BASAL FOREBRAIN ORGANIZATION

Basal ganglia. Structures usually included in the basal ganglia are: caudate nucleus, putamen, globus pallidus, substantia nigra and subthalamic nucleus. The lentiform nucleus is used as a general term for the putamen and globus pallidus. These two structures, however, are characterized by great differences in histologic structures and anatomic relationships, and a functionally more appropriate alignment is established between the caudate nucleus and putamen, which are referred to as striatum.
Striatum: Although the caudate nucleus and putamen are separated by the projection fibers forming the internal capsule, bridges of cells connect the two nuclei in many places, especially at more rostral levels. The large rounded part of the caudate that forms the lateral wall in the anterior horn of the lateral ventricle is known as the head of the caudate. There is a broad region of continuity between the two structures underneath the rostroventral part of the internal capsule. This area is often referred to as the fundus striati or nucleus accumbens. The body of the caudate tapers and sweeps downward in a semicircular fashion behind the internal capsule and then forward into the temporal lobe towards the region of the amygdaloid body, following closely the course of the inferior or temporal horn of the lateral ventricle.

Globus pallidus and ventral pallidum. The globus pallidus is subdivided into and outer (lateral) and an inner (medial) segment by a medullary lamina. Whereas the medial and dorsal boundaries of the globus pallidus are well demarcated against the internal capsule, its ventral border is more difficult to define. Traditionally, only a small part of the globus pallidus was defined underneath the anterior commissure. However, recent studies with modern tracing techniques and immunohistochemical methods for the identification of pallidal markers, e.g. GAD, Substance P, or enkephalin, have shown convincingly that the ventral striatum is accompanied by a ventral extension of the globus pallidus, ie. ventral pallidum. The ventral striatum and ventral pallidum occupy most of the area which was previously referred to as the subcommissural substantuia innominata.
The ventral striatum was originally defined based on its input from allocortical regions (hippocampus, olfactory cortex and amygdala). Like the BNM (below), the ventral striatum also receives prominent afferents from other nonisocortical limbic lobe regions, including the entorhinal cortex, anterior cingulated cortex, large part of the orbitomedial prefrontal cortex and insula. The importance of the ventral striato-pallidal system is related not only to the topographic expansion of the basal ganglia, but even more

so to the realization that the entire cortical mantle projects to the basal ganglia. Although the boundary between dorsal and ventral part of the striatal complex is elusive, cytoarchitectural and histochemical features do vary between the two regions. Ventral striatum for example, is characterized by the core-shell dichotomy (Zaborszky et al., 1985).  The  core cannot be clearly separated from the rest of the striatal complex, whereas the sell in addition to its striatal qualities, is characterized by several atypical striatal features, some of which, including downstream projections to the lateral hypothalamus and brainstem are reminiscent of the extended amygdale, which is directly continuous with the posteromedial shell. According to pharmacological-behavioral studies the core gates transitions between motivation and action initiation in the  performance of conditioned behaviors, whereas the shell is more concerned with unconditioned responses, such as orienting, approach and ingestion and possibly, modulation of the magnitude of motivation and vigor of both conditioned and unconditioned actions (Kelley, 2004; Vorn et al., 2004).
Frontal-subcortical reentrant circuits. The discovery that the ventral pallidal neurons project to the mediodorsal thalamic nucleus rather than to the ventrolateral thalamic ‘motor’ nucleus was made in a step-wise fashion using a combination of tracer methods and histochemical techniques

This discovery, which introduced the notion of parallel cortical-basal ganglia-thalamocortical reentrant

circuits (sometimes referred to as frontal-subcortical circuits or ‘basal ganglia loops’), has been amply confirmed in studies using anterograde tracer methods (Haber et al.,
1985) and combined light- and electron microscopic investigations capable of demonstrating far-reaching anatomical and histochemical neuron circuit similarities between dorsal and ventral parts of the basal ganglia (for references, see de Olmos and Heimer, 1999). The notion of cortico-subcortical reentrant circuits was further developed and popularized by Alexander and his coworkers

