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Preface


This textbook is designed as a vade mecum (‘go with me’) for medical students. While based on campus, the gross and microscopic structures of the nervous system take precedence, along with their great diversity of functions. A strong stimulus to understand normal structure and function is provided by clinical examples of the consequences of breakdowns of diverse kinds. While hospital-based, consultation of the book in a clinical setting recalls the functional anatomy studied on campus. Sequential fusion of descriptive structure, function, and malfunction is known as vertical integration and is highly recommended owing to its manifest logic.






Chapters and Pages


Following a brief account of nervous system development in Chapter 1, the topography of the brain and spinal cord and their meningeal surrounds occupies Chapters 2–4. Next (Ch. 5) comes the clinically very important blood supply. Microscopic and ultramicroscopic anatomy of neurons (nerve cells) and neuroglia (their surrounding ‘nerve glue’) come to the fore in Chapter 6, along with some compression effects of expanding neuroglial tumors.


Chapter 7 changes the context by describing electrical events underlying the impulses that are triggered at the point of origin of axons and speed along the axons and their branches to liberate excitatory or inhibitory molecules onto target neurons. These molecules, pillars of the science of neuropharmacology, are examined in Chapter 8. Chapters 9–11 explore the structure and distribution of the peripheral nerves attached to the spinal cord and innervating the muscles and skin of the trunk and limbs. Electrical activity returns in Chapter 12 in the form of electromyography, a technique widely used in the detection of neuromuscular disorders of various kinds.


The autonomic nervous system (Ch. 13) controls the smooth musculature of the vascular system and of the alimentary, urinary, and reproductive tracts. The spinal nerves (Ch. 14) attached to the whole length of the spinal cord, are ‘mixed’ (both motor and sensory) and innervate all of the voluntary muscles and skin in the trunk and limbs. Description of the contents of the spinal cord itself occupies Chapters 15 and 16.


The brainstem (medulla oblongata, pons, and midbrain) connects the spinal cord to the cerebral hemispheres, as described by means of transverse sections in Chapter 17. The cranial nerves attached to it (nerves III to XII) are described in Chapters 19–23. Chapter 24 is devoted to the reticular formation of the brainstem which, inter alia, links cranial nerves to one another.


The cerebellum (Ch. 25) occupies the posterior cranial fossa. Its afferent (L. ‘carry to’) connections from voluntary muscles and its efferent (‘carry out’) connections with the motor cortex in the brain are vital for control the smoothness of all voluntary movements.


The hypothalamus (Ch. 26) can be traced back in nature as far as the reptiles. It still operates basic survival controls, including food and fluid intake, temperature control, and sleep. Above it are the thalamus and epithalamus (Ch. 27), the former having numerous vital connections to cerebral cortex and spinal cord.


The Visual pathways chapter (Ch. 28) lays out the largest of all horizontal pathways, stretching from the very front end of the brain – the retina – to the very back – the occipital cortex. Its clinical significance is obvious.


Chapter 29 examines the histological structure of the cerebral cortex, and provides a summary functional account of the different cortical areas. Electrical activities are examined by means of electroencephalogrophy (Ch. 30) and evoked potentials (Ch. 31). Functional inequalities between the left and right sides of the brain are the subject of Chapter 32, hemispherical asymmetries.


The basal ganglia (Ch. 33) are a group of nuclei at the base of the brain primarily involved in the control of movement. The most frequent failure of control takes the form of Parkinson’s disease.


The final anatomic structures, analyzed in Chapter 34, are the olfactory (smell) system and the limbic system, the latter being of major emotional significance.


Chapter 35 is about cerebrovascular disease. The main purpose of this chapter is to highlight the functional defects that follow cerebral hemorrhage or thrombosis.









Chapter title pages feature


Chapter summary A list of the items to be dealt with in the chapter.


Boxes Contain titles of structures/functions to be examined in detail.


Clinical panels Functional disorders related to this material.


Study guidelines A running commentary on the subject matter, stressing features of clinical importance.









Website features


Tutorials Each chapter contains a ‘Web tutorial’ notification at an appropriate point. Clicking the appropriate button will deliver a slide show on the relevant topic, with a script and optional voiceover commentary. Particular attention is drawn to ‘Nuclear magnetic resonance (Web tutorial 2)’ in Chapter 2 (55 slides) and ‘Arterial supply of the forebrain (Web tutorial 5)’ in Chapter 5 (27 slides).


MCQs Website MCQs are available for each chapter. All 200 are in USMLE format. Half contain an illustration, half are text only.


Case studies 30 case studies (127 slides) demonstrating the clinical consequences of physical or inflammatory damage to nervous tissues.









Faculty resources


An image bank is available to help you prepare lectures via our Evolve website. Contact your local sales representative for more information, or go directly to the Evolve website to request access: http://evolve.elsevier.com
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Clinical Perspectives


The table below lists the main clinical perspectives covered in the book












	Chapters

	Perspectives






	1

	Embryology

	(Explanatory layout)






	2

	Cerebral topography

	(Explanatory layout)






	3

	Midbrain, hindbrain, spinal cord

	(Explanatory layout)






	4

	Meninges

	Extradural hematoma. Subdural hematoma. Hydrocephalus. Meningitis. Spinal tap.






	 

	 

	Epidural analgesia. Caudal analgesia.






	5

	Blood supply of the brain

	Blood–brain barrier pathology.






	6

	Neurons and neuroglia: overview

	Brain tumors. Multiple sclerosis. Neuronal transport disorders.






	7

	Electrical events

	(Explanatory layout)






	8

	Transmitters and receptors

	Some general clinical applications concerning malfunctions and pharmacology.






	9

	Peripheral nerves

	Degeneration and regeneration.






	10

	Innervation of muscles and joints

	(Explanatory layout)






	11

	Innervation of skin

	Neurogenic inflammation. Leprosy.






	12

	Electrodiagnostic examination

	Peripheral neuropathies, including entrapment syndromes.






	 

	 

	Myasthenia gravis.






	13

	Autonomic nervous system and

	Horner’s syndrome. Raynaud syndrome. Stellate block. Lumbar sympathectomy.






	 

	visceral afferents

	Visceral pain. Drug actions on the sympathetic and parasympathetic systems.






	14

	Nerve roots

	Spina bifida. Cervical spondylosis. Prolapsed intervertebral disc.






	15

	Spinal cord: ascending pathways

	Syringomyelia






	16

	Spinal cord: descending pathways

	Upper motor neuron disease. Lower motor neuron disease. Spinal cord injury.






	17

	Brainstem

	(Explanatory layout)






	18

	The lowest four cranial nerves

	Supranuclear, nuclear, infranuclear lesions.






	19

	Vestibular nerve

	Vestibular disorders. Lateral medullary syndrome.






	20

	Cochlear nerve

	Conduction deafness. Sensorineural deafness.






	21

	Trigeminal nerve

	Trigeminal neuralgia. Referred pain in diseases of the head and neck.






	22

	Facial nerve

	Lesions of the facial nerve.






	23

	Ocular motor nerves

	Several well-known ocular palsies.






	24

	Reticular formation

	Cardiovascular, respiratory, urinary, locomotor controls. Spinal and supraspinal antinociception.






	25

	Cerebellum

	Characteristic clinical pictures associated with lesions of vermis, of anterior lobe and of neocerebellum. Cerebellar cognitive affective syndrome.






	26

	Hypothalamus

	Hypothalamic disorders, including major depression.






	27

	Thalamus, epithalamus

	(Explanatory layout)






	28

	Visual pathways

	Detection of lesions of the visual pathways, segment by segment.






	29

	Cerebral cortex

	(Explanatory layout)






	30

	Electroencephalography

	Narcolepsy. Seizures of several kinds and their EEG detection.






	31

	Evoked potentials

	Use of visual, auditory, somatosensory and motor evoked potentials in disease detection. Clinical neurophysiology in relation to acupuncture.






	32

	Hemispheric asymmetries

	The aphasias. Developmental dyslexia. Frontal lobe dysfunction. Parietal lobe dysfunction.






	33

	Basal ganglia

	Parkinson’s disease. Cerebral palsy. Huntington’s disease. Hemiballism.






	34

	Olfactory and limbic systems

	Alzheimer’s disease. Schizophrenia. Drug addiction.






	35

	Cerebrovascular disease

	Eight Clinical Panels about strokes of various kinds.
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Study Guidelines


This chapter aims to give you sufficient insight into development to account for the arrangement of structures in the mature nervous system. If not already familiar with adult brain anatomy, we suggest you read this chapter again following study of Chapters 2 and 3.


For descriptive purposes, the embryo is in the prone (face-down) position, whereby the terms ventral and dorsal correspond to the adult anterior and posterior, and rostral and caudal correspond to superior and inferior.









Spinal Cord






Neurulation


The entire nervous system originates from the neural plate, an ectodermal thickening in the floor of the amniotic sac (Figure 1.1). During the third week after fertilization, the plate forms paired neural folds, which unite to create the neural tube and neural canal. Union of the folds commences in the future neck region of the embryo and proceeds rostrally and caudally from there. The open ends of the tube, the neuropores, are closed off before the end of the fourth week. The process of formation of the neural tube from the ectoderm is known as neurulation.





[image: image]

Figure 1.1 Cross-section (A) is from a 3-somite (20-day) embryo. Cross-sections (B) and (C) are from an 8-somite (22-day) embryo.




Cells at the edge of each neural fold escape from the line of union and form the neural crest alongside the tube. Cell types derived from the neural crest include spinal and autonomic ganglion cells and the Schwann cells of peripheral nerves.









Spinal nerves


The dorsal part of the neural tube is called the alar plate; the ventral part is the basal plate (Figure 1.2). Neurons developing in the alar plate are predominantly sensory in function and receive dorsal nerve roots growing in from the spinal ganglia. Neurons in the basal plate are predominantly motor and give rise to ventral nerve roots. At appropriate levels of the spinal cord, the ventral roots also contain autonomic fibers. The dorsal and ventral roots unite to form the spinal nerves, which emerge from the vertebral canal in the interval between the neural arches being formed by the mesenchymal vertebrae.





[image: image]

Figure 1.2 Neural tube, spinal nerve, and mesenchymal vertebra of an embryo at 6 weeks.




The cells of the spinal (dorsal root) ganglia are initially bipolar. They become unipolar by the coalescence of their two processes at one side of the parent cells.












Brain






Brain parts


Late in the fourth week, the rostral part of the neural tube undergoes flexion at the level of the future midbrain (Figure 1.3A). This region is the mesencephalon; slight constrictions mark its junction with the prosencephalon (future forebrain) and rhombencephalon (future hindbrain).





[image: image]

Figure 1.3 (A and B) Brain vesicles, seen from the right side. Asterisks indicate the site of initial development of the cerebellum.




The alar plate of the prosencephalon expands on each side (Figure 1.3A) to form the telencephalon (cerebral hemispheres). The basal plate remains in place here as the diencephalon. Finally, an optic outgrowth from the diencephalon is the forerunner of the retina and optic nerve.


The diencephalon, mesencephalon, and rhombencephalon constitute the embryonic brainstem.


The brainstem buckles as development proceeds. As a result, the mesencephalon is carried to the summit of the brain. The rhombencephalon folds on itself, causing the alar plates to flare and creating the rhomboid (diamond-shaped) fourth ventricle of the brain. The rostral part of the rhombencephalon gives rise to the pons and cerebellum. The caudal part gives rise to the medulla oblongata (Figure 1.4).





[image: image]

Figure 1.4 Some derivatives of the brain vesicles.











Ventricular system and choroid plexuses


The neural canal dilates within the cerebral hemispheres, forming the lateral ventricles; these communicate with the third ventricle contained within the diencephalon. The third and fourth ventricles communicate through the aqueduct of the midbrain (Figure 1.5).





[image: image]

Figure 1.5 The developing ventricular system. Choroid plexuses are shown in red.




The thin roofs of the forebrain and hindbrain are invaginated by tufts of capillaries, which form the choroid plexuses of the four ventricles. The choroid plexuses secrete cerebrospinal fluid (CSF), which flows through the ventricular system. The fluid leaves the fourth ventricle through three apertures in its roof (Figure 1.6).





[image: image]

Figure 1.6 Dorsal views of the developing hindbrain (see arrow in inset). (A) At 8 weeks, the cerebellum is emerging from the fourth ventricle. (B) At 12 weeks, the ventricle is becoming hidden by the cerebellum, and three apertures have appeared in the roof plate.











Cranial nerves


Figure 1.7 illustrates the state of development of the cranial nerves during the sixth week after fertilization.



• The olfactory nerve (I) forms from bipolar neurons developing in the epithelium lining the olfactory pit.



• The optic nerve (II) is growing centrally from the retina.



• The oculomotor (III) and trochlear (IV) nerves arise from the midbrain, and the abducens (VI) nerve arises from the pons; all three will supply extrinsic muscles of the eye.



• The three divisions of the trigeminal (V) nerve will be sensory to the skin of the face and scalp, to the mucous membranes of the oronasal cavity, and to the teeth. A motor root will supply the muscles of mastication (chewing).



• The facial (VII) nerve will supply the muscles of facial expression. The vestibulocochlear (VIII) nerve will supply the organs of hearing and balance, which develop from the otocyst.



• The glossopharyngeal (IX) nerve is composite. Most of its fibers will be sensory to the oropharynx.



• The vagus (X) nerve too is composite. It contains a large sensory element for the supply of the mucous membranes of the digestive system, and a large motor (parasympathetic) element for the supply of the heart, lungs, and gastrointestinal tract.



