                  THALAMUS
Signals generated in receptors in all parts of the body convey information concerning changes in external and internal environment. In addition, the thalamus receives significant subcortical inputs from the deep cerebellar nuclei, the medial segment of the globus pallidus, and the pars reticulata of the substantia nigra concerned with different aspects of motor functions. Massive cortical projections bring thalamic nuclei under the influence of sensory, motor and association areas of the cortical mantle. Most of the major sensory and motor systems converge on thalamic nuclei in a very specific manner without overlap. The thalamus integrate these systems and distributes projections to specific areas of the cerebral cortex.

               Thalamic Radiations and the Internal Capsule (IC)
Fibers that reciprocally connect the thalamus and the cortex constitute the thalamic radiations. Thalamocortical and corticothalamic fibers form a continuous fan that emerges along the whole lateral extent of the caudate nucleus. Fiber bundles, radiating forward, backward, upward, and downward, form large portions of various parts of the internal capsule.

     Thalamocortical and corticofugal fibers within the internal capsule occupy a small compact area. Lesions in this area produces more widespread disturbances than lesions in any other region of the nervous system. Thrombosis or hemorrhage of the anterior, choroidal, striate, or capsular branches of the middle cerebral arteries are responsible for most of the lesions in the IC. Vascular lesions in the posterior limb of the IC result in contralateral hemianasthesia due to injury of thalamocortical fibers. There is also a contralateral hemiplegia due to injury of corticospinal fibers. If the genu of the internal capsule is included in the injury, corticobulbar fibers may be destroyed. Lesions in the most posterior region of the posterior limb may include the optic and auditory radiations. In such instances there may be a contralateral triad consisting of hemianesthesia, hemianopsia and hemihypacusis.

               Anterior Nuclei
The anterior nuclei of the thalamus receive the largest efferent fiber bundle from the hypothalamus, the mamillothalamic tract and direct projections from the hippocampal formation via the fornix. These nuclei in turn project to the cingulate area. Electrical stimulation of the cingulate area elicits a combination of autonomic (alterations of respiration, and circulation, altered peristaltic movements) and somatic effects (inhibition of muscle tone, and of ongoing movements). Bilateral removal of the cingulate gyrus in monkeys makes them tamer.

Mediodorsal Thalamic Nucleus (MD)
Based upon its connection with the amygdaloid complex, temporal neocortex, orbitofrontal cortex and lateral prefrontal cortex, the MD is thought to be concerned with integration of somatic and visceral activities. Psychosurgical studies suggest that the MD and large regions of the frontal association cortex are concerned with aspects of affective behavior. The MD is highly developed in primates, especially humans. Large bilateral injuries to the frontal lobes cause defects in complex associations, as well as changes in behavior, expressed by loss of acquired inhibitions and more direct emotional responses. These alterations in emotional behavior are produced when the pathways the MD and frontal cortex are severed.

             Intralaminar nuclei

Fibers from broad regions of the brainstem reticular formation ascending in the central tegmental tract have been traced into the paracentral, central lateral and centromedian nuclei (CM) from here they project diffusely to broad cortical regions. The CM and the parafascicular nucleus (PF) also receives afferents from the motor and premotor corticis and the pallidum. The CM project to the putamen, the PF project to the caudate. These connections suggest that CM-PF plays an important role in motor integration.

           Lateral Nuclear Group
The lateral nuclear group begins as an oblique narrow strip on the dorsomedial surface of the thalamus caudal to the anterior nuclear group. This group consists of three nuclear masses arranged in rostrocaudal sequence: the lateral dorsal, the lateral posterior nuclei and the pulvinar.

Lateral Dorsal Nucleus (LD). This nucleus, which lies on the dorsal surface of the thalamus, extends along the upper margin of the internal medullary lamina and has been considered as a caudal extension of the anterior thalamic nuclei. Projections from the LD are mainly to the posterior part of the cingulate cortex and the precuneus.

Lateral Posterior Nucleus (LP) This nucleus lies caudal to the lateral dorsal nucleus and caudally merges with the pulvinar. This nucleus receive inputs from the adjacent primary relay nuclei, and the association cortex of the superior and inferior parietal lobules, concerned with cognitive and symbolic functions.