(Alexander et al., 1986). Six major circuits are usually recognized, two of which are related to motor

cortical areas (a motor circuit originating in the supplementary motor cortex, and an oculomotor circuit originating in the frontal eye field), and four of which relate to prefrontal cortical regions (an executive circuit originating in the dorsolateral prefrontal cortex, an anterior cingulate circuit originating in the anterior cingulate cortex, and a medial and a lateral orbitofrontal circuit with origin in the medial and

lateral orbital cortex, respectively). One of the defining characteristics of a cortico-subcortical reentrant circuit is the understanding that it returns to the same area of the cortex from where it originates. Three circuits, i.e. the anterior cingulate circuit, the lateral orbitofrontal circuit and the medial orbitofrontal circuit, are considered part of the ventromedial emotional– motivational domain of the striatum. A consensus seems to have emerged that the corticosubcortical reentrant circuit (and its subcircuits) through the ventral striatopallidal system, popularly referred to as the ‘limbic loop’ (the ‘motive’ circuit of Kalivas et al. (Kalivas et al., 1999) is critical for choosing and mobilizing appropriate adaptive behavior (‘reward-guided choice behavior’ of Schultz et al., 2000), in the same fashion as the executive circuit (and its subcircuits) is implicated in planning and working memory, or the ‘motor’-circuit in the execution of motor functions (Alexander et al., 1986).

Septum, diagonal band, basal nucleus of Meynert, and substantia innominata.

The septum pellucidum is a thin lamina of glia and fibers that stretches between the anterior part of the corpus callosum and the fornix, thereby separating the anterior parts of the two lateral ventricles. This part of the septum is generally devoid of nerve cells. However, the ventral parts of the septum, the true septum contains important cell groups which merge rostroventrally with the nucleus of the diagonal band.  The diagonal bad nucleus, and its accompaning fiber tract, the diagonal band, sweeps downward in front of the anterior commissure on the medial side of the hemisphere and then proceeds caudally and laterally into an ill-defined but extensive basal forebrain  region traditionally referred to as the substantia innominata. This region contains a heterogeneous population of neurons and is traversed by a variety of fiber tracts. It extends laterally and caudally deep to the optic tract, between the basal surface of the brain and the lateral extension of the anterior commissure.

Substantia innominata has received considerable attention in the last few years, and the region is of considerable importance for those interested in behavioral disorders. One of its main components is the basal nucleus of Meynert, which can be easily identified in Nissl stained sections of the human brain because of its dense accumulation of large hyperchromeatic neurons.  The basal nucleus of Meynert and  the nucleus of the diagonal band contains a mixture of cholinergic, GABAergic, peptidergic and glutaminergic neurons and project in a topographioc fashion to all of the cerebral cortex and the basolateral amygdala. The basal nucleus of Meynert (BNM) which is the most conspicuous part of the corticopetal system is only one of several important basal forebrain systems in the region of the substantia innominata. The ventral striatopallidal system and the extended amygdala are the other two important systems which are intermingled with the corticopetal system. 
The term basal nucleus is deceptive, since it is an integral part of a more or less continuous collection of aggregated and non-aggregated neurons which stretches from the diagonal band area in the rostral forebrain to the level of the caudal part of the globus pallidus. The main cortical input to the BNM comes from non-isocortical, i.e. limbic lobe parts of the cortical mantle rather than from the isocortex. Since the projections from the magnocellular basal forebrain complex (MBFC, a synonym of the BNM) reach all parts of the cortical mantle, the complex represents, at least in part, an interface between the limbic lobe and the entire cerebral cortex. The output of the MBFC is also directed to the reticular thalamic nucleus, which indirectly modulates the relationships of the thalamus and cortex. The BNM, however, receives input not only from the limbic lobe but also from other parts of the CNS, including ascending input from the catecholamine system. In rat, parvalbumin-containing (putative GABAergic ) cells of the magnocellular cell region receive prefrontal input as well. In contrast, cholinergic neurons do not seem to receive prefrontal input.
Amygdaloid body,  Bed nucleus of the stria terminalis (BST) and the extended amygdala
The amygdala is a major telencephalic structure that dominates the ventromedial part of the temporal lobe largely in front of the anterior tip of the temporal horn of the lateral ventricle, and immediately underneath the uncus of the parahippocampal gyrus. Traditionally, the amygdaloid complex has been regarded as a key structure in the limbic system, and characterized primarily by its close realationships to the hypothalamus. In fact, the amygdaloid complex contains many different nuclei, each with its own specific input-output relations: the basolateral group, a centromedial group which in human is located as a dorsal cap on the large basolateral complex - and a smaller cortical group  which fuses with the olfactory cortex on the medial aspect of the parahippocampal gyrus. The basolateral amygdala, although undoubtedly subcortical by definition, is in many aspects reminiscent of cortical structures.