• The cranial accessory (XIc) nerve will be distributed by the vagus to the muscles of the larynx and pharynx.



• The spinal accessory (XIs) nerve will supply the sternomastoid and trapezius muscles. The hypoglossal (XII) nerve will supply the muscles of the tongue.





[image: image]

Figure 1.7 Cranial nerves of a 6-week-old embryo.


(After Bossy et al. 1990, with permission of Springer-Verlag.)












Cerebral hemispheres


In the telencephalon, mitotic activity takes place in the ventricular zone, just outside the lateral ventricle. Daughter cells migrate to the outer surface of the expanding hemisphere and form the cerebral cortex.


Expansion of the cerebral hemispheres is not uniform. A region on the lateral surface, the insula (L. ‘island’), is relatively quiescent and forms a pivot around which the expanding hemisphere rotates. Frontal, parietal, occipital, and temporal lobes can be identified at 14 weeks’ gestational age (Figure 1.8).





[image: image]

Figure 1.8 Fetal brain at 14 weeks. The arrow indicates the C-shaped growth of the hemisphere around the insula. F, P, O, T; frontal, parietal, occipital, temporal lobes.




On the medial surface of the hemisphere, a patch of cerebral cortex, the hippocampus, belongs to a fifth, limbic lobe of the brain. The hippocampus is drawn into the temporal lobe, leaving in its wake a strand of fibers called the fornix. Within the concavity of this arc is the choroid fissure, through which the choroid plexus invaginates into the lateral ventricle (Figure 1.9).





[image: image]

Figure 1.9 Medial aspectof the developing left hemisphere. The hippocampus, initially dorsal to the thalamus, migrates into the temporal lobe (arrows in A and B), leaving the fornix in its wake. The concavity of the arch so formed contains the choroid fissure (the line of insertion of the choroid plexus into the ventricle) and the tail of the caudate nucleus.




The anterior commissure develops as a connection linking olfactory (smell) regions of the left and right sides. Above this, a much larger commissure, the corpus callosum, links matching areas of the cerebral cortex of the two sides. It extends backward above the fornix.


Coronal sections of the telencephalon reveal a mass of gray matter in the base of each hemisphere, which is the forerunner of the corpus striatum. Beside the third ventricle, the diencephalon gives rise to the thalamus and hypothalamus (Figure 1.10).





[image: image]

Figure 1.10 Coronal sections of the developing cerebrum. In A, the corpus striatum is traversed by fibers projecting from thalamus to cerebral cortex and from cerebral cortex to spinal cord. In B, the corpus striatum has been divided to form the caudate and lentiform nuclei (fusion persists at the anterior end, not shown here).




The expanding cerebral hemispheres come into contact with the diencephalon, and they fuse with it (see ‘site of fusion’ in Figure 1.10A). One consequence is that the term ‘brainstem’ is restricted thereafter to the remaining, free parts: midbrain, pons, and medulla oblongata. A second consequence is that the cerebral cortex is able to project fibers direct to the brainstem. Together with fibers projecting from thalamus to cortex, they split the corpus striatum into caudate and lentiform nuclei (Figure 1.10B).


By the 28th week of development, several sulci (fissures) have appeared on the surface of the brain, notably the lateral, central, and calcarine sulci (Figure 1.11).





[image: image]

Figure 1.11 Three major cortical sulci in a fetus of 28 weeks. (A) Lateral surface of left hemisphere; (B) medial surface.







Core Information


The nervous system takes the initial form of a cellular neural tube derived from the ectoderm and enclosing a neural canal. A ribbon of cells escapes along each side of the tube to form the neural crest. The more caudal part of the tube forms the spinal cord. The neural crest forms spinal ganglion cells that send dorsal nerve roots into the sensory, alar plate of the cord. The basal plate of the cord contains motor neurons that emit ventral roots to complete the spinal nerves by joining the dorsal roots.


The more rostral part of the tube forms three brain vesicles. Of these, the prosencephalon (forebrain) gives rise to the cerebral hemispheres (telencephalon) dorsally and the diencephalon ventrally; the mesencephalon becomes the midbrain, and the rhombencephalon becomes the hindbrain (pons, medulla oblongata, and cerebellum).


The neural tube expands rostrally to create the ventricular system of the brain. CSF is secreted by a choroid capillary plexus that invaginates the roof plates of the ventricles.


The cerebral hemispheres develop frontal, parietal, temporal, occipital, and limbic lobes. The hemispheres are cross-linked by the corpus callosum and anterior commissure. Gray matter in the base of each hemisphere is the forerunner of the corpus striatum. The hemispheres fuse with the side walls of the diencephalon, whereupon the mesencephalon and rhombencephalon are all that remain of the embryonic brainstem.
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Study Guidelines






1 The most important objective is that you become able to recite all the central nervous system items identified in the MRI pictures without looking at the labels.



2 Try to get the nomenclature of the component parts of the basal ganglia into long-term memory. Not easily done!



3 Because of its clinical importance, you must be able to pop up a mental image of the position and named parts of the internal capsule, and to appreciate continuity of corona radiata, internal capsule, crus cerebri.









Surface Features






Lobes


The surfaces of the two cerebral hemispheres are furrowed by sulci, the intervening ridges being called gyri. Most of the cerebral cortex is concealed from view in the walls of the sulci. Although the patterns of the various sulci vary from brain to brain, some are sufficiently constant to serve as descriptive landmarks. Deepest sulci are the lateral sulcus (Sylvian fissure) and the central sulcus (Rolandic fissure) (Figure 2.1A). These two serve to divide the hemisphere (side view) into four lobes, with the aid of two imaginary lines, one extending back from the lateral sulcus, the other reaching from the upper end of the parietooccipital sulcus (Figure 2.1B) to a blunt preoccipital notch at the lower border of the hemisphere (the sulcus and notch are labeled in Figure 2.3). The lobes are called frontal, parietal, occipital, and temporal.





[image: image]

Figure 2.1 The five lobes of the brain. (A) Lateral surface of right cerebral hemisphere. (B) Medial surface of right hemisphere.







[image: image]

Figure 2.3 (A) Lateral and (B) medial views of the right cerebral hemisphere, depicting the main gyri and sulci.




The blunt tips of the frontal, occipital, and temporal lobes are the respective poles of the hemispheres.


The opercula (lips) of the lateral sulcus can be pulled apart to expose the insula (Figure 2.2). The insula was mentioned in Chapter 1 as being relatively quiescent during prenatal expansion of the telencephalon.





[image: image]

Figure 2.2 Insula, seen on retraction of the opercula.




The medial surface of the hemisphere is exposed by cutting the corpus callosum, a massive band of white matter connecting matching areas of the cortex of the two hemispheres. The corpus callosum consists of a main part or trunk, a posterior end or splenium, an anterior end or genu (‘knee’), and a narrow rostrum reaching from the genu to the anterior commissure (Figure 2.3B). The frontal lobe lies anterior to a line drawn from the upper end of the central sulcus to the trunk of the corpus callosum (Figure 2.3B). The parietal lobe lies behind this line, and it is separated from the occipital lobe by the parietooccipital sulcus. The temporal lobe lies in front of a line drawn from the preoccipital notch to the splenium.


Figures 2.3-2.6 should be consulted along with the following description of surface features of the lobes of the brain.





[image: image]

Figure 2.4 ’Thick slice’ surface anatomy brain MRI scan from a healthy volunteer.


(From Katada, 1990.)








[image: image]

Figure 2.5 Cerebrum viewed from inferior aspect, depicting the main gyri and sulci.







[image: image]

Figure 2.6 The diencephalon and its boundaries. CC, corpus callosum.








Frontal lobe


The lateral surface of the frontal lobe contains the precentral gyrus bounded in front by the precentral sulcus. Further forward, superior, middle, and inferior frontal gyri are separated by superior and inferior frontal sulci. On the medial surface, the superior frontal gyrus is separated from the cingulate gyrus by the cingulate sulcus. The inferior or orbital surface is marked by several orbital gyri. In contact with this surface are the olfactory bulb and olfactory tract.









Parietal lobe


The anterior part of the parietal lobe contains the postcentral gyrus bounded behind by the postcentral sulcus. The posterior parietal lobe is divided into superior and inferior parietal lobules by an intraparietal sulcus. The inferior parietal lobule shows a supramarginal gyrus, capping the upturned end of the lateral sulcus, and an angular gyrus capping the superior temporal sulcus.


The medial surface contains the posterior part of the paracentral lobule and, behind this, the precuneus. The paracentral lobule (partly contained in the frontal lobe) is so called because of its relationship to the central sulcus.









Occipital lobe


The lateral surface of the occipital lobe is marked by several lateral occipital gyri. The medial surface contains the cuneus (‘wedge’) between the parietooccipital sulcus and the important calcarine sulcus. The inferior surface shows three gyri and three sulci. The lateral medial occipitotemporal gyri are separated by the occipitotemporal sulcus. The lingual gyrus lies between the collateral sulcus and the anterior end of the calcarine sulcus.









Temporal lobe


The lateral surface of the temporal lobe displays superior, middle, and inferior temporal gyri separated by superior and inferior temporal sulci. The inferior surface shows the anterior parts of the occipitotemporal gyri. The lingual gyrus continues forward as the parahippocampal gyrus, which ends in a blunt medial projection, the uncus. As will be seen later in views of the sectioned brain, the parahippocampal gyrus underlies a rolled-in part of the cortex, the hippocampus.









Limbic lobe


A fifth, limbic lobe of the brain surrounds the medial margin of the hemisphere. Surface contributors to the limbic lobe include the cingulate and parahippocampal gyri. It is more usual to speak of the limbic system, which includes the hippocampus, fornix, amygdala, and other elements (Ch. 34).












Diencephalon


The largest components of the diencephalon are the thalamus and the hypothalamus (Figures 2.6 and 2.7). These nuclear groups form the side walls of the third ventricle. Between them is a shallow hypothalamic sulcus, which represents the rostral limit of the embryonic sulcus limitans.
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Figure 2.7 Sagittal MRI ‘slice’ of the living brain.


(From a series kindly provided by Professor J. Paul Finn, Director, Magnetic Resonance Research, Department of Radiology, David Geffen School of Medicine at UCLA, California, USA.)












Midline sagittal view of the brain


Figure 2.8 is taken from a midline sagittal section of the head of a cadaver, displaying the brain in relation to its surroundings.
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Figure 2.8 Sagittal section of fixed cadaver brain.


(From Liu et al. 2003, with permission of Shantung Press of Science and Technology.)















Internal Anatomy ofthe Cerebrum


The arrangement of the following structures will now be described: thalamus, caudate and lentiform nuclei, internal capsule; hippocampus and fornix; association and commissural fibers; lateral and third ventricles.






Thalamus, caudate and lentiform nuclei, internal capsule


The two thalami face one another across the slot-like third ventricle. More often than not, they kiss, creating an interthalamic adhesion (Figure 2.9). In Figure 2.10, the thalamus and related structures are assembled in a mediolateral sequence. In contact with the upper surface of the thalamus are the head and body of the caudate nucleus. The tail of the caudate nucleus passes forward below the thalamus but not in contact with it.
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Figure 2.9 Thalamus and corpus striatum, seen on removal of the trunk of the corpus callosum and the trunk of the fornix.
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Figure 2.10 Diagrammatic reconstruction of corpus striatum and related structures. The vertical lines on the left in A and B indicate the level of the coronal sections on the right. (A) Ventricular system. (B) Thalamus and caudate nucleus in place. (C) Addition of projections to and from cerebral cortex. (D) Lentiform nucleus in place.




The thalamus is separated from the lentiform nucleus by the internal capsule, which is the most common site for a stroke resulting from local arterial embolism (blockage) or hemorrhage. The internal capsule contains fibers running from thalamus to cortex and from cortex to thalamus, brainstem, and spinal cord. In the interval between cortex and internal capsule, these ascending and descending fibers form the corona radiata. Below the internal capsule, the crus of the midbrain receives descending fibers continuing down the brainstem.


The lens-shaped lentiform nucleus is composed of two parts: putamen and globus pallidus. The putamen and caudate nucleus are of similar structure, and their anterior ends are fused. Behind this, they are linked by strands of gray matter that traverse the internal capsule, hence the term corpus striatum (or, simply, striatum) used to include the putamen and caudate nucleus. The term pallidum refers to the globus pallidus.


The caudate and lentiform nuclei belong to the basal ganglia, a term originally applied to a half-dozen masses of gray matter located near the base of the hemisphere. In current usage, the term designates four nuclei known to be involved in motor control: the caudate and lentiform nuclei, the subthalamic nucleus in the diencephalon, and the substantia nigra in the midbrain (Figure 2.11).
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Figure 2.11 Nomenclature of basal ganglia.




In horizontal section, the internal capsule has a dog-leg shape (see photograph of a fixed-brain section in Figure 2.12, and the living-brain magnetic resonance image [MRI] ‘slice’ in Figure 2.13). The internal capsule has four named parts in horizontal sections:



1 anterior limb, between the lentiform nucleus and the head of the caudate nucleus;



2 genu;



3 posterior limb, between the lentiform nucleus and the thalamus;



4 retrolentiform part, behind the lentiform nucleus and lateral to the thalamus;



5 sublentiform part (auditory radiation).
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Figure 2.12 Horizontal section of fixed cadaver brain at the level indicated at top. IC, internal capsule.


(From Liu et al. 2003, with permission of Shantung Press of Science and Technology.)
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Figure 2.13 Horizontal MRI ‘slice’ in the plane of Figure 2.12. IC, internal capsule.