Pulvinar (P) This large nuclear mass, forming the posterior and dorsolateral portion of the thalamus, overhangs the geniculate bodies and dorsolateral portion of the midbrain. The P is concerned with the integration of general and special somatic senses, particularly vision and audition.

     The inferior division receive input from the superior colliculus. Topographically this projection represents the contralateral visual hemifield. and project retinotopically on cortical areas 18, 19 and the striate area (area 17) where fibers terminate in the supragranular layers. The lateral pulvinar projects to the temporal cortex and receives reciprocal projections from the same regions. The medial pulvinar appears to project to the superior temporal gyrus.

Ventral Nuclei
The ventral nuclear mass of the thalamus is divided into three nuclei: the ventral anterior (VA), the ventral lateral (VL), and the ventral posterior (VP). The ventral posterior is the largest and is further subdivided into ventral posterolateral (VPL) and ventral posteromedial (VPM) nuclei. Although the medial and lateral geniculate bodies together constitute the methathalamus, these well defined nuclear masses may be considered as a caudal continuation of the ventral nuclear mass. The ventral nuclear group and the methathalamus constitute the largest subdivision of the thalamus concerned with relying impulses from other parts of the neuraxis to specific portions of the cerebral cortex. Caudal parts of this comnplex (VPL, VPM) are concerned with relying impulses from the medial lemniscus to cortical regions, more rostral nuclei (VA,VL) relay impulses from the pallidum, substantia nigra and contralateral deep cerebellar nuclei.

Ventral Anterior Nucleus The nucleus has two subdivisions: the magnocellul(ar part (VAmc) and the principal or parvocellular portions (VApc) , the former receive afferents from the substantia nigra pars reticulate and cortical area 8, while the latter from the medial globus pallidus segment and frontal area 6 in a non-overlapping fashion. Efferent fibers from this nucleus are distributed to the intralaminar nuclei and to the premotor area (area 6).

Ventral lateral nucleus. The nucleus has been subdivided into two main parts: pars oralis (VLo) and pars caudalis (VLc). The internal segment of the pallidum project to VLo, while the deep cerebellar nuclei project to part VLc. Thalamic nuclei receiving cerebellar input are somatotopically organized similar to that of thalamic somatosensory relay nuclei. The thalamic termination zones for the dentate, interposed and fastigial nuclei are nearly identical and relay impulses to the primary motor area.

     The distinctive cytoarchitectonical subdivisions of the ventral lateral thalamic region that receive separate inputs from the deep cerebellar nuclei, the medial segment of the globus pallidus, and the pars reticulate of the substantia nigra project to separate cortical areas concerned with different aspect of motor function.

     The major projections of the medial segment of the globus pallidus to VApc and VLo and the projections of the pars reticulate of the substantia nigra to VAmc and MD are GABAergic. Glutamate and/or aspartate are considered to be neurotransmitter of the deep cerebellar nuclei.

Ventral Posterior Nucleus. The VP is the largest primary somatosensory relay nucleus of the thalamus and is referred to as the ventrobasal complex.

Ventral Posterolateral (VPL) has been subdivided into a pars oralis and a pars caudalis (VPLo, VPLc) . VPLo receive fibers from the deep cerebellar nuclei and project to the primary motor area. Inputs to VPLc convey somesthetic impulses from the spinal cord and somatosensory relay nuclei in the medulla via the medial lemniscus and the spinothalamic tracts.

Ventral posteromedial nucleus. The VPM consist of two distinct parts: a principal part (VPM) and a parvicellular portion (VPMpc). The principal part of VPM receives somatic afferent fibers from receptors in the head, face and intraoral structures, while VPmpc is concerned with taste. Ascending secondary trigeminal fibers terminating in VPM include: 1) crossed fibers from the spinal and principal sensory trigeminal nuclei which ascend in association with the medial lemniscus, and 2) uncrossed fibers of the dorsal trigeminal tract. Tactile impulses from the face and intraoral structures are transmitted bilaterally to parts of the VPM. Secondary gustatory fibers arising from the nucleus solitarius ascend ipsilaterally in the central tegmental tract to terminate in VPMC.