The centromedial complex, unlike the basolateral group, does have significant relations with the hypothalamus as well as other parts of the autonomic nervous system. It is continuous with the BST, which straddles the anterior commissure close to the midline. Centromedial amygdala and the bed nucleus of the stria terminalis are interconnected via cell columns in the sublenticular substantia innominata and to a lesser extent via cells alongside the stria terminalis. The centromedial amygdala and the BST together with these interconnecting cells form an "extended amygdala", which is particularly relevant to emotional behavior.


The extended amygdala, which, like the ventral striatum, receives some of its most significant inputs from the laterobasal amygdala and from other parts of the limbic lobe, is characterized by long

associative connections and has prominent projections to autonomic and somatomotor centers in hypothalamus and the brainstem (from the central division of the extended amygdala), and to endocrine related medial hypothalamus (from the medial division). Thus, extended amygdala represents a strategically placed effector system capable of coordinating activities in multiple limbic lobe regions for the development of behavioral responses through its output channels.
Theories of Emotion. The Circuit of Papez and the Limbic System Concept

According to the James-Lange theory emotional feelings (conscious experience of emotion) are responses to information from the periphery (increase or decrease of blood pressure, heart rate, muscular tension, etc).”We feel sorry because we cry.., afraid because we tremble and not that we cry, because we are sorry, angry or fearful” (James). In the Cannon-Bard hypothesis, the emphasis is on the fight-or-flight responses following emotional feelings. Cannon suggested that the flight-or-fight response was mediated by the sympathetic component of the autonomic nervous system and the hypothalamus and cerebral cortex played a key integrative role in emotional processes (Bard, 1929, Cannon, 1931). In 1937, Papez proposed a circuit of emotion involving the hypothalamus, anterior thalamus, cingulate cortex, and hippocampus. The amygdala was not included. MacLean's (1949, 1952) limbic system hypothesis expanded the emotional system to include much of the subcortical forebrain (including the orbitofrontal cortex and the amygdala) and several additional cortical structures as well. 

Even though the connectional scheme of Papez is basically correct, it has been modified on several important points. A unified functional role of the circuit in the expression of emotions has not been corroborated by later research. For example, the afferent fibers of the mammillary nuclei (passing in the fornix) do not come from the hippocampus itself but from adjacent regions in the parahippocampal gyrus. Also, the hippocampus, mammillary bodies and the anterior thalamic nuclei which were central to Papez’ circuitry about emotion, were found not to be involved in emotion but rather important for cognitive forms of memory storage. Today, the hippocampus is generally viewed as more involved in excplicit memory than emotional processes, with the amygdala standing out as the brain region most often implicated in emotional processes. It is thought that the amygdala via the hypothalamus and brainstem integrate  autonomic, neuroendocrine and musculoskeleteal responses associated with emotions.

Greater Limbic Lobe. Heimer and van Hoesen, (2005) include the following structures in the limbic lobe: the olfactory cortex, hippocampus and adjacent cortical areas, i.e. transitional-type cortices between allocortex and isocortex, including not only the main parts of cingulate and parahippocampal gyri, but also the caudal orbital and medial prefrontal cortex, the temporal polar cortex and a large anteroventral, agranular and dysgranular part of the insula. In addition to the above-mentioned non-isocortical structures, they  include the cortical-like laterobasal-cortical complex of the amygdala in the limbic lobe. The laterobasal complex has many cortical-like features both in regard to cyto- and chemoarchitecture, connectional patterns.  The inclusion of the laterobasal amygdaloid complex in the limbic lobe is also supported by developmental studies (Puelles, 2001). There is an important caveat in regard to the amygdale and the limbic lobe. In the past, the entire amygdala has been included in the concept of the limbic lobe for the simple reason that it is located within the parahippocampal gyrus deep to the olfactory and entorhinal cortices.  According to Heimer and van Hoesen only the laterobasal amygdala is included in the limbic lobe and the centromedial amygdala became an independent entity as the ‘extended amygdala’. A large part of the insula, which is located in the depth of the lateral sulcus on the lateral side of the hemisphere, is included in the limbic lobe. The anterior and ventral parts of the insular cortex is non-isocortical in nature (Mesulam and Mufson, 1985), and its anteroventral part is directly continuous with the posterior orbital cortex. The insula and neighboring parts of the limbic lobe are currently being promoted as especially important in the context of feelings. The perirhinal cortex (area 35), the entorhinal cortex (area 28), the rudimentary hippocampal component, the indusium griseum, the subcallsoal area (area 25), the anterior cingulated area 24a, and b are further component of the greater limbic lobe.