(From a series kindly provided by Professor J. Paul Finn, Director, Magnetic Resonance Research, Department of Radiology, David Geffen School of Medicine at UCLA, California, USA.)





The corticospinal tract (CST) descends in the posterior limb of the internal capsule. It is also called the pyramidal tract, a tract being a bundle of fibers serving a common function. The CST originates mainly from the cortex within the precentral gyrus. It descends through the corona radiata, internal capsule, and crus of midbrain and continues to the lower end of the brainstem before crossing to the opposite side of the spinal cord.


From a clinical standpoint, the CST is the most important pathway in the entire central nervous system (CNS), for two reasons. First, it mediates voluntary movement of all kinds, and interruption of the tract leads to motor weakness (called paresis) or motor paralysis. Second, it extends the entire vertical length of the CNS, rendering it vulnerable to disease or trauma in the cerebral hemisphere or brainstem on one side, and to spinal cord disease or trauma on the other side.


A coronal section through the anterior limb is represented in Figure 2.14; a corresponding MRI view is shown in Figure 2.15. A coronal section through the posterior limb from a fixed brain is shown in Figure 2.16; a corresponding MRI slice is shown in Figure 2.17.
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Figure 2.14 Drawing of a coronal section through the anterior limb of the internal capsule.
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Figure 2.15 Coronal MRI ‘slice’ at the level of Figure 2.14.


(From a series kindly provided by Professor J. Paul Finn, Director, Magnetic Resonance Research, Department of Radiology, David Geffen School of Medicine at UCLA, California, USA.)
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Figure 2.16 Coronal section of fixed cadaver brain at the level indicated at top.


(From Liu et al. 2003, with permission of Shantung Press of Science and Technology.)
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Figure 2.17 Coronal MRI ‘slice’ at the level of Figure 2.16.


(From a series kindly provided by Professor J. Paul Finn, Director, Magnetic Resonance Research, Department of Radiology, David Geffen School of Medicine at UCLA, California, USA).





Lateral to the lentiform nucleus are the external capsule, claustrum, and extreme capsule.









Hippocampus and fornix


During embryonic life, the hippocampus (crucial for memory formation) is first seen above the corpus callosum. The bulk of it remains in that position in lower mammals. In primates, it retreats into the temporal lobe as this lobe develops, leaving a tract of white matter, the fornix, in its wake. The mature hippocampus stretches the full length of the floor of the inferior (temporal) horn of the lateral ventricle (Figures 2.18 and 2.19). The mature fornix comprises a body beneath the trunk of the corpus callosum, a crus, which enters it from each hippocampus, and two pillars (columns), which leave it to enter the diencephalon. Intimately related to the crus and body is the choroid fissure, through which the choroid plexus is inserted into the lateral ventricle.
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Figure 2.18 Tilted view of the ventricular system, showing the continuity of structures in the body and inferior horn of the lateral ventricle. Note: The amygdala, stria terminalis, and tail of caudate nucleus occupy the roof of the inferior horn; the hippocampus occupies the floor.


(The choroid plexus is ‘reduced’ in order to show related structures.)
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Figure 2.19 Coronal section through the body and inferior horn of the lateral ventricle.











Association and commissural fibers


Fibers leaving the cerebral cortex fall into three groups:



1 association fibers, which pass from one part of a single hemisphere to another;



2 commissural fibers, which link matching areas of the two hemispheres;



3 projection fibers, which run to subcortical nuclei in the cerebral hemisphere, brainstem, and spinal cord.






Association fibers (Figure 2.20)


Short association fibers pass from one gyrus to another within a lobe.
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Figure 2.20 (A) Medial view of ‘transparent’ right cerebral hemisphere. (B) Lateral view of ‘transparent’ left hemisphere. (C) Coronal section, showing position of short and long association fiber bundles.




Long association fibers link one lobe with another. Bundles of long association fibers include:



• the superior longitudinal fasciculus, linking the frontal and occipital lobes;



• the inferior longitudinal fasciculus, linking the occipital and temporal lobes;



• the arcuate fasciculus, linking the frontal lobe with the occipitotemporal cortex;



• the uncinate fasciculus, linking the frontal and anterior temporal lobes;



• the cingulum, underlying the cortex of the cingulate gyrus.









Cerebral commissures






Corpus callosum


The corpus callosum is the largest of the commissures linking matching areas of the left and right cerebral cortex (Figure 2.21). From the body, some fibers pass laterally and upward, intersecting the corona radiata. Other fibers pass laterally and then bend downward as the tapetum to reach the lower parts of the temporal and occipital lobes. Fibers traveling to the medial wall of the occipital lobe emerge from the splenium on each side and form the occipital (major) forceps. The frontal (minor) forceps emerges from each side of the genu to reach the medial wall of the frontal lobe.
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Figure 2.21 Horizontal section through genu and splenium of corpus callosum. Fibers passing laterally from the trunk intersect the corona radiata.











Minor commissures


The anterior commissure interconnects the anterior parts of the temporal lobes, as well as the two olfactory tracts.


The posterior commissure and the habenular commissure lie directly in front of the pineal gland.


The commissure of the fornix contains some fibers traveling from one hippocampus to the other by way of the two crura.















Lateral and third ventricles


The lateral ventricle consists of a body within the parietal lobe, and anterior (frontal), posterior (occipital), and inferior (temporal) horns (Figure 2.22). The anterior limit of the central part is the interventricular foramen, located between the thalamus and anterior pillar of the fornix, through which it communicates with the third ventricle. The central part joins the occipital and temporal horns at the atrium (Figures 2.23 and 2.24).
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Figure 2.22 Ventricular system. (A) Isolated cast. (B) Ventricular system in situ.
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Figure 2.23 Coronal section of fixed cadaver brain at the level indicated at top.


(From Liu et al. 2003, with permission of Shantung Press of Science and Technology.)
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Figure 2.24 Coronal MRI ‘slice’ at the level indicated at top.


(From a series kindly provided by Professor J. Paul Finn, Director, Magnetic Resonance Research, Department of Radiology, David Geffen School of Medicine at UCLA, California, USA.)





The relationships of the lateral ventricle are listed below.



• Anterior horn. Lies between head of caudate nucleus and septum pellucidum. Its other boundaries are formed by the corpus callosum: trunk above, genu in front, rostrum below.



• Body. Lies below the trunk of the corpus callosum and above the thalamus and anterior part of the body of the fornix. Medially is the septum pellucidum, which tapers away posteriorly where the fornix rises to meet the corpus callosum. The septum pellucidum is formed of the thinned-out walls of the two cerebral hemispheres. Its bilateral origin may be indicated by a central cavity (cavum).



• Posterior horn. Lies below the splenium and medial to the tapetum of the corpus callosum. On the medial side, the forceps major forms the bulb of the posterior horn.



• Inferior horn. Lies below the tail of the caudate nucleus and, at the anterior end, the amygdala (Gr. ‘almond’) (Figure 2.18), a nucleus belonging to the limbic system. The hippocampus and its associated structures occupy the full length of the floor.



• Outside these is the collateral eminence, created by the collateral sulcus.


The third ventricle is the cavity of the diencephalon. Its boundaries are shown in Figure 2.6. A choroid plexus hangs from its roof, which is formed of a double layer of pia mater called the tela choroidea. Above this are the fornix and corpus callosum. In the side walls are the thalamus and hypothalamus. The anterior wall is formed by the anterior commissure, the lamina terminalis, and the optic chiasm. In the floor are the infundibulum, the tuber cinereum, the mammillary bodies (also spelt ‘mamillary’), and the upper end of the midbrain. The pineal gland and adjacent commissures form the posterior wall. The pineal gland is often calcified, and the habenular commissure is sometimes calcified, as early as the second decade of life, thereby becoming detectable even on plain radiographs of the skull. The pineal gland is sometimes displaced to one side by a tumor, hematoma, or other mass (space-occupying lesion) within the cranial cavity.





Box 2.1 Brain planes
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Figure Box 2.1.1 (A) Planes of reference for the central nervous system as a whole. In this presentation, only the brainstem (owing to its obliquity) differs from the standard for gross anatomy. However, some authors use the terms ventral and dorsal instead of anterior and posterior with respect to the spinal cord, and some use the terms rostral and caudal to signify superior and anterior with respect to spinal cord and/or brainstem. The horizontal line represents the bicommissural plane. AC, PC, anterior and posterior commissures. (B) The brain sectioned in the bicommissural plane.
 (Adapted from Kretschmann and Weinrich 1998, with permission of Thieme and the authors.)











Box 2.2 Magnetic resonance imaging


Magnetic resonance imaging of the CNS is immensely useful for detection of tumors and other space-occupying lesions (masses). When properly used, it is quite safe, even for young children and pregnant women. As will be shown later on, it can be adapted to the study of normal brain physiology in healthy volunteers.


The original name for the technique is nuclear MRI, because it is based on the behavior of atomic nuclei in applied magnetic fields. The simplest atomic nucleus is that of the element hydrogen, consisting of a single proton, and this is prevalent in many substances (e.g. water) throughout the body.


Nuclei possess a property known as spin (Figure Box 2.2.1), and it may be helpful to visualize this as akin to a spinning gyroscope. Normally, the direction of the spin (the axis of the gyroscope in our analogy) for any given nucleus is random. Spin produces a magnetic moment (vector) that makes it behave like a tiny dipole (north and south) magnet. In the absence of any external magnetic field, the dipoles are randomly arranged.





[image: image]

Figure Box 2.2.1 Basis of nuclear magnetic resonance and its manipulation by radio waves. (A) The proton of the hydrogen nucleus is in a constant state of spin analogous to that of a gyroscope. (B) At rest, the orientation of the axes of the spinning protons is random. (C) When the external magnet is switched on, all the axes become oriented along its longitudinal, z axis. The great majority are parallel, with a small minority antiparallel, as indicated. (D) At the same time, the magnetic moments immediately precess around the axis like a wobbling gyroscope, being oriented in an intermediate state between the z axis of the magnetic field and the x–y axis at right angles to it. (E) An excitatory radio-frequency pulse at right angles to the axis of the external magnetic field tips the net magnetic moment along a ‘snail shell’ spiral into the x–y plane. (F) While the radio-frequency transceiver pulse is ‘on’, the nuclei are precessing in phase. (G) Switching off the radio frequency allows the nuclei to dephase immediately, with a brief T2 time constant. (H) Conical precession is resumed under the influence of the external magnet with a longer, T1 time constant.


(The assistance of Professor Hugh Garavan, Department of Psychology, Trinity College, Dublin, is gratefully appreciated.)





In the presence of a magnetic field, however, the dipoles will orient themselves along the direction of the magnetic field z (vertical) line.


The cylindric external magnet of an MRI machine (Figure Box 2.2.2) is immensely powerful, capable of lifting the weight of several cars at one time. When the magnet is switched on, individual nuclear magnetic moments undergo a process called – precession analogous to the wobbling of a gyroscope – whereby they adopt a cone-shaped spin around the z axis of the external magnetic field.
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Figure Box 2.2.2 The MRI machine. Outermost is the magnet. Innermost is the radio-frequency transceiver. In between are the gradient coils.




Excitatory pulses are transmitted from radio-frequency coils set at right angles to the z axis of the external magnetic field. The effect is to tilt the net nuclear magnetic moment into the x–y axis, with all the nuclei precessing ‘in phase’. When the radio-frequency coils are switched off, the nuclei ‘dephase’ while still in the x–y axis, and then relax back to vertical alignment. The time constant involved is called T2. The external magnet then restores the conical precession around the z axis; the time constant here is much slower and is called T1.


Because the spinning, precessing nuclei behave like little magnets, if they are surrounded by a coil of wire, they will induce a current in that coil that can then be measured. As it happens, the radiotransmitter coil is able to receive and measure this current, hence term transceiver in the diagram.


This is the basic principle of nuclear magnetic resonance. However, to be able to construct an actual image, we require to spatially resolve the detected signal. This can be achieved by introducing gradient coils. Superimposition of a second magnetic field, set at right angles to that of the main magnet, causes the resonant frequency to be disturbed along the axis of the new field, the proton spin being highest at one end and lowest at the other end. The magnetic resonance machine in fact contains three gradient coils, one being set in each of the three planes of space. The three coils are activated sequentially, allowing three-dimensional localization of tissue signals. In this way, it is possible to ‘slice’ through the patient, detecting the signal emitted from different components in each selected plane of the patient, and building up an image piece by piece.


The varying densities within the magnetic resonance images reflect the varying rates of dephasing and of relaxation of protons in different locations. The protons of the cerebrospinal fluid, for example, are free to resonate at maximum frequency, whereas in the white matter they are largely bound to lipid molecules. The gray matter has intermediate values, some protons being protein-bound. The radio-frequency pulses can be varied to exploit these differences. Almost all the images shown in textbooks (including this one) are T1-weighted, favoring the very weak signal provided by free protons during the relaxation period. This accounts for the different densities of CSF, gray matter, and white matter, the last being strongest. The reverse is true for T2-weighted images. T2-weighted images are especially useful in detection of lesions in the white matter. For example, they can indicate an increase in free protons resulting from patchy loss of myelin sheath lipid in multiple sclerosis (see Ch. 6), or local edema of brain tissue resulting from a vascular stroke.


The standard orientation of coronal and axial slices is shown in Figure Box 2.2.3.
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Figure Box 2.2.3 Standard orientation of magnetic resonance images. Coronal sections are viewed from in front. Axial sections are viewed from below.
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Box 2.3 Diffusion tensor imaging






Terms






• Diffusion tensor imaging is a technique developed in the mid-1990s that uses MRI to measure diffusion constants of water molecules along many (>6) directions and that characterizes diffusion anisotropy.