     Single-unit studies of the VP in a large number of species have revealed somatotopic features in which the contralateral limbs, trunk and tail are represented in VPLc, and the head, face and intraoral structures in VPM. There is a complete, though distorted, image of the body; volume representation of a given part of the body is related to its effectiveness as a tactile organ (i.e. innervation density). These neurons are regarded as place specific and concerned, almost exclusively with the perception of tactile sense and position sense (kinesthesis); only a few cells in the ventrobasal complex are activated by noxious stimuli.

     The thalamus has a precise topical projection to the cortex of the postcentral gyrus. Portions of the gyrus high on the lateral convexity receive fibers from VPLc while inferior portions of the gyrus near the lateral sulcus are supplied by fibers from VPM. Neurons in the large central core of VPLc, responsive to cutaneous stimuli, project to cortical areas 3b on the posterior surface of the central sulcus and to area 1 on the lip of the sulcus. Cells in the thinner peripheral shell of VPLc, responsive to stimulations of deep tissues, project to cortical area 3a in the depth of the central sulcus and to area 2. Collectively VPLc and VPM project somatotopically upon the primary somesthetic cortex with a modality segregation. Cells of VPmc that receive ascending gustatory fibers project upon the parietal operculum, area 43.

Medial Geniculate Body (MGB)
The MGB receives fibers from the inferior colliculus and gives rise to the auditory radiation. Unlike auditory relay nuclei at lower brainstem, there are no commissural connections between the geniculate bodies. The ventral division of the MGB shows lamination, produced by the dendrites of the tufted cells and fibers of the brachium of the inferior colliculus. Physiological mapping of ventral division of the MGB reveals that the cellular laminae are related to tonopic organization, in which high frequencies are represented medially and low frequencies laterally. Neurons in the ventral division of the MGB give rise to the auditory radiation, which terminates in the primary auditory cortex, where there is a spatial representation of tonal frequencies. Non-laminated portions of the MGB send fibers ipsilaterally to a cortical belt surrounding the primary auditory area.

Lateral Geniculate Body

The LGB has in primates six layers. LI-II are magnocellular, LIII-VI parvocellular. M. cells primarily receive signal related to movement and contrast of illumination, whereas P cells are responsible for providing information about high visual acuity and color. The projection from the retina onto the LGB is precise and crossed and uncrossed fibers in the optic tract end in separate layers. Crossed fibers end upon layers 1,4, 6, while uncrossed fibers terminate in the other layers.

     Two unique features related to crossed retinogeniculate fibers are reflected in structure. The monocular crescent of the visual field is subserved by receptor elements in the most medial sector of the nasal retina. Ganglion cells in this part of the retina project crossed fibers to the fused bilaminar segments of LIV-VI of opposite LGB. The optic disc, located in the nasal half of the retina and representing optic nerve fibers, has no photoreceptors; it is responsible for the blind spot detectable on perimetry. The optic disc, represented in the contralateral LGB by cellular discontinuities in L4 and L6.

     Nissl preparations through the human LGB reveal a linear cellular organization in which the long axis of the cells is oriented perpendicular to the axis of the laminae. Perikarya in different layers are aligned to form “lines of projections", which indicate identical points in the visual fields. Since these identical points are in different laminae, no binocular fusion occur in the LGB.

     In the LGB the horizontal meridian of the visual field corresponds to an oblique dorsoventral plane that divides the nucleus into medial and lateral segments. Fibers from superior retinal quadrants of both eyes project to the medial half of the LGB; the inferior retinal quadrants send fibers to the lateral half of the nucleus. The retinal projection from the macula is represented in a wedge-shaped sector in the caudal part of the LGB on both sides of the plane representing the horizontal meridian. The macular representation accounts for about 12% of the total volume of the LGB. The vertical meridian of the visual field, corresponding to the line separating temporal and nasal parts of the retina, is represented along the caudal margin of the nuucleus from its medial to lateral borders.

         Thalamic Reticular Nucleus (RT or RE)
The thalamic reticular nucleus is a thin neural shell which surrounds the lateral, superior, and rostro-inferior aspects of the dorsal thalamus. Golgi studies of the reticular nucleus reveal neurons similar to those of the brain stem reticular formation. Long dendrites of these cells exhibit no specific orientation. Virtually all cells in TR are GABAergic.

