the neurochemistry of the synapse is basic to controlling the neuropathway of nociception and eventually pain.

Humans have two types of synapses: the chemical synapse and the electrical synapse. Electrical synapses are found in some smooth and cardiac muscles and are not discussed here. Almost all of the synapses in the CNS are chemical. 

Within the presynaptic terminals are two important structures: the synaptic vesicles and the mitochondria (Fig 3-3). The synaptic vesicles contain transmitter substances that, when released into the synaptic cleft, either excite or inhibit the postsynaptic neuron. In a similar sense, the postsynaptic neural membrane has both excitatory and inhibitory receptors. Therefore, if an excitatory transmitter is released in the presence of an excitatory receptor, the neuron is excited. If an inhibitory transmitter is released in the presence of inhibitory receptors, the neural activity is inhibited.
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Fig 3-3 The physiologic anatomy of the synapse.



The second important structure in the terminal of the neuron is the mitochondrion. Mitochondria provide the adenosine triphosphate (ATP) required to synthesize new transmitter substances.

At the synapse, the membrane of the postsynaptic neuron contains large numbers of receptor proteins (see Fig 3-3). These receptor proteins project out into the synaptic cleft and extend into the interior of the postsynaptic neuron. The portion that protrudes into the cleft acts as a binding area for the released neurotransmitters. The portion that extends into the neuron is called the ionophore component and carries neurotransmitters into the neuron by way of channels that can influence cell activity. The characteristics of these channels are discussed below.

Dynamic Nerve Terminal 

In the early studies of ion channels, terminal receptors, and the cell’s production of specific neurotransmitters in the presynaptic vesicles, it was believed that all these components were fixed to specific types of afferent neurons. More recent studies have demonstrated that these terminals are much more dynamic. Although each nerve is genetically predetermined to carry out specific tasks and transmit needed impulses to the CNS, the neuron is actually quite dynamic. When a postsynaptic neuron is continuously excited with a particular type of stimulation (ie, nociception), the cell itself can activate cellular genes that change its function to meet these demands. This induction of early gene expression causes the release of protooncogenes called c-fos and c-jun.2 The release of these substances by the cell alters messenger RNA (mRNA), which in turn can change the type and number of receptors that are formed on the cell membrane. As the number and type of receptors change, so also is the cell’s function changed. This process is called neuroplasticity and is nature’s way of adapting to environmental demands. Changes such as these can alter the reactivity of the synapse for minutes, days, months, or even years. The importance of this feature is discussed in later chapters.

Peripheral Synapse with the Sensory Receptor 

As discussed in chapter 2, there are several types of sensory receptors that are able to excite the primary afferent neuron. The predominant ones in the skin are Meissner corpuscles (tactile), Ruffini corpuscles (pressure and warmth), Krause corpuscles (cold), and free nerve endings (pain and touch). One should also remember that there are sensory receptors in the muscles (ie, muscle spindles, Golgi tendon organs) as well as in the visceral tissues (ie, Pacinian corpuscles). Because pain is the main emphasis of this text, this discussion focuses on nociceptive sensory receptors.

When a noxious stimulus is applied to the skin, whether it be pressure, heat, or chemical, neurotransmitters that directly affect the primary sensory nerve terminal are released in the peripheral tissues. The process by which neurotransmitters change signals from chemical to electrical activity in the primary sensory neuron is known as transduction. Transduction occurs by activating specific ion channels. One of the most common ion channels activated by noxious stimulation is the family of transient receptor potential (TRP) channels. The most commonly studied is the TRPV1 or capsaicin receptor. TRPV1 provides sensation of scalding heat and pain. Activation of the TRPV1 ion channel by heat stimulus causes the opening of sodium and calcium channels in the synaptic membrane. This rapid influx of sodium and calcium into the cell initiates an action potential that is carried by the nerve fiber to the central terminal. Other TRP channels are the TRPA1, activated by mustard oil, and the TRPM8, which responds to cool stimuli. Some TRP channels are expressed by keratinocytes, which are the predominant cell type in the outermost layer of the skin. It appears that noxious stimulation of the keratinocytes causes activation of TRPV3 and TRPV4 channels, which release chemicals that act on the nociceptive neuron, leading to further transduction.

Ion Channels 

The synaptic membrane of the presynaptic terminals contains large numbers of ion channels. There are three general types of ion channels that have been extensively studied: the voltage-gated ion channel, the G-protein–linked ion channel, and the ligand-gated ion channel. Each of these types is briefly discussed here so that the general relationship of the neurochemistry of nociception can be appreciated. There are many more types of channels that have been identified, but it is not within the scope of this text to elaborate on each of these. A more complete description can be found elsewhere.3

Voltage-gated ion channels 

Voltage-gated ion channels are the basic functional component of the membrane’s ability to depolarize. As has been stated, these channels allow the passage of positive and negative ions in and out of the cell.