• An isotropic Iiquid has uniform diffusion properties on all sides, e.g. a drop of milk diffuses uniformly all around when released in water. Isotropy is uniformity in all directions and can be represented by a sphere.



• An anisotropic (Gr. ‘not isotropic’) liquid diffuses along a preferred axis and can be represented graphically as an ellipsoid.



• A tensor describes the shape of the ellipsoid. Diffusion tensors are second-order tensors (special cases of tensors are scalar [zero order or single digits] and vectors [first order or {1 × n} matrices]). A tensor can be reduced to its component axes (eigenvalues), termed lambda 1, 2 and 3, that describe the relative rate of diffusion along the length, breadth and width of the ellipsoid (eigenvectors).



• Fractional anisotropy (FA) describes the relationship between lambda 1, 2 and 3 as a fraction. The value of FA therefore ranges from 0 to 1.
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Figure Box 2.3.1 Deterministic tractography across the entire brain performed using *ExploreDTI software. This image uses the common convention in diffusion tensor and tractography images where tracts in the anterior–posterior orientation are represented in green, superior–inferior in blue and right–left in red. SCP, superior cerebellar peduncle.
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Figure Box 2.3.2 Fractional anisotropy is shown in three planes of space, with the same color-coding as in Figure 2.3.1. c.c., corpus callosum; MCP, middle cerebral peduncle; TFP, transverse fibers of pons.




In the nervous system, diffusion of intracellular water in white matter is restricted by the cell membranes. Extracellular water circulating in the ventricles and subarachnoid space and water in gray matter diffuses in a more isotropic manner. The interstitial fluid among myelinated fiber bundles preferentially diffuses parallel to the long axis of the fibers. The higher the fractional anisotropy, the more compact and uniform the bundles of fibers. This is particularly useful when comparing the relative integrity of matching myelinated pathways on each side of the brain or spinal white matter. One can reconstruct the three-dimensional trajectories of white matter tracts using tractography together with color encoding to denote direction. The reconstruction algorithm is based on fiber orientation information obtained from diffusion tensor imaging. A more advanced method that addresses the limitations of the tensor model (i.e. that summarizes information to one principal direction as the basis of tractography) and results in more accurate reconstruction is constrained spherical deconvolution (CSD). CSD uses information in multiple directions for each voxel and has begun to address the problems for tractography that occur in regions where fiber bundles cross.


*ExploreDTI.com provided by Dr. Alexander Leemans, Image Sciences Institute, University Medical Center, Utrecht.


(The assistance of Dr. Dara M. Cannon, Co-Director, Clinical Neuroimaging Laboratory, Department of Psychiatry, National University of Ireland, Galway is gratefully acknowledged.)








References





 Hess CP, Mukherjee P. Visualizing white matter pathways in the living human brain: diffusion tensor imaging and beyond. Neuroimag Clin N Am. 2007;17:407-426.


 Mori S. Introduction to diffusion tensor imaging. Amsterdam: Elsevier; 2007.














Core Information


On the lateral surface of the cerebrum, four lobes are defined by the lateral and central sulci and an imaginary T-shaped line. The frontal lobe has six named gyri, the parietal lobe has seven, the occipital lobe five, the temporal lobe four. The insula is in the floor of the lateral sulcus.


On the medial surface, the corpus callosum comprises splenium, trunk, genu, and rostrum. The septum pellucidum stretches from the corpus callosum to the trunk of the fornix. Separating fornix from thalamus is the choroidal fissure through which the choroid plexus is inserted into the lateral ventricle. The third ventricle has the fornix in its roof, thalamus and hypothalamus in its side walls, infundibulum, tuber cinereum, and mammillary bodies in its floor. Behind it is the pineal gland, often calcified.


The basal ganglia comprise the corpus striatum (caudate and lentiform nuclei), subthalamic nucleus, and substantia nigra. The lentiform nucleus comprises putamen and globus pallidus. The striatum is made up of caudate and putamen, the pallidum of globus pallidus alone.


The internal capsule is the white matter separating the lentiform nucleus from the thalamus and head of caudate nucleus. The CST descends through the corona radiata and internal capsule to reach the brainstem.


Association fibers (e.g. the longitudinal, arcuate, uncinate fasciculi) link different areas within a hemisphere. Commissural fibers (e.g. corpus callosum, anterior and posterior commissures) link matching areas across the midline. Projection fibers (e.g. corticothalamic, corticobulbar, corticospinal) travel to thalamus and brainstem. The lateral ventricles have a central part and frontal, occipital, and temporal horns. Structures determining ventricular shape include corpus callosum, caudate nucleus, thalamus, amygdala, and hippocampus.
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Study Guidelines






1 Become familiar with the locations of the ascending and descending pathways in the horizontal diagrams of brainstem and spinal cord.



2 Box 3.1 deserves special attention, because it indicates why certain pathways cross the midline and others do not. The brainstem crossings are formally addressed in Chapters 15 and 16.



3 Get to grips with the nomenclature used for parts of the midbrain.



4 Become able to divide the 31 spinal nerves into five groups.



5 Relate the three cerebellar peduncles to the fourth ventricle as seen in cross-sections.





Box 3.1 Four decussations








[image: image]

Figure Box 3.1.1 (A) The stage is set. The subject’s right hand is about to click a mouse while the eyes are directed elsewhere. The coronal section identifies key structures.
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Figure Box 3.1.1 (B) Afferents. The left parietal lobe constructs a map of the right hand in relation to the mouse, based on information sent to the left somatic sensory cortex (postcentral gyrus) from the skin and deep tissues. The information is relayed by three successive sets of neurons from the skin and by another set of three from the deep tissues. The first set in each case is composed of first-order or primary afferent neurons. These neurons are called unipolar, because each axon emerges from a single point (or pole) of the cell body and divides in a T-shaped manner to provide continuity of impulse conduction from tissue to central nervous system. The primary afferent neurons terminate by forming contacts known as synapses on the multipolar (more or less star-shaped) cells of the second-order (secondary) set. The axons of the second-order neurons project across the midline before turning up to terminate on third-order (tertiary) multipolar neurons projecting to the postcentral gyrus.


Primary afferents activated by contacts with the skin of the hand (S1) terminate in the posterior horn of the gray matter of the spinal cord. Second-order cutaneous afferents (S2) cross the midline in the anterior white commissure and ascend to the thalamus within the spinothalamic tract (STT), to be relayed by third-order neurons to the hand area of the sensory cortex.


The most significant deep tissue sensory organs are neuromuscular spindles (muscle spindles) contained within skeletal muscles. The primary afferents supplying the muscle spindles of the intrinsic muscles of the hand belong to large unipolar neurons whose axons (labeled M1) ascend ipsilaterally (on the same side of the spinal cord) within the posterior funiculus, as already seen in Figure 3.5. They synapse in the nucleus cuneatus in the medulla oblongata. The multipolar second-order neurons send their axons across the midline in the sensory decussation (seen in Figure 3.6).The axons ascend (M2) through pons and midbrain before synapsing on third-order neurons (M3) projecting from thalamus to sensory cortex.


PCML, posterior column–medial lemniscal pathway.
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Figure Box 3.1.1 (C) Cerebellar control. Before the brain sends an instruction to click the mouse, it requires information on the current state of contraction of the muscles. This information is constantly being sent from the muscles to the cerebellar hemisphere on the same side. As indicated in the diagram, M1 neurons are dual-purpose sensory neurons. At their point of entry to the posterior funiculus, they give off a branch, here labeled C1, to a spinocerebellar neuron that projects (C2) to the ipsilateral cerebellum. From here, a cerebellothalamic neuron (C3) is shown projecting across the midbrain to the contralateral thalamus, where a further neuron (C4) relays information to the hand area of the motor cortex in the precentral gyrus.


(D) Motor output. Multipolar neurons in the left motor cortex now fire impulses along the upper motor neurons that constitute the corticospinal tract (CST), which crosses to the opposite side in the motor decussation, as already noted in Figure 3.6. The CST synapses on lower motor neurons projecting from the anterior horn of the spinal gray matter to activate flexor muscles of the index finger and local stabilizing muscles.


Note that a copy of the outgoing message is sent to the right cerebellar hemisphere by way of transverse fibers of the pons (TFP) originating in multipolar neurons located on the left side of the pons.










The midbrain connects the diencephalon to the hindbrain. As explained in Chapter 1, the hindbrain is made up of the pons, medulla oblongata, and cerebellum. The medulla oblongata joins the spinal cord within the foramen magnum of the skull.


In this chapter, the cerebellum (part of the hindbrain) is considered after the spinal cord, for the sake of continuity of motor and sensory pathway descriptions.






Brainstem






Ventral view (Figures 3.1 and 3.2A)






Midbrain


The ventral surface of the midbrain shows two massive cerebral peduncles bordering the interpeduncular fossa. The optic tracts wind around the midbrain at its junction with the diencephalon. Lateral to the midbrain is the uncus of the temporal lobe. The oculomotor nerve (III) emerges from the medial surface of the peduncle. The trochlear nerve (IV) passes between the peduncle and the uncus.
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Figure 3.1 Ventral view of the brainstem in situ.
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Figure 3.2 (A) Anterior and (B) posterior view of the brainstem.











Pons


The bulk of the pons is composed of transverse fibers that raise numerous surface ridges. On each side, the pons is marked off from the middle cerebellar peduncle by the attachment of the trigeminal nerve (V). The middle cerebellar peduncle plunges into the hemisphere of the cerebellum.


At the lower border of the pons are the attachments of the abducens (VI), facial (VII), and vestibulocochlear (VIII) nerves (see Table 3.1).


Table 3.1 The cranial nerves






	Number

	Name






	I

	Olfactory, enters the olfactory bulb from the nose






	II

	Optic






	III

	Oculomotor






	IV

	Trochlear






	V

	Trigeminal






	VI

	Abducens






	VII

	Facial






	VIII

	Vestibulocochlear






	IX

	Glossopharyngeal






	X

	Vagus






	XI

	Accessory






	XII

	Hypoglossal














Medulla oblongata


The pyramids are alongside the anterior median fissure. Just above the spinomedullary junction, the fissure is invaded by the decussation of the pyramids, where fibers of the two pyramids intersect while crossing the midline. Lateral to the pyramid is the olive, and behind the olive is the inferior cerebellar peduncle. Attached between pyramid and olive is the hypoglossal nerve (XII). Attached between olive and inferior cerebellar peduncle are the glossopharyngeal (IX), vagus (X), and cranial accessory (XIc) nerves. The spinal accessory nerve (XIs) arises from the spinal cord and runs up through the foramen magnum to join the cranial accessory.












Dorsal view (Figure 3.2B)


The roof or tectum of the midbrain is composed of four colliculi. The superior colliculi belong to the visual system, and the inferior colliculi belong to the auditory system. The trochlear nerve (IV) emerges below the inferior colliculus on each side.


The diamond-shaped fourth ventricle lies behind the pons and upper medulla oblongata, under cover of the cerebellum. The upper half of the diamond is bounded by the superior cerebellar peduncles, which are attached to the midbrain. The lower half is bounded by the inferior cerebellar peduncles, which are attached to the medulla oblongata. The middle cerebellar peduncles enter from the pons and overlap the other two.


Near the midline in the midregion of the ventricle is the facial colliculus, which is created by the facial nerve curving around the nucleus of the abducens nerve. The vestibular area, and the vagal and hypoglossal trigones overlie the corresponding cranial nerve nuclei. The obex is the inferior apex of the ventricle.


Below the fourth ventricle, the medulla oblongata shows a pair of gracile tubercles flanked by a pair of cuneate tubercles.









Sectional views


In the midbrain, the central canal of the embryonic neural tube is represented by the aqueduct. Behind the pons and upper medulla oblongata (Figure 3.3), it is represented by the fourth ventricle, which is tent-shaped in this view. The central canal resumes at midmedullary level; it is continuous with the central canal of the spinal cord, although movement of cerebrospinal fluid into the cord canal is negligible.
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Figure 3.3 (A) Sagittal section of the brainstem. Cerebrospinal fluid descends along the aqueduct into the fourth ventricle and emerges into the subarachnoid space via three apertures including the median aperture containing the arrow. (B) Transverse section of midbrain at the level indicated in (A). The substantia nigra separates the tegmentum from the two crura cerebri. The interpeduncular fossa is so called because the entire midbrain is said to be made up of a pair of cerebral peduncles. PAG, periaqueductal gray matter.




The intermediate region of the brainstem is called the tegmentum, which in the midbrain contains the paired red nucleus. Ventral to the tegmentum in the pons is the basilar region. Ventral to the tegmentum in the medulla oblongata are the pyramids.


The tegmentum of the entire brainstem is permeated by an important network of neurons, the reticular formation. The tegmentum also contains ascending sensory pathways carrying general sensory information from the trunk and limbs. Illustrated in Figures 3.4-3.6 are the posterior column–medial lemniscal (PCML) pathways, which inform the brain about the position of the limbs in space. At spinal cord level, the label PCML is used here because these pathways occupy the posterior columns of white matter in the cord. In the brainstem, the label PCML is used because they continue upward as the medial lemnisci.
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Figure 3.4 Transverse sections of midbrain. (A) At level of superior colliculi. (B) At level of inferior colliculi. In this and following diagrams, the corticospinal tract (CST) and posterior column–medial lemniscal (PCML) pathway connected to the left cerebral hemisphere are highlighted. PAG, periaqueductal gray matter.
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Figure 3.5 Transverse sections of pons. (A) Upper pons. (B) Lower pons. SCP, MCP, ICP, superior, middle, inferior cerebellar peduncles. CST, corticospinal tract; PCML, posterior column–medial lemniscal pathway.
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Figure 3.6 Transverse sections of medulla oblongata. (A) Level of inferior olivary nucleus (ION). (B) Level of sensory decussation. (C) Level of motor decussation. CST, Corticospinal tract; ICP, inferior cerebellar peduncle; PCML, posterior column–medial lemniscal pathways.