     Inputs to the reticular nucleus are derived from the principal thalamic nuclei and the cerebral cortex. Fibers emanating from a nucleus of the dorsal thalamus and destined for a specific cortical area give collateral branches that terminate in a particular part of the reticular nucleus. Corticothalamic fibers passing toward a particular nucleus of the dorsal thalamus give collaterals to the same portions of the reticular nucleus as the target nucleus of the thalamus. Cells in restricted parts of the reticular nucleus project back to the thalamic nucleus from which it receives an input. Both the intralaminar and relay nuclei of the dorsal thalamus project to the RT and both receive fibers from it. The RT is situated so as to sample neural activity passing between the cerebral cortex and nuclei of the dorsal thalamus, but it has no projection to the cortex. Cortical projections to portions of the RT arise from the entire cerebral cortex and are topographically organized.

 FUNCTIONAL CONSIDERATIONS

Specific Sensory Relay Nuclei

These thalamic nuclei are in the ventral tier of the lateral nuclear group. They include MGB, the LGB and the two major divisions of the ventral posterior nucleus (VPLc, VPM, VPMpc) known as the ventrobasal complex.

     The divisions of the ventral posterior nucleus project to the cortex of the postcentral gyrus. In the postcentral gyrus all parts of the body are represented in a somatotopical sequence; this cortical region is referred to as the primary somesthetic area (SI). The sensory representation of the body in SI is duplicated in a different sequence in the second somatic area (SII) which lies buried along the superior bank of the lateral sulcus. SII receives fibers ipsilaterally from VPL and bilaterally from SI and responds mainly to cutaneous stimuli.

     Signals from peripheral receptors do not pass through the thalamus without modification: many of the impulses are modified and integrated at a thalamic level before being projected to specific cortical areas. In certain lesions of the thalamus, or of the thalamocortical connections, after a brief initial stage of complete contralateral anesthesia, pain, crude touch and some thermal sense return. However, tactile localization, two-point discrimination, and the sense of position and movement remain severely impaired. The sensations recovered are poorly localized and are accompanied by an unpleasant feeling (i.e. thalamic syndrome). Though the threshold of excitability is raised on the affected side, tactile and thermal stimuli, previously not unpleasant, evoke disagreeable sensations.

     Both physiological studies and pathological cases suggest that neurons in the ventrobasal complex are modality specific, being concerned mainly with tactile and position sense, and respond to either superficial mechanics stimulation of the skin, mechanical distortion of deep tissues, or joint rotation, but not to more than one of these. These informations are then integrated in the cortex into perceptions of form, size and texture. The cortical cytoarchitectonic subdivisions of area 3,1,2 differ with regard to the kinds of receptor from which they receive information. Area 3a, on the transition to motor cortex receives sensory signals from muscle spindles. Neurons in area 3b are foremost activated by stimulation of cutaneous receptors. Area 2 is influenced by proprioceptors to a larger extent than area 3b, for example many neurons are most easily activated by bending of a joint. Within each of the cytoarchitectonic subdivisions it appears that the whole body has its representation; thus there are probably three body maps within SI.