Sodium ion channels 

When the cell membrane depolarizes to –60 to –40 mV, the sodium ion channel opens rapidly, allowing sodium to enter the cell membrane. In most neurons, the sodium channel is primarily responsible for the action potential generation and conduction. There appear to be several subtypes of sodium channels. Some of the channels are blocked by tetrodotoxin (TTX), and some are not.4 The TTX-resistant (TTX-R) sodium channel subtype seems to be more common in C fibers, while the TTX-sensitive (TTX-S) sodium channels are found more in the large A fibers. The TTX-R channels have a higher depolarization threshold for action potential generation and a faster recovery rate. This suggests that the C fibers are ideally suited to generate sustained bursts of action potential in response to prolonged depolarizing noxious stimulus.5,6

Potassium channels 

In the presence of depolarization, the potassium channel opens rapidly, allowing potassium to leave the cell. Immediately following this, the channel reverses, allowing the return of potassium back into the cell and causing repolarization of the cell membrane. There are a variety of voltage-gated potassium channels found in sensory neurons.7 These subtypes are responsible for the shifting of potassium in and out of the cell and are therefore important in determining the action potential.

There are some potassium channels that are activated by calcium. These calcium-activated potassium channels seem to affect the return of the action potential, thus reducing excitability after each action potential. Therefore, these channels are important in regulating the firing pattern of the neuron.7

Calcium channels 

There are at least five major types of voltage-activated calcium channels that have been identified on sensory neurons. They are labeled L, N, P/Q, T, and R. Each type is distinguished by the degree of membrane depolarization needed to activate it (ie, its activation threshold), its inactivation characteristics, and its pharmacologic properties. The T channels are known as the low voltage–activated (LVA) channels. The L, N, and P/Q channels are known as the high voltage–activated (HVA) channels, and the R channel has an intermediate voltage. Activation of calcium channels can affect many cellular processes, including activation of other membrane channels, release of transmitters, and regulation of enzymes.

G-protein–linked channels 

Ion channels can be opened by activation of what are called G-protein–coupled receptors. These receptors do not immediately cause the opening of an ion channel; instead, when they are activated by certain mediators, they stimulate the production of intracellular messengers. The messenger in turn activates a series of events that leads to opening of the channel. This process is slower than the direct ion channel activation that has been described above. It may take minutes, in contrast to the rapid exchange that occurs when the ion channel is affected directly. Some of the mediators that are associated with G-protein–linked channels are bradykinin, 5-hydroxytryptamine (5HT), and prostaglandins.

Ligand-gated channels 

Ligands are mediators that, when present, can cause the opening of the channel. There are a great variety of substances that can activate these ion channels. Some of the most important are 5HT, ATP, acetylcholine glutamate, and gamma-aminobutyric acid (GABA).

Neurotransmitters 

The neurochemicals that are released by the presynaptic neuron into the synaptic cleft and activate ion channels are called neurotransmitters. Neurotransmitters are either small, rapid-acting molecules or larger, slower-acting molecules. The smaller, rapidly acting transmitters are the ones that cause most of the acute responses of the nervous system, such as transmission of sensory signals to and inside the brain and motor signals back to the muscles. The larger molecules are the neuropeptides and represent a different group of chemicals. These are manufactured not in the presynaptic terminal but instead in the ribosomes of the neuronal body. The neuropeptides are then transported to the synapse for release in the cleft. These neurotransmitters are much slower acting then the smaller molecules but, when released, have a much longer effect on the postsynaptic neuron. Although this chapter has mainly discussed the peripheral nerve terminal, neurotransmitters are formed and released in all nerves, both peripherally and centrally. Because it is difficult to separate neurotransmitters by location, this discussion includes the common neurotransmitters and mentions their more common locations and functions.

Rapid-acting (small-molecule) neurotransmitters 

Some of the more common small-molecule neurotransmitters are listed here with their common sites of location and effects on the postsynaptic neurons.

Acetylcholine 

Acetylcholine is one of the most common neurotransmitters found in humans. It is secreted by neurons in many areas of the brain but specifically by the motor cortex, basal ganglia, and motor neurons that innervate the skeletal muscles. It is also secreted by the preganglionic neurons of the autonomic nervous system, postganglionic neurons of the parasympathetic nervous system, and some of the postganglionic neurons of the sympathetic nervous system. In almost all instances, acetylcholine has an excitatory effect on the postsynaptic neuron.

Norepinephrine 

Norepinephrine is secreted by many neurons whose cell bodies are in the brainstem and hypothalamus. The highest concentration of norepinephrine-secreting neurons is found in the locus ceruleus of the pons. From this region, norepinephrine-producing neurons extend to many other regions of the brain and brainstem, influencing the overall activity and mood of the mind. Norepinephrine is almost always an excitatory neurotransmitter.