The most important motor pathways from a clinical standpoint are the corticospinal tracts (CSTs), the pathways for execution of voluntary movements. The CSTs are placed ventrally, occupying the crura of the midbrain, the basilar pons, and the pyramids of the medulla oblongata.


Note that, in the medulla oblongata, the PCML and CST decussate: one of each pair intersects with the other to gain the contralateral (opposite) side of the neuraxis (brainstem–spinal cord). The four most important decussations are illustrated in Box 3.1.


In the following account of seven horizontal sections of the brainstem, the positions of the cranial nerve nuclei are not included.






Midbrain (Figure 3.4)


The main landmarks have already been identified. The medial lemniscal component of PCML occupies the lateral part of the tegmentum (upper section), on its way to a sensory nucleus of the thalamus immediately above this level. The CST has arisen in the cerebral cortex, and it is descending in the midregion of the cerebral crus on the same side.
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Figure 3.7 Horizontal section of fixed cadaver, taken at level of the midbrain. The cerebellum is seen through the tentorial notch.


(From Liu et al. 2003, with permission of Shantung Press of Science and Technology.)





The decussation of the superior cerebellar peduncles straddles the midline at the level of the inferior colliculi (lower section).









Pons (Figure 3.5)


In the upper section, the cavity of the fourth ventricle is bordered laterally by the superior cerebellar peduncles, which are ascending (arrows) to decussate in the lower midbrain. In the floor of the ventricle is the central gray matter. The medial lemniscus occupies the ventral part of the tegmentum on each side. The basilar region contains millions of transverse fibers, some of which separate the CST into individual fascicles. The transverse fibers enter the cerebellum via the middle cerebellar peduncles and appear to form a bridge (hence, pons) connecting the cerebellar hemispheres. But the individual transverse fibers arise on one side of the pons and cross to enter the contralateral cerebellar hemisphere. The transverse fibers belong to the giant corticopontocerebellar pathway, which travels from the cerebral cortex of one side to the contralateral cerebellar hemisphere, as depicted in Box 3.1.


The lower section contains the inferior cerebellar peduncle, about to plunge into the cerebellum. The CST bundles have reunited prior to entering the medulla oblongata.









Medulla oblongata (Figure 3.6)


Follow the CST from above down. It descends through sections A and B as the pyramid. In C, it intersects with its opposite number in the motor decussation, prior to entering the contralateral side of the spinal cord.


Follow the PCML pathway from below upward. In section C, it takes the form of the gracile and cuneate fasciculi, known in the spinal cord as the posterior columns of white matter. In section B, the posterior columns terminate in the gracile and cuneate nuclei. From these nuclei, fresh sets of fibers swing around the central gray matter and intersect with their opposite numbers in the sensory decussation. Having crossed the midline, the fibers turn upward. In section A, they form the medial lemniscal component of PCML.


On the left side of the medulla is shown the posterior spinocerebellar tract. Its function (non-conscious) is to inform the cerebellum of the state of activity of the ipsilateral (same side) skeletal muscles in the trunk and limbs.


The upper third of the medulla shows the wrinkled inferior olivary nucleus, which creates the olive of gross anatomy.


Sections of brainstem in situ are in Figures 3.7-3.11.
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Figure 3.8 Enlargement from Figure 3.7.
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Figure 3.9 Horizontal section taken at the level of upper pons. The fourth ventricle is slot-like at this level; on each side is a superior cerebellar peduncle traveling upward and medially from dentate nucleus toward the contralateral thalamus.


(From Liu et al. 2003, with permission of Shantung Press of Science and Technology.)
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Figure 3.10 Horizontal section taken through the middle of the pons. (A) In axial brain scans, the pons would be in the position shown, i.e. in the roof of the fourth ventricle. (B) In standard anatomic descriptions including histologic sections (cf. Ch. 17), the pons occupies the floor of the fourth ventricle, as shown here. Note the massive size of the middle cerebellar peduncles.


(From Liu et al. 2003, with permission of Shantung Press of Science and Technology.)
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Figure 3.11 Coronal section of brainstem and cerebellum at the level shown at top. Note that the section passes through the tegmentum of the midbrain. The spinal and trigeminal lemnisci are entering the posterior–posterolateral nuclei of thalamus. The periaqueductal gray matter is sectioned longitudinally; the aqueduct itself is seen below the third ventricle.

















Spinal Cord






General features


The spinal cord occupies the upper two-thirds of the vertebral canal. Thirty-one pairs of spinal nerves are attached to it by means of anterior and posterior nerve roots (Figure 3.12A). The cord shows cervical and lumbar enlargements that accommodate nerve cells supplying the upper and lower limbs.
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Figure 3.12 Spinal cord. On the left is an anterior view of the cord with nerve attachments enumerated. On the right are (A) cervical enlargement level, (B) thoracic level, and (C) lumbar enlargement level, showing the arrangement of the largest motor and sensory pathways in the white matter, namely the corticospinal tract (CST) and the posterior column–medial lemniscal pathway (PCML) comprising the gracile fasciculi.











Internal anatomy


In transverse sections, the cord shows butterfly-shaped gray matter surrounded by three columns or funiculi of white matter (Figure 3.12B): an anterior funiculus in the interval between the anterior median fissure and the emerging anterior nerve roots; a lateral funiculus between the anterior and posterior nerve roots; and a posterior funiculus between the posterior roots and the posterior median septum.


The gray matter consists of central gray matter surrounding a minute central canal, and anterior and posterior gray horns on each side. At the levels of attachment of the 12 thoracic and upper two or three lumbar nerve roots, a lateral gray horn is present as well. Posterior nerve roots enter the posterior gray horn, and anterior nerve roots emerge from the anterior gray horn.


Axons pass from one side of the spinal cord to the other in the anterior white and gray commissures deep to the anterior median fissure.


The CST descends the cord within the lateral funiculus. Its principal targets are neurons in the anterior gray horn concerned with activation of skeletal muscles. Special note: In Chapter 16, it will be seen that a small, anterior CST separates from the main bundle and descends within the anterior funiculus. Accordingly, the proper name of the bundle depicted here is the lateral CST.


In the cord, the PCML pathway is represented by the gracile and cuneate fasciculi. The fasciculi are composed of the central processes of peripheral sensory neurons supplying muscles, joints, and skin. Processes entering from the lower part of the body form the gracile (’slender’) fasciculus; those from the upper part form the cuneate (‘wedge-shaped’) fasciculus (Figures 3.13 and 3.14).
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Figure 3.13 Midline sagittal section of fixed cadaver, displaying spinal cord and cauda equina in situ. It should be borne in mind that the cauda equina contains not only the motor and sensory nerve roots of the lumbosacral plexus supplying the lower limbs but also the autonomic motor nerves supplying smooth muscle of hindgut (sigmoid colon and rectum), bladder, uterus, and erectile tissues.


(From Liu et al. 2003, with permission of Shantung Press of Science and Technology.)
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Figure 3.14 Remarkable photograph of coronal section of fixed cadaver, confirming the high level of commencement of the cauda equina as viewed from in front. In clinical context, this photograph is a reminder of the hazard to somatic (notably sciatic) and parasympathetic (notably to bladder and rectum) nerves incurred by crush fractures of lumbar vertebrae.


(From Liu et al. 2003, with permission of Shantung Press of Science and Technology.)















Cerebellum


The cerebellum is made up of two hemispheres connected by the vermis in the midline (Figure 3.15). The vermis is distinct only on the undersurface, where it occupies the floor of a deep groove, the vallecula. The hemispheres show numerous deep fissures, with folia between. About 80% of the cortex (surface gray matter) is hidden from view on the surfaces of the folia.
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Figure 3.15 Cerebellum. (A) Viewed from above. (B) Viewed from the position of the pons.




The oldest part of the cerebellum (present even in fishes) is the flocculonodular lobe consisting of the nodule of the vermis and the flocculus in the hemisphere on each side. More recent is the anterior lobe, which is bounded posteriorly by the fissura prima and contains the pyramis and the uvula. Most recent is the posterior lobe. A prominent feature of the posterior lobe is the tonsil. This tonsil lies directly above the foramen magnum of the skull; if the intracranial pressure is raised (e.g. by a brain tumor), one or both tonsils may descend into the foramen and pose a threat to life by compressing the medulla oblongata.


The white matter contains several deep nuclei. The largest of these is the dentate nucleus (Figure 3.16).
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Figure 3.16 (A) Sagittal section of hindbrain. (B) Oblique section of cerebellum.







Core Information






Brainstem


The midbrain comprises tectum, tegmentum, and a crus cerebri on each side. The cerebral aqueduct is surrounded by periaqueductal gray matter. The tegmentum contains the red nucleus at the level of the upper part of the midbrain, and elements of the reticular formation at all levels of the brainstem. The largest component of the pons is the basilar region containing millions of transverse fibers belonging to the corticopontocerebellar pathways. The most prominent structure in the medulla oblongata is the inferior olivary nucleus.


The CST descends in the crus of midbrain, basilar pons, and medullary pyramid. Its principal component, the lateral CST, enters the pyramidal decussation and descends the spinal cord in the opposite lateral funiculus. Most of its fibers terminate in the anterior gray horn.


The posterior columns of the spinal cord comprise the gracile and cuneate fasciculi, which terminate in the lower medulla by synapsing upon neurons of the corresponding nuclei. A second set of fibers traverse the sensory decussation before ascending, as the medial lemniscus, to the contralateral sensory thalamus.


The posterior spinocerebellar tract carries information about ipsilateral muscular activity. It enters the inferior cerebellar peduncle. The cerebellum responds by sending signals through the superior cerebellar peduncle of that side to the contralateral motor thalamus via the decussation in the lower midbrain.









Spinal cord


The spinal cord occupies the upper two-thirds of the vertebral canal, the sacral nerve roots being attached to it at the level of the first lumbar vertebra. In all, 31 pairs of roots are attached. The gray matter is most abundant at the levels of attachment of the brachial and lumbosacral plexuses. Anterior and posterior horns are present at all levels, and lateral horns at the level of thoracic and upper lumbar root attachments. The white matter comprises anterior, lateral, and posterior funiculi. Axons cross the midline in the gray commissures and in the white commisure. In general, propriospinal pathways are innermost, motor pathways are intermediate, and sensory pathways are outermost.









Cerebellum


The hemispheres are deeply fissured and are linked by the vermis. The oldest part is the flocculonodular lobe. More recent is the anterior lobe. Most recent is the posterior lobe, which includes the tonsils. The white matter contains several nuclei, including the dentate nucleus.
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Study Guidelines






1 Be able to compare the structure of the dura mater with that of the pia–arachnoid.



2 Be able to follow a drop of blood from the superior sagittal sinus to the internal jugular vein, and from an ophthalmic vein to the sigmoid sinus.



3 Name the nerves supplying (a) the supratentorial dura and (b) the infratentorial dura.



4 Identify the different vessels responsible for extradural, subdural, and subarachnoid bleeding.



5 Appreciate the mechanism of papilledema and why spinal tap (lumbar puncture) should not be undertaken in its presence.



6 Trace a drop of cerebrospinal fluid from a lateral ventricle to (a) its point of entry into the bloodstream, (b) to an in situ lumbar puncture needle.



7 Know about a major cause of hydrocephalus (a) in infancy, (b) in adults, and why both are examples of ‘outlet obstruction’.





The meninges surround the central nervous system (CNS) and suspend it in the protective jacket provided by the cerebrospinal fluid (CSF). The meninges comprise the tough dura mater or pachymeninx (Gr. ‘thick membrane’), and the leptomeninges (Gr. ‘slender membranes’) consisting of the arachnoid mater and pia mater. Between the arachnoid and the pia is the subarachnoid space filled with CSF.






Cranial Meninges






Dura mater


The terminology used to describe the cranial dura mater varies among different authors. It seems best to regard it as a single, tough layer of fibrous tissue that is fused with the endosteum (inner periosteum) of the skull, except where it is reflected into the interior of the vault or is stretched across the skull base. Wherever it separates from the periosteum, the intervening space contains venous sinuses (Figure 4.1).





[image: image]

Figure 4.1 Dural reflections and venous sinuses. The midbrain occupies the tentorial notch.




Two great dural folds extend into the cranial cavity and help to stabilize the brain. These are the falx cerebri and the tentorium cerebelli.


The falx cerebri occupies the longitudinal fissure between the cerebral hemispheres. Its attached border extends from the crista galli of the ethmoid bone to the upper surface of the tentorium cerebelli. Along the vault of the skull, it encloses the superior sagittal sinus. Its free border contains the inferior sagittal sinus that unites with the great cerebral vein to form the straight sinus. The straight sinus travels along the line of attachment of falx cerebri to tentorium cerebelli and meets the superior sagittal sinus at the confluence of the sinuses.


The crescentic tentorium cerebelli arches like a tent above the posterior cranial fossa, being lifted up by the falx cerebri in the midline. The attached margin of the tentorium encloses the transverse sinuses on the inner surface of the occipital bone and the superior petrosal sinuses along the upper border of the petrous temporal bone. The attached margin reaches to the posterior clinoid processes of the sphenoid bone. Most of the blood from the superior sagittal sinus usually empties into the right transverse sinus (Figure 4.2).