In the LGB, four type of synaptic terminals are present on relay neurons: RL (round vesicles and large profiles) that contribute 5-10% of all synaptic contacts. RL terminals form asymmetrical synapses, they come from the retina and are glutamatergic. RS (round vesicles, small profiles) also form asymmetrical synapses and make up half of all synapses present. Roughly half of the RS terminals are corticothalamic and they are glutamatergic and originate in  layer 6 pyramidal cells; the remainder come from the brainstem. Most of the latter is cholinergic, although some are noradrenergic or serotoninergic. There are two type of F terminals (flattened vesicles), they form symmetrical synapses and make roughly one quarter of synapses, these are GABAergic. Two subtypes are recognized: F1: terminals are axonal and are strictly presynaptic, whereas F2 terminals are dendritic in origin and are both presynaptic and postsynaptic. F1 terminals arise from axons of the reticular cells and interneurons; F2 terminals are dendritic processes of interneurons. Relay cell dendrites, especially the X cell (in cat there are W, X and Y cells in the retina, the X and Y cells corresponds to the P and M cells in the monkeys) dendrites with various processes participating in synaptic arrangement in the so called glomerulus. Retinal, interneuronal and brainstem input contact proximal dendrites, whereas cortical and reticular inputs are concentrated on peripheral dendrites. Retinogeniculate axons innervating relay cells activate inotropic receptors only, both AMPA and NMDA. Corticogeniculate axons from L6 onto relay cells appear to activate the same type of ionotropic receptors as do retinogeniculate axons. However, in addition to this, the axons from cortex also activate metabotropic glutamate receptors on relay cells. Thalamic relay cells receive inhibitory, GABAergic input from cells of the thalamic reticular cells and from interneurons. The receptors to these inputs involves both GABAA and GABAB receptors. Reticular cells can respond in both tonic and burst modes. However, on the relay cells, the postsynaptic effect can be quite different, because tonic firing primarily activates only GABAA, whereas burst firing often activates GABAB receptors.  Activation of brainstem cholinergic input in relay cells produces an excitatory postsynaptic potential due to nicotinic and muscarinic receptor action. Activation of the brainstem cholinergic input generally inhibits interneurons and reticular cells. This is accomplished through m2 receptors (that increases K conductance, leading to hyperpolarization). Because these interneurons and reticular cells inhibit relay cells, activation of this cholinergic pathway disinhibits relay cells.
             Association Nuclei
 The association nuclei of the thalamus receive no direct ascending systems but have abundant connections with other diencephalic nuclei. They project largely to association areas of the cerebral cortex in the frontal and parietal lobes and, to a lesser extent, in the occipital and temporal lobes. The principal association nuclei include the mediodorsal nucleus (MD), the laterodorsal nucleus (LD), the lateral posterior nucleus (LP) and the pulvinar (P). These association nuclei correspond to the higher order relays of Sherman and Guillery (see below).
Nonspecific or Diffuse Thalamic Nuclei

Until recently, the midline and intralaminar thalamic nuclei were viewed as a major part of the "so-called "nonspecific" thalamocortical system. This view dates back to the 1940s, and was based on the studies by Dempsey and Morison. They showed that electrical stimulation of the "specific" or relay nuclei of the thalamus in cats resulted in short-latency responses. Whereas, stimulation of the nonspecific, thalamic nuclei gave rise to wide-spread long-latency changes in cortical activity. These thalamic nuclei have since been included in a nonspecific ascending reticular activating system that relays the activity of the reticular formation to extensive areas of the cerebral cortex. Furthermore, it appeared that low-frequency electrical stimulation of the midline-intralaminar thalamus resulted in gradually developing cortical slow waves and spindle bursts (recruiting responses), which were associated with inattention, drowsiness and sleep. By contrast, high-frequency stimulation led to desynchronization of the cortical EEG with concomitant arousal (Moruzzi, Magoun, Jasper). Arguments for ‘nonspecificity' also came from the organization of the input-output features of these thalamic nuclei. It has been thought for some time that the intralaminar fibers were distributed over the cortex in a similar manner to the termination of the nonspecific, thalamic fibers in cortical layer I described by Lorente de No (1938). Afferents to these thalamic nuclei came from the brainstem reticular formation, in particular from the cholinergic system and from the reticular thalamic nucleus. Such a more general role of the intralaminar thalamic system in function as consciousness is advocated by Llinas and Ribary (1993) more recently.

     More recent anatomical studies revealed that in addition to these inputs, individual midline and intralaminar nuclei receive distinct sets of inputs and project to restricted areas of the cerebral cortex. Recent physiological studies in various species corroborate this and implicate individual intralaminar thalamic nuclei in a diversity of functions, including gaze control, nociception and visceral functions such as sympathetically mediated cardiac reflexes. An interesting concept supported by detailed tracing studies, promoted by the Dutch anatomist Groenewegen and coworkers suggest that these nuclei are in a position to interact selectively with particular, functionally segregated basal ganglia-thalamocortical circuits.