Thus, the limbic lobe according to Heimer and Van Hoesen is composed of two belts of cortex, an inner core of allocortex, and an extensive outer belt of agranular/dysgranular or dyslaminate cortex. The latter belt typically has both agranular and dysgranular components (peri-olfactory cortex) or various degrees of pyramidal neuron dyslamination (perihippocampal cortex). A substantial amount of the limbic lobe fails to meet either the allocortical designation or the designation of its neighboring areas, the peri-olfactory and peri-hippcampal cortex. This includes such areas as the presubicular, parasubicular, entorhinal and retrosplenial cortices. All of these areas have a laminar continuity with

the hippocampus in their deep layers and a lamina dissecans that intervenes between these and a superficial pattern of distinctly laminar neurons, forming in total, an atypical but multilaminar cortex. 

The limbic lobe as defined receives olfactory bulb projection in the anterior perforated space, limen insulae, dorsal surface of the parahippocampal gyrus, including the perirhinal and entorhinal areas. Finally, olfactory bulb fibers erach the amygdalopiriform transitional area, the anterior cortical amygdaloid nucleus located in the anterior part of the semilunar gyrus. 

 It is important to keep in mind that the motor cortices in modern mammals, especially primates, have a close association with the limbic lobe, and particularly with Brodmann’s area 24 in the anterior cingulate gyrus. Here complete motor representations can be found in the lower bank and fundus of the cingulated sulcus . These are known as the cingulate motor areas, M3 and M4 and they give rise to corticobulbar and corticospinal axons (Dum and Strick, 1991; Morecraft et al., 2001). Moreover, they are highly interconnected in terms of body part representation with both the supplementary motor cortex (M2) and the primary motor cortex (M1) in the precentral gyrus (Morecraft and Van Hoesen, 1992). On the subject of emotional-motor interactions, it may be highly significant that the anterior cingulate motor area (M3) receives a massive input from all parts of the limbic lobe including the basolateral complex of the amygdala (Morecraft and Van Hoesen, 1998). A recent neuroimaging study has shown that the human anterior cingulated cortex may be organized somatotopically and is involved with the execution and suppression of complex forms of voluntary motor activity (Paus et al., 1993). Pathology in the anterior cingulated region both humans and monkey alters not only emotion, affect and attention, but leads as well to striking changes in motor behavior. In many circumstances a salient feature includes the poverty of movement or akinesia. Thus, the cingulate motor cortex forms a strategic cortical entry point for limbic influences on the voluntary motor system.
The discovery of cortical sensory and association input to the hippocampal–parahippocampal part of the limbic lobe (Jones and Powell, 1970; Pandya and Kuypers, 1969) had a great impact on the field of medial temporal lobe memory

systems, which have been extensively studied for over three decades (Squire and Schacter, 2002). Evidence has been obtained for diverse input to the perirhinal and entorhinal cortices in many species (Van Hoesen, 1982; Van Hoesen
et al., 1972; Witter, 1993). Entorhinal cortex is the well known origin for the perforant pathway (Van Hoesen, 1982) that links the hippocampal formation to the association cortices (Fig. 15) and whose integrity is essential for the

formation of new declarative memories. Limbic lobe damage to the entorhinal and perirhinal cortices or direct hippocampal destruction compromises this essential feature of cognition (Hyman et al., 1984).

The basolateral amygdala, which is an important part of the limbic lobe, is of critical importance in modulating memory consolidation, many aspects of which have been elucidated recently (McGaugh, 2002). Massive projections from the

basolateral amygdala to the anterior hippocampus  and to the striatum, especially the ventral striatum (Kelley et al., 1982; Krettek and Price, 1978; Nauta, 1961), are well positioned to transmit the modulating effects from the basolateral amygdala to the hippocampal- and striatal-dependent memory processes (Packard et al., 1994). Also, it should not be ignored that limbic lobe output, e.g. from the basolateral amygdala, is directed massively back to the association areas from

where it receives projections, and in some instances, e.g. in the case of visual processing, to the primary visual cortex from which it does not receive a direct input (Amaral and Price, 1984; Price and Amaral, 1981). Via the basolateral amygdale and other components of the basal forebrain macrosystems the limbic lobe provide these subcortical structures with highly processed cortical input to organize behaviors related to reward, motivation and adaptive planning. Limbic lobe output also target the cingulate motor area and several nuclei of the anterior and dorsal thalamus. Anterior cingulate projections reaches the gray matter of the pons and the PAG. Direct hypothalamic projections arise from the subgenual cortex and the posteromedial orbitofrontal cortex.