[image: image]

Figure 4.2 Venous sinuses on the base of the skull. The dura mater has been removed on the right side. The inset indicates where grooves for sinuses are seen on the dry skull. On the left, the midbrain is seen at the level of the tentorial notch. On the right, a lower level section shows the trigeminal nerve attached to the pons.




The free margin of the tentorium is U-shaped. The tips of the U are attached to the anterior clinoid processes. Just behind this, the two limbs of the U are linked by a sheet of dura, the diaphragma sellae, which is pierced by the pituitary stalk. Laterally, the dura falls away into the middle cranial fossae from the limbs of the U, creating the cavernous sinus on each side (Figure 4.3). Behind the sphenoid bone, the concavity of the U encloses the midbrain.





[image: image]

Figure 4.3 Coronal section of the cavernous sinus.




The cavernous sinus receives blood from the orbit via the ophthalmic veins. The superior petrosal sinus joins the transverse sinus at its junction with the sigmoid sinus. The sigmoid sinus descends along the occipital bone and discharges into the bulb of the internal jugular vein. The bulb receives the inferior petrosal sinus which descends along the edge of the occipital bone.


The tentorium cerebelli divides the cranial cavity into a supratentorial compartment containing the forebrain, and an infratentorial compartment containing the hindbrain. A small falx cerebelli is attached to the undersurface of the tentorium cerebelli and to the internal occipital crest of the occipital bone.






Innervation of the cranial dura mater


The dura mater lining the supratentorial compartment of the cranial cavity receives sensory innervation from the trigeminal nerve. That lining the anterior cranial fossa and anterior part of the skull vault is supplied by its ophthalmic branch; that lining the middle cranial fossa and midregion of the vault is mainly supplied by the nervus spinosus (Figure 4.2). This nerve leaves the mandibular nerve outside the foramen ovale, to return via the foramen spinosum and accompany the middle meningeal artery and its branches. Stretching or inflammation of the supratentorial dura gives rise to frontal or parietal headache.


The dura mater lining the infratentorial compartment is supplied by branches of upper cervical spinal nerves entering the foramen magnum (Figure 4.2). Occipital and posterior neck pains accompany disturbance of the infratentorial dura. Acute meningitis involving posterior cranial fossa meninges is associated with neck rigidity and often with head retraction brought about by reflex contraction of the posterior nuchal muscles, which are supplied by cervical nerves. Violent occipital headache follows subarachnoid hemorrhage (Ch. 35), where free blood swirls around the hindbrain.












Meningeal arteries


Embedded in the endosteum of the skull are several meningeal arteries whose main function is to supply the diploë (bone marrow). Much the largest is the middle meningeal artery, which ramifies over the inner surface of the temporal and parietal bones. Tearing of this artery, with its accompanying vein, is the usual source of an extradural hematoma (Clinical Panel 4.1).





Clinical Panel 4.1 Extradural and subdural hematomas


An extradural (epidural) hematoma is typically caused by a blow to the side of the head severe enough to cause a fracture with associated tearing of the anterior or posterior branch of the middle meningeal artery. Most cases remain unconscious unless treated. Occasionally, following the initial concussion of the brain, with loss of consciousness, there may be a lucid interval of several hours. Onset of increasing headache and drowsiness signals cerebral compression produced by expansion of the hematoma. Coma and death will supervene unless the hematoma is drained though a burr hole. The favored site of access is the H-shaped suture complex known as the pterion, which overlies the anterior branch of the middle meningeal artery (Figure CP 4.1.1).


Subdural hematomas are caused by rupture of superficial cerebral veins in transit from the brain to an intracranial venous sinus. An acute subdural hematoma most often follows severe head injury in children. It must always be suspected where a child remains unconscious after a head injury. Child-battering is a possible explanation if this situation arises in the home. A subacute subdural hematoma may follow head injury at any age. Symptoms and signs of raised intracranial pressure (described in Ch. 6) develop up to 3 weeks after the injury.


Chronic subdural hematomas occur in older people, where the transit veins have become brittle and made taut by shrinkage of the aging brain. Head injury may be mild or even absent. A significant number of these patients have a coagulopathy (e.g. from anticoagulant therapy or excess alcohol intake). Presenting symptoms are variable and include personality changes, headaches, and epileptic seizures.
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Figure CP 4.1.1 Side view of skull. The circle encloses the pterion.











Arachnoid mater


The arachnoid (Gr. ‘spidery’) is a thin, fibrocellular layer in direct contact with the dura mater (Figure 4.4). The outermost cells of the arachnoid are bonded to one another by tight junctions that seal the subarachnoid space. Innumerable arachnoid trabeculae cross the space to reach the pia mater.





[image: image]

Figure 4.4 Coronal section of the superior sagittal sinus and related structures. (A) General view. Most of the scalp has been removed to show two emissary veins transferring blood from the diploë into scalp veins on the surface of the epicranial aponeurosis. On the right, the diploë is being fed and drained by meningeal vessels. Also seen is a cerebral vein draining into the superior sagittal sinus. (B) Enlargement from (A), showing an arachnoid granulation transferring cerebrospinal fluid from the subarachnoid space to a lacuna connected to the superior sagittal sinus. (C) Enlargement from (A), showing an artery sequentially surrounded by subarachnoid, subpial, and perivascular space extracellular fluid. The asterisk marks the potential space between dura and arachnoid for spread of subdural blood from a torn cerebral vein. Note the extradural position of the meningeal vessels.











Pia mater


The pia mater invests the brain closely, following its contours and lining the various sulci (Figure 4.4). Like the arachnoid, it is fibrocellular. The cellular component of the pia is external and is permeable to CSF. The fibrous component occupies a narrow subpial space that is continuous with perivascular spaces around cerebral blood vessels penetrating the brain surface.


Note: Although the subarachnoid and subpial spaces are proven, there is no sign of any ‘subdural space’ in properly fixed material. Such a space can be created, however, by leakage of blood into the cellular layer of the dura mater following a tear of a cerebral vein at its point of anchorage to the fibrous layer. (See Subdural hematoma in Clinical Panel 4.1.)









Subarachnoid cisterns


Along the base of the brain and the sides of the brainstem, pools of CSF occupy subarachnoid cisterns (Figures 4.5 and 4.6). The largest of these is the cisterna magna, in the interval between cerebellum and medulla oblongata. More rostrally are the cisterna pontis ventral to the pons, the interpeduncular cistern between the cerebral peduncles, and the cisterna ambiens at the side of the midbrain. The complete list of cisterns is in Table 4.1.
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Figure 4.5 Portion of Figure 2.8 showing subarachnoid cisterns.
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Figure 4.6 Horizontal MRI. Note the proximity of the uncus to the crus of the midbrain (cf. uncal herniation, Clinical Panel 6.2).


(From a series kindly provided by Professor J. Paul Finn, Director, Magnetic Resonance Research, Department of Radiology, David Geffen School of Medicine at UCLA, California, USA.)





Table 4.1 Subarachnoid cisterns






	Cistern

	Location






	Posterior cerebellomedullary (cisterna magna)

	Between cerebellum and dorsal surface of medulla oblongata






	Lateral cerebellomedullary

	Along each side of the medulla






	Chiasmatic

	Behind and above the optic chiasm






	Cistern of lateral cerebral fossa

	Along the lateral sulcus (Sylvian fissure)






	Interpeduncular

	Interpeduncular fossa






	Ambient (cisterna ambiens)

	On each side of the midbrain






	Quadrigeminal

	Surrounding the great cerebral vein dorsal to the midbrain colliculi (quadrigeminal bodies)














Sheath of the optic nerve


The optic nerve is composed of CNS white matter, and it has a complete meningeal investment. The dura mater fuses with the scleral shell of the eyeball; the subarachnoid space is a tubular cul de sac (dead end). The central vessels of the retina pierce the meninges to enter it (Figure 4.7). Any sustained elevation of intracranial pressure will be transmitted to the subarachnoid sleeve surrounding the nerve. The central vein will be compressed, resulting in swelling of the retinal tributaries of the vein and edema of the optic papilla, where the optic nerve begins. The condition is known as papilledema (Figure 4.8). It can be recognized on inspection of the retina with an ophthalmoscope.
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Figure 4.7 Horizontal section of the left orbit. The subarachnoid space extends forward to the level of fusion of dura mater with the scleral coat of the eyeball (arrows).
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Figure 4.8 Fundus oculi as seen with an ophthalmoscope. (A) Normal. (B) Papilledema resulting from raised intracranial pressure.














Spinal Meninges (Figure 4.9)


The spinal dural sac is like a test tube, attached to the rim of the foramen magnum and reaching down to the level of the second sacral vertebra. The outer surface of the tube is adherent to the posterior longitudinal ligament of the vertebrae in the midline; elsewhere, it is surrounded by fat containing the epidural, internal vertebral venous plexus (Ch. 14).
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Figure 4.9 Contents of cervical vertebral canal. The dura mater blends with the epineurium of the spinal nerve trunk.




The internal surface of the dura is lined with arachnoid mater. The pia mater lines the surface of the spinal cord and is attached to the dura mater at regular intervals by the serrated denticulate (toothed) ligament.


Because the spinal cord reaches only to first or second lumbar vertebral level, a large lumbar cistern is created, containing the free-floating motor and sensory roots of the sacral and lower lumbar spinal nerves (Ch. 14). The lumbar cistern may be tapped to procure samples of CSF for analysis (Clinical Panel 4.2) or to deliver a spinal anesthetic (Ch. 14).





Clinical Panel 4.2 Lumbar puncture (Figure CP 4.2.1)








[image: image]

Figure CP 4.2.1 Lumbar puncture (spinal tap). (A) The patient lies on one side, curled forward to open the interspinous spaces of the lumbar region. The spine of vertebra L4 is identified in the intercristal (supracristal) plane at the level of the tops of the iliac crests. (B) Under aseptic conditions, a lumbar puncture needle is introduced obliquely above the spine of vertebra L4, parallel to the plane of the spine. The needle is passed through the interspinous ligament. A slight ‘give’ is perceived when the needle pierces the dura–arachnoid mater and enters the subarachnoid space. (C) Transverse section showing the cauda equina floating in the subarachnoid space. The anterior and posterior roots of spinal nerve L3 are coming together as they leave the lumbar cistern.







The spinal dura mater (with its arachnoid lining) is sometimes referred to as the thecal sac (Gr. ‘enclosing capsule’)









Circulation of Cerebrospinal Fluid (Figure 4.10)


The principal source of the CSF is the secretion of the choroid plexuses into the ventricles of the brain. From the lateral ventricles, the CSF enters the third through the interventricular foramen. It descends to the fourth ventricle through the aqueduct and squirts into the subarachnoid space through the median and lateral apertures. (Flow within the central canal of the spinal cord is negligible.)
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Figure 4.10 Circulation of cerebrospinal fluid.




Within the subarachnoid space, some of the CSF descends through the foramen magnum, reaching the lumbar cistern in about 12 h. From the subarachnoid space at the base of the brain, the CSF ascends through the tentorial notch and bathes the surface of the cerebral hemispheres before being returned to the blood through the arachnoid granulations (Figure 4.4). The arachnoid granulations are pinhead pouches of arachnoid mater projecting through the dural wall of the major venous sinuses – especially the superior sagittal sinus and the small venous lacunae that open into it. CSF is transported across the arachnoid epithelium in giant vacuoles.


As much as a quarter of the circulating CSF may not reach the superior sagittal sinus. Some enters small arachnoid villi projecting into spinal veins exiting intervertebral foramina, and some drains into lymphatics in the adventitia of arteries at the base of the brain and in the epineurium of cranial nerves. These lymphatics drain into cervical lymph nodes. Bimanual downward massage of the sides of the neck is sometimes used to enhance this drainage in patients suffering from cerebral edema.


About 300 mL of CSF is secreted by the choroid plexuses every 24 h. Another 200 mL is produced from other sources, as described in Chapter 5. Blockage of flow through the ventricular system or cranial subarachnoid space will cause back-up within the ventricular system: a state of hydrocephalus (Clinical Panel 4.3).





Clinical Panel 4.3 Hydrocephalus


Hydrocephalus (Gr. ‘water in the brain’) denotes accumulation of CSF in the ventricular system. With the exception of overproduction of CSF by a rare papilloma of the choroid plexus, hydrocephalus results from obstruction of the normal CSF circulation, with consequent dilatation of the ventricles. (The term is not used to describe the accumulation of fluid in the ventricles and subarachnoid space in association with senile atrophy of the brain.)


In the great majority of cases, hydrocephalus is caused by obstruction of the foramina opening the fourth ventricle to the subarachnoid space. A major cause of outlet obstruction in infancy is the Arnold–Chiari malformation, where the cerebellum is partly extruded into the vertebral canal during fetal life because the posterior cranial fossa is underdeveloped. In untreated cases, the child’s head may become as large as a football and the cerebral hemispheres paper-thin. The condition is nearly always associated with spina bifida (Ch. 14). Early treatment is essential to prevent severe brain damage. The obstruction can be bypassed by means of a catheter having one end inserted into a lateral ventricle and the other inserted into the internal jugular vein.


A major cause of outlet obstruction is displacement of the cerebellum into the foramen magnum by a space-occupying lesion (mass) such as a tumor or hematoma (see Ch. 6).


Meningitis can cause hydrocephalus at any age. The development of leptomeningeal adhesions may compromise CSF circulation at the level of the ventricular outlets, the tentorial notch, and/or the arachnoid granulations.