Calcium Binding Proteins. According to Jones (1998) classification, Parvalbumin cells generally dominate first order nuclei, forming the core of thalamic cells. The core cells project to layers 3-4 and carry well mapped projections to the cortex.  Smaller cells, positive for calbindin dominate other thalamic nuclei, these constitute the matrix. Matrix cells project mostly to layer 1 and their axons are more widely (diffusely) distributed. Thus, the core is concerned with specific, well localized messages, whereas the matrix conveys more diffuse message to the cortex concerned with controlling rhythmic discharges of cortical cells that may play a role in perceptual binding.
Drives and Modulators. According to Sherman and Guillery (2004), the inputs to the thalamus can be divided into these two categories. Driving input for the LGB are coming from the retina. Comparable driving inputs to the VP and MGB nuclei come from the medial lemniscus and inferior colliculus respectively. 

1)Driver inputs to relay cells provide the main receptive field properties and are necessary for the existence of the receptive fields, whereas modulator inputs induce only subtle changes in receptive field properties. 

2)Driver inputs end in RL terminals, which are by far the largest in the neuropil, and each provide several different contact zones onto the same postsynaptic profile. This might help explain the great synaptic strength of drivers. The smaller modulator terminals seldom have more than one synaptic contact zone. Despite the smaller number of driver synapses, driver EPSPs are relatively large, suggesting strong synapse.

3)Driver inputs provide a minority of synapses to relay cells (5-10%)

4)Driver terminals are limited to proximal dendrites and often form synaptic triadic arrangement in glomeruli, whereas modulator terminals can be found anywhere on the dendritic arbor. Driver inputs shows strictly limited terminal distribution, modulators are more diffusely distributed.
5)As a general rule, drivers are likely to be excitatory and activate only ionotropic receptors, whereas modulators activate metabotropic receptors and often ionotropic receptors.

6)There is relatively little convergence of driver inputs, so geniculate relay cells receive most synapses from 1-3 axons, whereas corticogeniculate axons converging onto relay cell is at least an order of magnitude greater. As a result the probability of a spike in the postsynaptic cell for each spike in the presynaptic axon in the case of drivers is higher than for modulators

7)Driver input do not innervate the thalamic reticular nucleus, whereas modulators do. 

First order and higher order relays (Sherman and Guillery) . First order refers to the fact that these relays transmit information that is on ots way to the cortex for the first time. Higher order relays receive their driver input from layer 5 pyramidal cells and represent loops that are bringing messages for a third, fourth or higher order re-representation to cortex. One important distinction between drivers and modulators is that silencing the drivers abolishes the characteristic receptive fields of thalamic relay neurons, whereas silencing the modulators does not. That is, for the LGN, destruction or silencing of visual cortex produces subtle changes in receptive field properties, but the visual receptive fields survive. This is in contrast to silencing retinal ganglion cells, which produces a complete loss of geniculate receptive fields. The same argument can be applied to higher order nuclei. Recording from thalamic relay cells in two higher order relays (the pulvinar in moneky and the posterior nucleus of the rat) have demonstrated that elsions of the cortical areas that provide layer 5 afferents to the relay cells produce a loss of receptive fields, comparable to the loss seen in first order relays after removal of the ascending driver afferents. In thalamus, these layer 5 axons gives rise to well localized thalamic terminals that look like retinal or lemniscal afferents (RL type) and they do not innervate thalamic reticular cells.

The recognition of corticothalamic driver afferents to higher order relays has important implication for our understanding of thalamocortical and corticocortical relationship and functions. The thalamus is no longer seen s essentially just a relay for ascending messages to reach the cortex, with all subsequent cortical processing carried out by a complex array of hierarchical and parlell corticocortical pathways. Instead, recognition of transthalamic corticocortical pathways through higher order thalamic relays introduces an array of novel connections through which one cortical area can communicate with another. Each of these transthalamic corticocortical pathways will be subject to modulatory influences from cortical, brainstem and local sources in the thalamus. Axons from layer 5 pyramids that innervate higher order thalamic relays are branches that also pass to lower centers. This in turn suggests that all thalamocortical relays, even the classic sensory relays like the LGN, function to provide to the cortex a constant updating of motor commands that are currently being issued at many different levels in response to sensory inputs.
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