Glutamate 

Glutamate is an amino acid that is secreted by the presynaptic terminals in many of the sensory pathways as well as in many areas of the cortex. It has been found in the spinal cord dorsal horn associated with noxious input.8,9 It is thought to always cause excitation.

Aspartate 

Like glutamate, aspartate is an amino acid that is secreted by the presynaptic terminals of many of the sensory pathways in the dorsal horn. It is thought to always cause excitation.

Serotonin 

Serotonin (5HT) is secreted by nuclei that originate in the median raphe of the brainstem and project to many areas of the brain and down into the spinal dorsal horn. Serotonin is a monoamine that is also released by blood platelets. It is synthesized in the CNS from L-tryptophan, a dietary essential amino acid.10 It is released when the nucleus raphe magnus in the brainstem is stimulated by sensory input.11 Peripherally, serotonin is an algogenic agent12 and is thought to relate especially to neurovascular pain syndromes (see chapter 17). In the CNS, serotonin is an important neurotransmitter in the endogenous antinociceptive mechanism.13 Central serotonin is thought to potentiate endorphin analgesia.10 It reduces stimulation-evoked excitation of nociceptive dorsal horn interneurons.14 The activation of serotoninergic pathways in the brainstem by tricyclic antidepressants yields paralleling analgesic effects along with its action on depressive states.15 Descending serotoninergic and norepinephrinergic neurons in the dorsal horn suggest that they provide global suppression or enhancement that enables nociceptive pathways to respond more effectively to incoming sensory information.16

GABA 

GABA is secreted by neurons in the spinal cord, cerebellum, basal ganglia, and parts of the cortex. It is believed to always have an inhibitory effect on the postsynaptic neuron.

Glycine 

Glycine is secreted in many areas of the spinal cord and is also likely to be secreted in the trigeminal spinal nucleus. It is probably always an inhibitory transmitter.

Dopamine 

Dopamine is secreted by neurons that originate in the substantia nigra and extend into the basal ganglia. The normal effect of dopamine is inhibitory.

Histamine 

Histamine is a vasoactive amine that derives from the amino acid histadine. Although histamine serves as a neurotransmitter in the CNS, it is probably best known as a vasodilator and for its action of increasing small-vessel permeability. It also causes contraction of smooth muscle in the lung.

Nitric oxide 

Nitric oxide (NO) is an important intercellular mediator and is produced by many cells that have a close physical association with sensory neurons. NO is formed from L-arginine following the activation of the enzyme NO synthase (NOS) by calcium and other cofactors.17 The physiologic actions of NO in nociceptive neurons is still unclear, but there is strong evidence that it enhances nociceptive transmission in several ways.18,19

Nerve growth factor 

Nerve growth factor (NGF) is a small secreted protein that is important for the growth, maintenance, and survival of certain target neurons. NGF really refers to a family of factors also known as neurotrophins. Other members of the neurotrophin family that are well recognized include brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and neurotrophin-4 (NT-4).

Interleukin 1 beta 

Activated macrophages produce the cytokine interleukin 1 beta (IL-1β) as a proprotein. It reaches its active form through proteolytic processing by caspase-1/IL-1β–converting enzyme.20 In addition to playing an important role in the inflammatory response, IL-1β is involved in cell proliferation, differentiation, and apoptosis, among other cellular activities. Its induction of prostaglandin synthase 2/cyclooxygenase 2 (COX2) in the CNS has been shown to contribute to inflammatory pain hypersensitivity.21

ATP 

ATP is a multifunctional nucleoside triphosphate used in cells as a coenzyme to provide the intracellular energy needed for the cell to function. ATP transports chemical energy within cells for metabolism. It is one of the end products of photophosphorylation and cellular respiration and is used by enzymes and structural proteins in many cellular processes, including biosynthetic reactions, motility, and cell division. One molecule of ATP contains three phosphate groups and is produced by ATP synthase from inorganic phosphate and adenosine diphosphate or adenosine monophosphate. In addition to being an essential source of energy, it is also involved in transduction and transmission of nociception.

Protein kinase enzymes 

Protein kinase enzymes make up a family of enzymes that are involved in controlling the function of other proteins. They are found within the nerve cell and can modify other proteins by chemically adding phosphate groups to them, a process called phosphorylation. Phosphorylation usually results in a functional change of the target protein (substrate) by changing enzyme activity, cellular location, or association with other proteins. Protein kinase C (PKC) is activated by signals such as increases in the concentration of diacylglycerol or calcium ions. Hence, PKC enzymes play an important role in several signal transduction cascades.