Core Information






Meninges


The meninges comprise dura, arachnoid, and pia mater. The subarachnoid space contains CSF.


The cranial dura mater shows two large folds: the falx cerebri and tentorium cerebelli. The attached edge of the falx encloses the superior sagittal sinus, which usually enters the right transverse sinus. The free edge of the falx encloses the inferior sagittal sinus, which joins the great cerebral vein, forming the straight sinus that enters the confluence of the superior sagittal and transverse sinuses. The attached edge of the tentorium encloses the transverse sinus, which descends and continues as sigmoid sinus to join the internal jugular vein. The midbrain is partly enclosed by the free edge of the tentorium, which is attached to the anterior clinoid processes of the sphenoid bone and provides a U-shaped gap for passage of the midbrain. Dura drapes from each side of the U into the middle cranial fossa, creating the cavernous sinus. This sinus receives blood from the ophthalmic veins and drains via petrosal sinuses into each end of the sigmoid sinus.


The supratentorial dura mater is innervated by the trigeminal nerve, the infratentorial dura by upper cervical nerves. The meningeal vessels run extradurally to supply the diploë; if torn by skull fracture, they may form an extradural hematoma compressing the brain. A subdural hematoma may be caused by leakage from a cerebral vein in transit to the superior sagittal sinus.









Cerebrospinal fluid


Pools of CSF at the base of the brain include the cisterna magna, the cisterna pontis, the interpeduncular cistern, and the cisterna ambiens. CSF also extends along the meningeal sheath of the optic nerve, and raised intracranial pressure may compress the central vein of the retina, causing papilledema. The spinal dural sac extends down to S2 vertebral level. The lumbar cistern contains spinal nerve roots and is accessible for lumbar puncture (spinal tap). CSF secreted by the choroid plexuses escapes into the subarachnoid space through the three apertures of the fourth ventricle. Some descends to the lumbar cistern. The CSF ascends through the tentorial notch and the cerebral subarachnoid space to reach the superior sagittal sinus and its lacunae via the arachnoid granulations. Blockage of CSF flow anywhere along its course leads to hydrocephalus.
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Study Guidelines






1 On simple outline drawings of the lateral, medial, and inferior surfaces of a cerebral hemisphere, learn to shade in the territories of the three cerebral arteries.



2 Identify the main sources of arterial supply to the internal capsule.



3 Become familiar with carotid and vertebral angiograms.



4 Be able to list the territories supplied by the vertebral and basilar arteries.



5 Identify the two blood–brain barriers. Be able to understand why, for example, shallow breathing following abdominal surgery may tip a patient into coma.


Because interpretation of the symptoms caused by cerebrovascular accidents requires prior understanding of brain function, Clinical Panels on this subject are placed in the final chapter.


A Clinical Panel on blood–brain barrier pathology is placed in the present chapter because the symptoms are of a general nature.









Introduction


The brain is absolutely dependent on a continuous supply of oxygenated blood. It controls the delivery of blood by sensing the momentary pressure changes in its main arteries of supply, the internal carotids. It controls the arterial oxygen tension by monitoring respiratory gas levels in the internal carotid artery and in the cerebrospinal fluid (CSF) beside the medulla oblongata. The control systems used by the brain are exquisitely sophisticated, but they can be brought to nothing if a distributing artery ruptures spontaneously or is rammed shut by an embolus.









Arterial Supply of the Forebrain


The blood supply to the forebrain is derived from the two internal carotid arteries and from the basilar artery (Figure 5.1).
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Figure 5.1 (A) Brain viewed from below, showing background structures related to the circle of Willis. Part of the left temporal lobe (to right of picture) has been removed to show the choroid plexus in the inferior horn of the lateral ventricle. (B) The arteries comprising the circle of Willis. The four groups of central branches are shown; the thalamoperforating artery belongs to the posteromedial group, and the thalamogeniculate artery belongs to the posterolateral group. ACA, MCA, PCA, anterior, middle, posterior cerebral arteries; ICA, internal carotid artery.




Each internal carotid artery enters the subarachnoid space by piercing the roof of the cavernous sinus. In the subarachnoid space, it gives off ophthalmic, posterior communicating, and anterior choroidal arteries before dividing into the anterior and middle cerebral arteries.


The basilar artery divides at the upper border of the pons into the two posterior cerebral arteries. The cerebral arterial circle (circle of Willis) is completed by a linkage of the posterior communicating artery with the posterior cerebral on each side, and by linkage of the two anterior cerebrals by the anterior communicating artery.


The choroid plexus of the lateral ventricle is supplied from the anterior choroidal branch of the internal carotid artery and by the posterior choroidal branch from the posterior cerebral artery.


Dozens of fine central (perforating) branches are given off by the constituent arteries of the circle of Willis. They enter the brain through the anterior perforated substance beside the optic chiasm and through the posterior perforated substance behind the mammillary bodies. They have been classified in various ways but can be conveniently grouped into short and long branches. Short central branches arise from all the constituent arteries and from the two choroidal arteries. They supply the optic nerve, chiasm, and tract, and the hypothalamus. Long central branches arise from the three cerebral arteries. They supply the thalamus, corpus striatum, and internal capsule. They include the striate branches of the anterior and middle cerebral arteries.






Anterior cerebral artery (Figure 5.2)


The anterior cerebral artery passes above the optic chiasm to gain the medial surface of the cerebral hemisphere. It forms an arch around the genu of the corpus callosum, making it easy to identify in a carotid angiogram (see later). Close to the anterior communicating artery, it gives off the medial striate artery, also known as the recurrent artery of Heubner (pron.‘Hoibner’), which contributes to the blood supply of the internal capsule. Cortical branches of the anterior cerebral artery supply the medial surface of the hemisphere as far back as the parietooccipital sulcus (Table 5.1). The branches overlap on to the orbital and lateral surfaces of the hemisphere.
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Figure 5.2 Medial view of the right hemisphere, showing the cortical branches and territories of the three cerebral arteries. ACA, PCA, anterior, posterior cerebral arteries.




Table 5.1 Named corticala branches of the anterior cerebral artery






	Branch

	Territory






	Orbitofrontal

	Orbital surface of frontal lobe






	Polar frontal

	Frontal pole






	Callosomarginal

	Cingulate and superior frontal gyri; paracentral lobule






	Pericallosal

	Corpus callosum







a The term cortical is conventional. Terminal is better, because these arteries also supply the underlying white matter.









Middle cerebral artery (Figure 5.3)


The middle cerebral artery is the main continuation of the internal carotid, receiving 60–80% of the carotid blood flow. It immediately gives off important central branches, then passes along the depth of the lateral fissure to reach the surface of the insula. There it usually breaks into upper and lower divisions. The upper division supplies the frontal lobe, the lower division supplies the parietal and temporal lobes and the midregion of the optic radiation. Named branches and their territories are listed in Table 5.2. Overall, the middle cerebral supplies two-thirds of the lateral surface of the brain.





[image: image]

Figure 5.3 Lateral view of right cerebral hemisphere, showing the cortical branches and territories of the three cerebral arteries.




Table 5.2 Cortical branches of the middle cerebral artery






	Origin

	Branch(es)

	Territory






	Stem

	Frontobasal

	Orbital surface of frontal lobe






	Anterior temporal

	Anterior temporal cortex






	Upper division

	Prefrontal

	Prefrontal cortex






	Precentral

	Premotor areas






	Central

	Pre- and postcentral gyri






	Postcentral

	Postcentral and anterior parietal cortex






	Parietal

	Posterior parietal cortex






	Lower division

	Middle temporal

	Midtemporal cortex






	Temporooccipital

	Temporal and occipital cortex






	Angular

	Angular and neighboring gyri







The central branches of the middle cerebral include the lateral striate arteries (Figure 5.4). These arteries supply the corpus striatum, internal capsule, and thalamus. Occlusion of one of the lateral striate arteries is the chief cause of classic stroke, where damage to the pyramidal tract in the posterior limb of the internal capsule causes hemiplegia, a term denoting paralysis of the contralateral arm, leg, and lower part of face.
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Figure 5.4 Distribution of perforating branches of the middle cerebral, anterior choroidal, and posterior cerebral arteries (schematic). The anterior choroidal artery arises from the internal carotid.




Note: Additional information on the blood supply of the internal capsule is provided in Chapter 35.









Posterior cerebral artery (Figures 5.2 and 5.5)


The two posterior cerebral arteries are the terminal branches of the basilar. However, in embryonic life they arise from the internal carotid, and in about 25% of individuals the internal carotid persists as the primary source of blood on one or both sides, by way of a large posterior communicating artery.
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Figure 5.5 View from below the cerebral hemispheres, showing the cortical branches and territories of the three cerebral arteries. ACA, MCA, PCA, anterior, middle, posterior cerebral arteries; ICA, internal carotid artery.




Close to its origin, each posterior cerebral artery gives branches to the midbrain and a posterior choroidal artery to the choroid plexus of the lateral ventricle. Additional, central branches are sent into the posterior perforated substance (Figure 5.1). The main artery winds around the midbrain in company with the optic tract. It supplies the splenium of the corpus callosum and the cortex of the occipital and temporal lobes. Named cortical branches and their territories are given in Table 5.3.


Table 5.3 Named cortical branches of the posterior cerebral artery






	Branch

	Artery

	Territory






	Lateral

	Anterior temporal

	Anterior temporal cortex






	Posterior temporal

	Posterior temporal cortex






	Occipitotemporal

	Posterior temporal and occipital cortex






	Medial

	Calcarine

	Calcarine cortex






	Parietooccipital

	Cuneus and precuneus






	Callosal

	Splenium of corpus callosum







The central branches, called thalamoperforating and thalamogeniculate, supply the thalamus, subthalamic nucleus, and optic radiation.


Note: Additional information on the central branches is provided in Chapter 35.









Neuroangiography


The cerebral arteries and veins can be displayed under general anesthesia by rapid injection of a radiopaque dye into the internal carotid or vertebral artery, followed by serial radiography every 2 s. The dye completes its journey through the arteries, brain capillaries, and veins in about 10 s. The arterial phase of the journey yields either a carotid angiogram or a vertebrobasilar angiogram. Improved vascular definition in radiographs of the arterial phase or of the venous phase can be procured by a process of subtraction, whereby positive and negative images of the overlying skull are superimposed on one another, thereby virtually deleting the skull image.


A relatively recent technique, three-dimensional angiography, is based on simultaneous angiography from two slightly separate perspectives.


Arterial phases of carotid angiograms are shown in Figures 5.6-5.8.
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Figure 5.6 Arterial phase of a carotid angiogram, lateral view. Contrast medium injected into the left internal carotid artery is passing through the anterior and middle cerebral arteries (ACA, MCA). The base of the skull is shown in hatched outline. ICA, internal carotid artery.


(From an original series kindly provided by Dr. Michael Modic, Department of Radiology, The Cleveland Clinic Foundation.)
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Figure 5.7 Arterial phase of a right carotid angiogram, anteroposterior view. Note some perfusion of left anterior cerebral artery (ACA) territory (via the anterior communicating artery). ICA, internal carotid artery; MCA, middle cerebral artery. (Angiogram kindly provided by Dr. Pearse Morris, Director, Interventional Neuroradiology, Wake Forest University School of Medicine, Winston-Salem, North Carolina, USA.)
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Figure 5.8 (A) Excerpt from a conventional carotid angiogram, anteroposterior view, showing an aneurysm attached to the middle cerebral artery. (B) Excerpt from a three-dimensional image of the same area. ACA, MCA, anterior and middle cerebral arteries; ICA, internal carotid artery.


(Originals kindly provided by Dr. Pearse Morris, Director, Interventional Neuroradiology, Wake Forest University School of Medicine, Winston-Salem, North Carolina, USA.)





Figure 5.9 was taken at the parenchymal phase, when the dye is filling a web of minute terminal branches of the anterior and middle cerebral arteries, some of these anastomosing on the brain surface but most occupying the parenchyma, i.e cortex and subjacent white matter.
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Figure 5.9 Parenchymal phase of a carotid angiogram, anteroposterior view. ACA, MCA, anterior and middle cerebral arteries; ICA, internal carotid artery.


(Angiogram kindly provided by Dr. Pearse Morris, Director, Interventional Neuroradiology, Wake Forest University School of Medicine, Winston-Salem, North Carolina, USA.)















Arterial Supply to Hindbrain


The brainstem and cerebellum are supplied by the vertebral and basilar arteries and their branches (Figure 5.10).
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Figure 5.10 Arterial supply of hindbrain.




The two vertebral arteries arise from the subclavian arteries and ascend the neck in the foramina transversaria of the upper six cervical vertebrae. They enter the skull through the foramen magnum and unite at the lower border of the pons to form the basilar artery. The basilar artery ascends to the upper border of the pons and divides into two posterior cerebral arteries (Figures 5.11 and 5.12).
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Figure 5.11 Vertebrobasilar angiogram, lateral view. Contrast medium was injected into the left vertebral artery. Basilar supply to the upper half of the cerebellum is somewhat obscured by overlying posterior parietal branches of the posterior cerebral artery. PCA, posterior cerebral artery; PICA, posterior inferior cerebellar artery.


(From an original series kindly provided by Dr. Michael Modic, Department of Radiology, The Cleveland Clinic Foundation.)
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Figure 5.12 Vertebrobasilar angiogram, Townes’s view (from above and in front), showing the vertebrobasilar arterial system. Note the large aneurysm arising from the bifurcation point of the basilar artery and accounting for the patient’s persistent headache. AICA, anterior inferior cerebellar artery; PICA, posterior inferior cerebellar artery.