Slow-acting (large-molecule) neurotransmitters 

The large-molecule neurotransmitters are the neuropeptides. Following is a short description of a few of the important neuropeptides that serve as neurotransmitters.

Substance P 

Substance P is a polypeptide composed of 11 amino acids. It is released at the central terminals of primary nociceptive neurons and acts as a transport substance, being found at the distal terminals as well.22 Centrally, it acts as an excitatory neurotransmitter for nociceptive impulses.23,24 It is released from spinal cord cells by the stimulation of A delta– and C-fiber afferents and excites neurons in the dorsal horn that are activated by noxious stimuli.25 Its modulating action on pain is both rapid and short-lived.26 Substance P released from unmyelinated afferents is involved in neurogenic inflammation such as cutaneous wheal formation and the hyperemia of reflex axon flare (discussed later in this chapter). It is known that the substance P content is highest in the most severely inflamed joints. When injected into a joint, substance P increases both the inflammation and the destructive change that occurs.27

Endorphins 

Endorphins are polypeptides (ie, chains of amino acids). They are identical to portions of the pituitary hormone beta-lipotropin, which consists of 91 amino acids.28–30 They behave like morphine and bind to morphine receptors to dull pain. Like morphine, they are displaced from these receptors by the morphine antagonist naloxone. Repeated injections of enkephalin and beta-endorphin will cause tolerance and physical dependence.31

The short-chain enkephalins appear to act chiefly in the cerebral spinal fluid. They have a short, rapid action and serve especially to limit the experience of excessive, sudden pain more than as an analgesic. The longer-chain beta-endorphin appears to be closely related to pituitary function and may act somewhat like a hormone. It is longer lasting, requires the passage of a latent period before it becomes active, and has high antinociceptive potency.31–33 Evidence exists that the endogenous opiates may act more as neuromodulators of postsynaptic activity than as classic neurotransmitters.30,34 It has been shown that endorphins are important contributors to pain threshold and pain tolerance.35 There is considerable interneurotransmitter action associated with the antinociceptive system (see chapter 4). For example, endorphin is potentiated by serotonin that is released from serotoninergic neurons only in the presence of dopamine, while norepinephrine exerts a deterring effect.36,37 It should be noted that, as Kosterlitz38 remarked, “While it has been shown in many laboratories that the enkephalins and endorphins have antinociceptive effects, the underlying mechanisms have not been fully analyzed, and, in particular, the conditions controlling the release of opioid peptides are still not understood.”

Also worth noting is that beta-endorphin is appreciably released in long-distance runners.39 It is also significant that placebo analgesia is endorphin-mediated and naloxone-reversible.40,41 Analgesia produced by hypnosis, however, is not reversed by naloxone.42,43 It is certain that hypnoanalgesia is based on other mechanisms.

Bradykinin 

Bradykinin is an endogenous polypeptide consisting of a chain of nine amino acids. Released as part of an inflammatory reaction, it is a powerful vasodilator and causes increased capillary permeability. With few exceptions, bradykinin acts as an algogenic agent that excites all types of receptors. It sensitizes some high-threshold receptors so that they respond to otherwise innocuous stimuli such as those that occur during normal activities.44 Bradykinin requires the presence of prostaglandins to act.45 It is also released during ischemic episodes.46

Elimination of the Transmitter from the Synapse 

Once the transmitter has been released into the synapse, a mechanism must be present to remove the transmitter. If this does not occur, the transmitter’s effect on the postsynaptic neuron is prolonged. In most instances, the transmitter is immediately removed, which enables the postsynaptic neuron to return to its normal membrane resting potential. The elimination of the neurotransmitter can occur by one of three methods: diffusion, enzymatic destruction, or reuptake.

In some instances, a released neurotransmitter will merely diffuse out of the synaptic cleft. As the transmitter leaves the synapse, its effect on the postsynaptic neuron is eliminated. This process is called diffusion.

Some neurotransmitters are immediately destroyed by enzymes that are either released or are already present in the synaptic cleft. This process of eliminating the transmitter is called enzymatic destruction. For example, when acetylcholine is released, the enzyme cholinesterase is present in the cleft, bound in the proteoglycan matrix that fills the space. This enzyme can very rapidly split the acetylcholine, rendering it immediately inactive.

A third method of eliminating the neurotransmitter from the synapse is by neurotransmitter reuptake. Some neurotransmitters are actively transported back into the presynaptic terminal itself for reuse. This occurs in the presynaptic terminals of the sympathetic nervous system with the reuptake of norepinephrine.

Tissue Injury and Nociception 

As already mentioned, the peripheral nociceptor can be activated by thermal, mechanical, or chemical stimulation. When thermal and mechanical stimulation produce nociceptive input, the reason for the pain is usually apparent. Chemical stimulation of the nociceptor, on the other hand, may be less apparent to the sufferer. In fact, once the mechanical or thermal stimulation has terminated, the reason for continued nociceptive input is likely to be neurochemical. There are a variety of substances that can accumulate near the nociceptor following tissue injury that can be responsible for maintaining nociceptive input. There are at least three sources of these substances: the damaged cells themselves, a secondary effect of plasma extravasation and lymphocyte migration, or the nociceptor itself.

Damage to tissue cells produces leakage of intracellular contents. Among the substances released by tissue damage are potassium and histamine, both of which either activate or sensitize the nociceptor.47 These substances have been documented to excite polymodal nociceptors and produce pain when injected into skin.48,49 Other compounds such as acetylcholine, serotonin, and ATP may be released by tissue damage and are known to either activate or sensitize nociceptors. In fact, there is evidence that several of these compounds can act in combination to sensitize nociceptors.50

One of the most potent pain-producing substances that appears in injured tissue is bradykinin. Polymodal nociceptors can be activated by bradykinin51 and then can become sensitized to thermal stimuli.

Another group of substances that are synthesized in the regions of tissue damage are the metabolic products of arachidonic acid (Fig 3-4a). These compounds are considered inflammatory mediators and include both prostaglandins and leukotrienes. These compounds appear whenever animal cells are damaged and are present in increased concentration in inflammatory exudates. The prostaglandins are a group of chemically related long-chain hydroxy fatty acids. There are six types, each designated by a suffix letter. Subscript numerals indicate the degree of saturation of the side chain. Prostaglandin E2 is metabolized from arachidonic acid through action of the COX enzyme. There are two identified isomers of COX: COX1 and COX2. The action of COX1 produces prostaglandins that play a physiologic housekeeping role in renal parenchyma, gastric mucosa, platelets, and other tissues. It aids in maintaining normal function. Inhibition of COX1 is responsible for gastrointestinal toxicity. COX2 is present in most tissues in small amounts. It is expressed primarily in sites of inflammation and produces prostaglandins that are involved in inflammation and mitogenesis. Therefore, if COX2 is inhibited, there is a reduction of the inflammatory response, resulting in less nociception and pain. In recent years, there has been a strong interest in the COX2-inhibitor drugs, which reduce pain without the adverse side effects of gastrointestinal irritation. An interesting finding is that COX2 may also play a role in pain inhibition in the CNS.52,53
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Fig 3-4 (a) Tissue injury causes the release of potassium (K+) and other potent pain-producing substances such as bradykinin (BK) and arachidonic (AD) acid. Arachidonic acid is further broken down to prostaglandins (PGE) and leukotrienes (LT), which are the primary initiators of inflammation. The presence of these neurochemicals at the free nerve ending initiates an action potential in the primary nociceptive neuron. (b) Once the primary nociceptive neuron is activated, the nociceptive response causes an antidromic release of substance P (SP) in another branch of the same afferent neuron. The presence of substance P causes the release of histamine (His) from the mast cells and serotonin (5HT) from platelets. Substance P also causes the release of bradykinin from neighboring blood vessels, furthering the nociceptive response. This neurogenic inflammation expands the area of pain at the site. Now not only the damaged tissue but also the border tissue around the injury is painful. (c) The release of substance P, histamine, and serotonin can now influence another primary nociceptive neuron in the region, which initiates more nociception, broadening the painful area (ie, primary hyperalgesia).



Prostaglandins do not seem to be algogenic substances per se. They sensitize nociceptive nerve endings to different types of stimuli, thus lowering their pain thresholds to all kinds of stimulation.54 Prostaglandins are required for bradykinin to act45; bradykinin in turn stimulates the release of prostaglandins.55 Therefore, the two are mutually potentiating. Prostaglandin E also increases the response of slowly adapting A delta mechanoreceptors to non-noxious stimuli.56 There is evidence that during an inflammatory reaction a prostaglandin-like substance is released in the CNS that induces prostaglandin hyperalgesia.57

Another important metabolic pathway of arachidonic acid is the lipoxygenase pathway, which produces the leukotrienes. Leukotrienes produce hyperalgesia in animal models and in humans.58 The hyperalgesia produced by leukotriene B4 is not blocked by COX inhibitors but is blocked by depletion of polymorphonuclear leukocytes.59 This may suggest that leukocytes contribute to nociceptor activation, but it is yet to be documented.

In addition to the chemical mediators that are released from damaged cells or synthesized in the region of damage, the nociceptors themselves can release substances that enhance nociception. One such substance is substance P. Unmyelinated primary afferent neurons seem to produce substance P and, when stimulated, can release this potent excitatory neurotransmitter into the extracellular space.60 Substance P is a very strong vasodilator and produces edema. Substance P also causes release of histamine from mast cells, which is itself an excitatory neurotransmitter and also causes vasodilation and edema61,62 (Fig 3-4b).