(Angiogram kindly provided by Dr. Pearse Morris, Director, Interventional Neuroradiology, Wake Forest University School of Medicine, Winston-Salem, North Carolina, USA.)





All primary branches of the vertebral and basilar arteries give branches to the brainstem.






Vertebral branches


The posterior inferior cerebellar artery supplies the side of the medulla before giving branches to the cerebellum. Anterior and posterior spinal arteries supply the ventral and dorsal medulla, respectively, before descending through the foramen magnum.









Basilar branches


The anterior inferior cerebellar and superior cerebellar arteries supply the side of the pons before giving branches to the cerebellum. The anterior inferior cerebellar usually gives off the labyrinthine artery to the inner ear.


About a dozen pontine arteries supply the full thickness of the medial part of the pons.


The midbrain is supplied by the posterior cerebral artery, and by the posterior communicating artery linking the posterior cerebral to the internal carotid.












Venous Drainage of the Brain


The venous drainage of the brain is of great importance in relation to neurosurgical procedures. It is also important to the professional neurologist, because a variety of clinical syndromes can be produced by venous obstruction, venous thrombosis, and congenital arteriovenous communications. In general medical practice, however, problems (other than subdural hematomas, Ch. 4) caused by cerebral veins are rare in comparison with arterial disease.


The cerebral hemispheres are drained by superficial and deep cerebral veins. Like the intracranial venous sinuses, they are devoid of valves.






Superficial veins


The superficial cerebral veins lie in the subarachnoid space overlying the hemispheres. They drain the cerebral cortex and underlying white matter, and empty into intracranial venous sinuses (Figures 5.13A, 5.14, and 5.15).
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Figure 5.13 Cerebral veins. (A) Superficial veins viewed from the right side; arrows indicate direction of blood flow. (B) Deep veins viewed from above.
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Figure 5.14 Internal carotid angiogram, venous phase, lateral view. The dye is draining into the dural venous sinuses.


(Photograph kindly provided by Dr. James Toland, Department of Radiology, Beaumont Hospital, Dublin, Ireland.)
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Figure 5.15 Internal carotid angiogram, venous phase, anteroposterior view. Same patient as in Figure 5.6; this picture taken circa 8 s later. The vascular pattern is unusual, in that the left rather than the right transverse sinus is dominant.


(Angiogram kindly provided by Dr. Pearse Morris, Director, Interventional Neuroradiology, Wake Forest University School of Medicine, Winston-Salem, North Carolina, USA.)





The upper part of each hemisphere drains into the superior sagittal sinus. The middle part drains into the cavernous sinus (as a rule) by way of the superficial middle cerebral vein. The lower part drains into the transverse sinus.









Deep veins (Figure 5.13B)


The deep cerebral veins drain the corpus striatum, thalamus, and choroid plexuses.


A thalamostriate vein drains the thalamus and caudate nucleus. Together with a choroidal vein, it forms the internal cerebral vein. The two internal cerebral veins unite beneath the corpus callosum to form the great cerebral vein (of Galen).


A basal vein is formed beneath the anterior perforated substance by the union of anterior and deep middle cerebral veins. The basal vein runs around the crus cerebri and empties into the great cerebral vein.


Finally, the great cerebral vein enters the midpoint of the tentorium cerebelli. As it does so, it unites with the inferior sagittal sinus to form the straight sinus. The straight sinus empties in turn into the left (occasionally, right, as we shall see) transverse sinus.












Regulation of Blood Flow


Under normal conditions, cerebral blood flow (perfusion) amounts to 700–850 mL per minute, accounting for 20% of the total cardiac output. The blood flow is primarily controlled by autoregulation, which is defined as the capacity of a tissue to regulate its own blood supply.


The most rapid source of autoregulation is the intraluminal pressure within the arterioles. Any increase in pressure elicits a direct, myogenic response. When other factors are controlled (in animal experiments), the myogenic response is sufficient to maintain steady-state perfusion of the brain within a systemic blood pressure range of 80–180 mmHg (11–24 kPa).


A second powerful source of autoregulation in the central nervous system (CNS) is the H+ ion concentration in the extracellular fluid (ECF) surrounding the arterioles within the brain parenchyma. Generalized relaxation of arteriolar smooth muscle tone is produced by hypercapnia (excess plasma Pco2). On the other hand, hypocapnia leads to arteriolar constriction.


Local blood flow increases within cortical areas and deep nuclei involved in particular motor, sensory or cognitive tasks. Local arteriolar relaxation can be accounted for by a rise in K+ levels caused by propagation of action potentials, and by a rise in H+ caused by increased cell metabolism.









The Blood–Brain Barrier


The nervous system is isolated from the blood by a barrier system that provides a stable and chemically optimal environment for neuronal function. The neurons and neuroglia are bathed in brain extracellular fluid (ECF), which accounts for 15% of total brain volume.


The extracellular compartments of the CNS are shown diagrammatically in Figure 5.16. As previously described (Ch. 4), CSF secreted by the choroid plexuses circulates through the ventricular system and the subarachnoid space before passing through the arachnoid villi into the dural venous sinuses. In addition, CSF diffuses passively through the ependyma–glial membrane lining the ventricles and enters the brain extracellular spaces. It adds to the ECF produced by the capillary bed and by cell metabolism, and it diffuses through the pia–glial membrane into the subarachnoid space. This ‘sink’ movement of fluid compensates for the absence of lymphatics in the CNS.
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Figure 5.16 Extracellular compartments of the brain. Arrows indicate circulation of cerebrospinal fluid.




Metabolic water is the only component of the CSF that does not pass through the blood–brain barrier. It carries with it any neurotransmitter substances that have not been recaptured following liberation by neurons, and it accounts for the presence in the subarachnoid space of transmitters and transmitter metabolites that could not penetrate the blood–brain barrier.


Relative contributions to the CSF obtained from a spinal tap are approximately as follow:



• choroid plexuses, 60%



• capillary bed, 30%



• metabolic water, 10%.


The blood–brain barrier has two components. One is at the level of the choroid plexus, the other resides in the CNS capillary bed.






Blood–CSF barrier (Figure 5.17)


The blood–CSF barrier resides in the specialized ependymal lining of the choroid plexuses. This choroidal epithelium differs from the general ependymal epithelium in three ways.



1 Cilia are almost completely replaced by microvilli.



2 The cells are bonded by tight junctions. These pericellular belts of membrane fusion are the actual site of the blood–CSF barrier.



3 The epithelium contains numerous enzymes specifically involved in transport of ions and metabolites.
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Figure 5.17 (A) Diagram of blood–cerebrospinal fluid barrier. (B) Ultrastructure of choroidal epithelium. The epithelial cells are rich in mitochondria and granular endoplasmic reticulum. Apical regions of adjacent cells are bonded by a tight junction (arrow).


(From Pannese 1994, with permission of Thieme.)












Blood–ECF barrier (Figure 5.18)


The blood–ECF barrier resides in the CNS capillary bed, which differs from that of other capillary beds in three ways.



1 The endothelial cells are bonded by tight junctions.



2 Pinocytotic vesicles are rare, and fenestrations are absent.



3 The cells contain the same transport systems as those of the choroidal epithelium.
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Figure 5.18 (A) Diagram of blood–extracellular fluid barrier. (Astrocytes are described in Ch. 6.) (B) Central nervous system capillary. In this transverse section, a single endothelial cell completely surrounds the lumen, its edges being sealed by a tight junction (inset). Outside its basement membrane, the capillary is invested with an astrocytic sheath.


(From Pannese 1994, with permission of Thieme.)












Roles of microvascular pericytes


Pericytes are in cytoplasmic continuity with the endothelial cells, by way of gap junctions. Tissue culture studies have provided strong evidence for their primary roles in capillary angiogenesis during development and in the production and maintenance of the tight junctions.


Pericytes express receptors for vasoactive mediators, including norepinephrine (noradrenaline), vasopressin, and angiotensin II, all indicative of a role in cerebrovascular autoregulation. In the presence of chronic hypertension, they strengthen the capillary bed by undergoing hypertrophy, hyperplasia, and internal production of cytoplasmic contractile protein filaments.


Pericytes are equipped for a hemostatic function, having an appropriate membrane surface for assembly of the prothrombin complex.


Pericytes are also phagocytic, and possess immunoregulatory cytokines.


The surface area of the brain capillary bed is about the size of a tennis court! This huge area accounts for the brain’s consumption of 20% of basal oxygen intake by the lungs. The density of the cortical capillary bed is demonstrated in the latex cast shown in Figure 5.19.
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Figure 5.19 Latex injection cast of the blood vessels in human postmortem brain. The convoluted whitish threads represent cortical capillaries.


(From Duvernoy et al. 1981, with permission.)












Functions of the blood–brain barrier






• Modulation of the entry of metabolic substrates. Glucose, in particular, is a fundamental source of energy for neurons. The level of glucose in the brain ECF is more stable than that of the blood, because the specific carrier becomes saturated when blood glucose rises and becomes hyperactive when it falls.



• Control of ion movements. Na+–K+ ATPase in the barrier cells pumps sodium into the CSF and pumps potassium out of the CSF into the blood.



• Prevention of access to the CNS by toxins and by peripheral neurotransmitters escaping into the bloodstream from autonomic nerve endings.


For some clinical notes concerning the blood–brain barrier, see Clinical Panel 5.1. Clinical Panel 5.2 describes the knock-on effects of raised intracranial pressure.





Clinical Panel 5.1 Blood–brain barrier pathology


The following five conditions are associated with breakdown of the blood–brain barrier:



1 Patients suffering from hypertension are liable to attacks of hypertensive encephalopathy should the blood pressure exceed the power of the arterioles to control it. The pressure may then open the tight junctions of the brain capillary endothelium. Rapid exudation of plasma causes cerebral edema with severe headache and vomiting, sometimes progressing to convulsions and coma.



2 In patients with severe hypercapnia brought about by reduced ventilation of the lungs (as in pulmonary or heart disease, or after surgery), relaxation of arteriolar muscle may be sufficient to induce cerebral edema even if the blood pressure is normal. In this case, the edema may be expressed by mental confusion and drowsiness progressing to coma.



3 Brain injury, whether from trauma or spontaneous hemorrhage, leads to edema owing to the osmotic effects of tissue damage (and other factors).



4 Infections of the brain or meninges are accompanied by breakdown of the blood–brain barrier, perhaps because of the large-scale emigration of leukocytes through the brain capillary bed. The breakdown can be exploited because the porous capillary walls will permit the passage of non–lipid-soluble antibiotics.



5 The capillary bed of brain tumors is fenestrated. As a result, radioactive tracers too large to penetrate healthy brain capillaries can be detected within tumors.








Clinical Panel 5.2 Intracranial pressure curve


Figure CP 5.2.1 represents progressive ventricular expansion in an adult case of hydrocephalus. As noted in Clinical Panel 4.3, hydrocephalus can result from obstruction of the fourth ventricular outlets by leptomeningeal webs caused by meningitis. The same effect can be induced by accumulated blood around the base of the brain following spontaneous arterial hemorrhage into the subarachnoid space.


The lateral ventricles are expanding progressively (arrows). The rising intracranial pressure is being monitored by an intraparenchymal pressure monitor. The vascular perfusion pressure rises in parallel.


(1) The pressure–volume curve commences with a relatively flat part: interstitial fluid is displaced into the subarachnoid space; subarachnoid CSF is shifted into the spinal dural sac; and venous blood is squeezed through the intracranial sinuses into the internal jugular vein. (2) ICP rises with increasing speed during the steep part. (3) A critical pressure point is reached where decompensation takes place: the vascular circulation is completely blocked, the vital centers run out of oxygen, the patient loses consciousness and will die unless the CSF is urgently drained through a burr (drill) hole.
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Figure CP 5.2.1 (A) Adult hydrocephalus. Arrows indicate compression of cerebral parenchyma by expanding lateral ventricles. IPM, intraparencymal pressure monitor. (B) Intracranial pressure–CSF volume curve. (Based on Steiner and Andrews 2006.)







Core Information






Arteries


The circle of Willis comprises the anterior communicating artery and two anterior cerebral arteries, the internal carotids, two posterior communicating arteries, and the two posterior cerebral arteries.


The anterior cerebral artery gives off Heubner’s artery to the anteroinferior internal capsule, then arches around the corpus callosum and supplies the medial surface of the hemisphere as far back as the parietooccipital sulcus, with overlap on to the lateral surface.


The middle cerebral artery enters the lateral sulcus and supplies two-thirds of the lateral surface of the hemisphere. Its central branches include the leak-prone lateral striate supplying the upper part of the internal capsule.


The posterior cerebral artery arises from the basilar artery; it supplies the splenium of corpus callosum and the occipital and temporal cortex.


The vertebral arteries enter the foramen magnum. They supply spinal cord, posterior-inferior cerebellum and medulla oblongata before uniting to form the basilar artery. The basilar artery supplies the anterior-inferior and superior cerebellum, the pons and inner ear, before dividing into posterior cerebral arteries.









Veins


Superficial cerebral veins drain the cerebral cortex and empty into dural venous sinuses. The internal cerebral veins drain the thalami and unite as the great cerebral vein. The great veins drain the corpus striatum via the basal vein before entering the straight sinus.









Autoregulation


Hypercapnia causes arteriolar dilatation, hypocapnia causes constriction. A rise of intraluminal pressure produces a direct, myogenic response by arteriolar walls.









Blood–brain barrier


A blood–CSF barrier resides in the choroidal epithelium (modified ependyma) of the ventricles. A blood–ECF barrier resides in the endothelium of the brain capillary bed.
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