As the neurochemistry in the injured tissue becomes more involved, neighboring primary nociceptive neurons can be affected. When adjacent neurons are activated, the painful area is broadened beyond the actual tissue injury. This is known as primary hyperalgesia63 (Fig 3-4c).

Neuronal Sensitization 

When excitatory neurotransmitters are released in the synaptic cleft, the postsynaptic neuron is excited, and an impulse is started and carried down the axon. If excitatory neurochemicals remain in the region of the synapse, the neuron can be depolarized more quickly with the next release of a neurotransmitter. This process is called sensitization. Sensitization is the result of a lowering of the threshold that causes the depolarization of the primary afferent neuron. It is one explanation for the primary hyperalgesic state that is commonly associated with inflammatory tissues. For example, several hours after a small cut, the individual will develop a region around the injured tissue that is quite sensitive to even light touch. This increased sensitivity of local tissues is due to the neurochemicals that sensitize nearby primary afferent neurons so that even light mechanical stimulation creates depolarization and nociceptive input. This type of sensitization is called peripheral sensitization. As is discussed in subsequent chapters, sensitization of neurons also occurs within the CNS.

Axon Transport System 

The nerve cell body (soma) of the primary trigeminal neuron located in the gasserian ganglion produces peptides and proteins that are moved to the central terminal by an axon transport system thought to be via microtubules or microfilaments in the axon. The velocity of this transport system does not seem to vary appreciably between myelinated and nonmyelinated fibers. Some transport substances likely serve as primary afferent neurotransmitters and therefore are essential to the transmission of pain information. It is probable that the axon transport system is involved in this complex neurochemical process. Substance P is thought to be one neurotransmitter released at the central terminal of nociceptive primary neurons. This substance is also found at the distal terminals, and it is certain to have arrived there by way of the axon transport system.22 Thus, sensory information may be signaled very rapidly to the CNS by transmission of nerve impulses or more slowly by way of neurochemical substances conducted through the axon transport system.64

There is evidence that the axon transport system can move neurotransmitters in the primary afferent neurons both centrally (orthodromically, in the normal direction of impulses) as well as peripherally (antidromically, in the opposite direction of normal impulses). Antidromic activity of the primary afferent neuron results in the release of neurotransmitters into the peripheral terminals, leading to sensitization of other neurons in the adjacent area. This process is called neurogenic inflammation. Neurogenic inflammation not only results in peripheral sensitization (hyperalgesia) but can also cause local vasodilation and edema. Local vasodilation caused by neurogenic inflammation is called flare, while local edema is called wheal.

The sympathetic efferents may also produce neurogenic inflammation, as indicated by the fact that sympathetic blockade reduces the inflammation of reflex sympathetic dystrophy as well as that of inflammatory arthritis.27

Summary 

This chapter discusses the complex anatomy and neurophysiology of peripheral nociception. It is not a simple process. Multiple neurotransmitters combine and interact to initiate and maintain nociceptive input from the peripheral tissues. Figure 3-5 depicts some of the multiple neurotransmitters that are released in the peripheral tissues following a noxious stimulation. These neurotransmitters are responsible for the transduction of nociception. The next chapter discusses how this nociceptive input carried by the primary afferent neuron enters the CNS and influences the second-order neuron in the spinal tract nucleus and dorsal horn.
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Fig 3-5 This figure illustrates the potential peripheral mediators involved in peripheral sensitization after inflammation. Inflammation leads to the release of numerous chemicals from mast cells, macrophages, immune cells, and injured cells that may act directly or indirectly to alter the sensitivity of peripheral nerve terminals. Injured cells and local platelets release calcium, potassium, hydrogen ions, bradykinin, glutamate, and ATP. The potassium and hydrogen ions open the sodium channels, allowing influx of calcium and sodium. The glutamate opens the ionotropic glutamate receptor. Mast cells release histamine, prostaglandin, and bradykinin, which excite and open their respective receptors. Macrophages also release bradykinin as well as NGF, which opens the tetrodotoxin-resistant sodium channel A (TrkA). Once these channels have been opened, protein kinase A (PKA) and PKC are released, opening the transient receptor potential V1 (TRPV1) receptor and the tetrodotoxin-resistant sodium channel R (TTXr). Substance P can then be released from the primary neuron, adding to the inflammatory state. In an attempt to lessen the inflammatory effect on nociception, immune cells and keratinocytes from the skin release endorphins that bind to mu receptors on the cell membrane. This activity has an inhibitory effect on nociceptive transmission. (Reprinted from McMahon et al65 with permission.)
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The previous chapter reviewed the neurophysiologic events that take place in the peripheral tissues when a noxious stimulus is applied to a nociceptive neuron, whether it be pressure, heat, chemical, or associated with tissue injury. Once this tra nsduction occurs, an action potential is sent down the neural fiber of the primary afferent neuron into the central nervous system (CNS) (ie, conduction). This primary neuron synapses with the secondary neuron in the dorsal horn of the spinal cord. In the case of the trigeminal nerve, the first synapse occurs in the trigeminal spinal tract nucleus of the brainstem. As the action potential reaches the second-order neuron, it excites this neuron so that it can carry the impulse on to the higher centers. This process is called transmission. This primary synapse is not a simple connection between two neurons. In fact, this synapse begins a very complicated series of interactions that will determine the outcome of the nociceptive input. This section describes what happens in the dorsal horn at this first synapse. Although the anatomy is different for the trigeminal nerve, the basic function is the same. The specifics for trigeminal input into the spinal tract nucleus are described later.

Anatomy of the Dorsal Horn 

The spinal dorsal horn receives inputs from a wide variety of primary afferent axons, including nociceptors, which respond to tissue-damaging stimuli from the skin, muscles, joints, and viscera. The location at which the primary afferents terminate in the dorsal horn relates to their axonal diameter and receptive field modality. As described in chapter 2, the dorsal horn is composed of functional laminae in which certain primary afferents synapse. A more detailed depiction is presented in Fig 4-1. Most of the unmyelinated fibers (C fibers) terminate in the most superficial laminae of the dorsal horn (laminae I and II). The more myelinated fibers terminate in the deep laminae IV and V. These neurons synapse with projection neurons that carry the impulse to the higher centers. Many of the projection neurons cross the midline to the opposite side of the spine and enter into the anterolateral system before they ascend. Nociceptive input is predominantly carried by either the neospinothalamic tract or the paleospinothalamic tract. The neospinothalamic tract carries the A delta nociceptive inputs directly to the higher centers. The paleospinothalamic tract predominantly carries the slower C-fiber nociception and travels through many other centers before reaching the brain (Fig 4-2). The significance of these two pathways, with regard to “fast” and “slow” pain, is discussed later in this chapter. Some of the impulses are immediately sent to the ventral horn and passed out as efferent input to muscle, especially as reflex responses. Still another portion of the input ascends without crossing over, remaining on the same side of the dorsal horn. This input is mostly related to proprioception and fine touch.
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Fig 4-1 The primary afferent neurons enter the CNS in the dorsal horn. C fibers predominantly enter in the superficial laminae I, II, and III (only I and III shown here). A delta fibers enter laminae I and V, while the A beta fibers predominantly enter in the deeper laminae IV and V.
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Fig 4-2 The primary afferent neurons (A beta, A delta, and C fibers) enter the CNS in the dorsal horn. The impulses are then transduced to the second-order neurons. These neurons then cross the spinal cord to either the neospinothalamic tract (NST) or the paleospinothalamic tract (PST). The neospinothalamic tract carries the A delta nociceptive inputs directly to the higher centers (“fast” pain). The paleospinothalamic tract predominantly carries the slower C-fiber nociception and travels through many other centers before reaching the brain (“slow” pain). LTM, low-threshold mechanosensitive neurons; NS, nociceptive-specific neurons; WDR, wide dynamic range neurons.



This primary synapse is much more complex than a simple connection of the primary afferent neuron to the projection neuron. There are extensive interactions with many other neurons in the dorsal horn. These neurons are called interneurons and are contained within the dorsal horn. These interneurons make up much of the substance of the dorsal horn and contribute greatly to local neuronal circuitry. They function to influence the neural input entering and leaving the dorsal horn. Some of these interneurons are excitatory, and some are inhibitory. Therefore, they have the potential to either enhance or inhibit the neural input entering the dorsal horn. The inhibitory interneurons predominantly use gamma-aminobutyric acid and/or glycine as a transmitter, while the excitatory interneurons are glutamatergic. These neurons have a powerful effect on the output of the dorsal horn (Fig 4-3).
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Fig 4-3 The synapse of the primary afferent neurons with second-order neurons is not a simple connection. There are many other cells that interact with this process. Some of these cells are small interneurons that function to either excite or inhibit neurotransmission. In addition, there are glial cells, which have no axons and therefore are not considered neurons but nevertheless can play a major role in the transmission and maintenance of nociception.



In addition to the interneurons, the dorsal horn is made up of a large number of glial cells, sometimes called neuroglia or simply glia. Glial cells were identified many years ago and were originally thought to serve as non-neuronal cells that maintain homeostasis, form myelin, and provide support and protection for neurons in the CNS. They are present in the brain and brainstem as well as in the autonomic nervous system. They were not thought to contribute to general neural activity. More recently, however, these cells have been found to have a significant influence on the neural activity within the dorsal horn and many other areas of the CNS. Therefore, the information carried by the second-order neuron to the higher centers is not simply that of the primary afferent neuron but instead the cumulative results of the interactions between the primary afferent neuron, the interneurons, and glial cells (Fig 4-4).
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Fig 4-4 The information carried to the second-order neuron. These second-order neurons are either low-threshold mechanosensitive neurons (LTM), nociceptive-specific neurons (NS), or wide dynamic range neurons (WDR). These neurons are considered to be projection neurons because they carry the impulses to the higher centers. The information these neurons carry to the higher centers is not simply that of the primary afferent neuron but instead the cumulative results of the interactions between the primary afferent neuron, the interneurons, and glial cells.



Adding to the complexity of the dorsal horn is still another group of neurons that descend downward from the higher centers to the dorsal horn and contribute to the neural activity in the area (Fig 4-5). These neurons collectively are called the descending inhibitory system and utilize monoamine transmitters such as serotonin or norepinephrine. The descending inhibitory system can suppress the ascending neural input to the higher centers and therefore has great significance in the transmission of nociception and ultimately pain. The descending inhibitory system is discussed in more detail later in this chapter.
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Fig 4-5 The higher centers send neurons down through descending neural pathways to the dorsal horn. These neurons have the ability to decrease neuronal activity in the dorsal horn and in other areas of the brainstem. Therefore, these neural pathways collectively have been called the descending inhibitory system. LTM, low-threshold mechanosensitive neurons; NS, nociceptive-specific neurons; WDR, wide dynamic range neurons.



Dynamic Function of the Dorsal Horn 

As just described, the anatomy of the dorsal horn is complex with multiple interactions of many neurons. Not only is the interaction of the neural impulses in the dorsal horn complex, but it is also quite dynamic. Initially the dorsal horn was viewed as complicated but stable and hardwired. However, this is certainly not the case. In fact, the dorsal horn represents a very dynamic, ever-changing interaction of neurons. As mentioned in chapter 2, the ability of neurons to change in function is referred to as neuroplasticity. Some neuroplasticity occurs immediately, while other changes may take time. The duration of the plastic changes may last seconds, hours, or in some instances even days. Some changes may become permanent.

The dynamic neuroplastic changes that occur in the dorsal horn are a product of both the input arriving into the dorsal horn from the primary afferent neurons and the input arriving from the higher centers through the descending inhibitory neurons. The overall effect of these inputs, along with the local responses of the interneurons, leads to what is generally called central sensitization. Central sensitization can either enhance or inhibit neural input to the dorsal horn. Similar sensitization occurs in the peripheral tissues with the release of neurotransmitters secondary to tissue injury and inflammation. This is referred to as peripheral sensitization and was described in chapter 3.

Central sensitization is responsible for producing both secondary hyperalgesia and allodynia. Secondary hyperalgesia is the phenomenon by which the threshold at which pain is produced is lower, thereby provoking pain with a lesser stimulus. Allodynia is when normally nonpainful stimuli produce a pain response (eg, when a light touch to the face is carried by A beta fibers and produces pain). As mentioned earlier, the thicker A beta fibers carry non-nociceptive information such as touch, pressure, and proprioception; however, in the presence of central sensitization, this input can be interpreted as noxious. Another example of allodynia is when a patient reports that a cool breeze to the face produces pain. A report of this type of pain is indicative of central sensitization.

The concepts of both peripheral and central sensitization are extremely important when one attempts to evaluate and manage pain. An example of both these conditions is sunburn. Significant exposure to the sun damages tissues. Therefore, there is local release of nociceptive neurotransmitters associated with tissue injury and inflammation. The presence of these neurotransmitters excites the nociceptors, leading to noxious input being transmitted into the dorsal horn. Eventually there is spread of local neurotransmitters, resulting in recruitment of neighboring nociceptors in the peripheral tissues (ie, primary hyperalgesia). As the process continues, the input of the nociceptors affects the cells in the dorsal horn, which produces central sensitization. If the tissue experiencing the sunburn were to be stuck with a pin (painful stimulus), a lower threshold for the painful stimulus would be observed (secondary hyperalgesia). However, the symptom that is more commonly felt is that even very light touch to the skin produces pain (allodynia). This is only one example of how the dynamic functions of the neurologic system respond to stimuli.

Central sensitization can serve some useful functions, such as protection. Enhancing nociceptive input from the injured part is important. It draws attention to the injury, leading to more protection and ultimately better healing. However, when considering pain, central sensitization also has some negative consequences, especially in terms of chronic pain. These are discussed in later chapters.

Mechanisms of central sensitization 
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