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OUTLINE

I. Introduction


- Parallel distributed processing


- Evolution of parallel distributed processing


- Non-human primate as a model system

II. Evolution of the Building Blocks of the Nervous System  


- issue of redundancy and parallel processing


- principles of processing (hierarchical - Von Hayek)


- Jerison, more cortex, more information processing


- energy costs of brain


- need to understand cortical evolution


- need to understand processing in primate brain


- much of human processing is enrichment of patterns



developed in primates and socially learned,



but still relates to brain evolution

III. Evolution of neurons and neurotransmitter systems 


A. Invertebrates



- Acetylcholine and GABA




muscle - excitation vs inhibition




brain - motive vs inhibition



- Serotonin (classical conditioning - Kandel)



- Norepinephrine (operant conditioning - Stein&Wise)


B. Vertebrate



- Glutamate: prosencephalon - NMDA, non-NMDA




- olfactory learning, taste aversion




- rhinencephalon

IV. Vertebrate brain organization


A. Dorsal/ventral system dichotomy




- sensory analysis (dorsal) vs movement (ventral)




- outer somatic, mid-level autonomic




- segmentation


B. Anterior specialization for sensation





modes of perception: detection vs detail analysis




- detection of onset of events (dorsal systems)





(rhombencephalon, mesencephalon)





- somatosensory (dorsal columns, dorsal nuclei)





- auditory (inferior colliculus)





- y-fibers in vision to superior colliculus




- analysis of details (diencephalic systems)





- somatosensory (spino-thalamic)





- auditory (medial geniculate)





- x-fibers in vision (to lateral geniculate)






saccadic suppression, ERP's




- Anterior specialization for movement





- cerebellum, for rapid ramp movements





- basal ganglia, for slow ramp movements




- Anterior specialization for autonomic sense and 




control





- vegetative functions, emotions (Triune Brain)


C. Telencephalon




- anterior tip (telencephalon): olfaction





- persistent analysis




- development of cortical organization





Nauta & Karten - olfactory; invasion by other 



modalities





- rhinencephalon, limbic system (Kruger)




olfactory - emotions





Papez circuit (hippocampus) - location, memory





Nauta circuit (amygdala) - emotions, memory




(bird memory - bigger hippocampus)



- extra-limbic - somatic processing (sensory, motor)



- Neuromeres - invasion of telencephalon by somatic systems




- Karten



- Invasion by activation systems - 5HT, NE, ACh

IV. The role of the cortex in information processing


A. Paleo- archi-cortex - olfaction - emotion, memory, behavior


B. Cortical specialization



- diffuse (Lashley), holographic (Pribram)



- specialized (Kluver)



- primary vs secondary processing regions



- specialized circuitry vs non-specific processing




(concrete vs abstract operations)





C. Sensory vs motor: posterior vs anterior



- Post-central sulcus, sensory processing




- relation to medial temporal lobe




- detail memory



- Pre-central sulcus, motor processing




- relation to basal ganglia




- procedural memory


D. Timing




- perceptual cycles vs perceptual streams





- perceptual processing initiation





- onset of stimulus (ERP's)





- peripheral inhibition





- reticular activating system (Moruzzi & Magoun)





- streams of analysis (alpha rhythm patterning)





- efferent control (Pribram)

VI-A-i. Primate sensory systems (vision)


A. Crossing of hemifields to superior colliculi (Allman)


B. Primary and secondary visual areas (Zeki, VanEssen)


C. Parallel systems (retino-genic-striate vs sc-pulv-mt)


D. Temporal lobe (Allman) - nocturnal insectivores, fruit



- processing sequence - serial (Mishkin)



- reciprocal connections (Rockland & Pandya)



- processing concurrent (Ashford & Fuster)


E. Cycles of processing higher level information - P300



- involvement of hippocampus (Coburn et al)



- P3a - novelty (frontal, attention)



- P3b - novelty and relevance (posterior, storage initiation)

VI-A-ii. Primate sensory processing networks



(Mishkin, Goldman-Rakic)


A. Dorsal pathway for "where" processing


B. Ventral pathway for "what" processing


C. Further specialization (faces) - see Mikami, 1994


D. Sensory projections to amygdala, hippocampus

VI-A-iii. Development of cortical systems and plasticity


A. Primary cortex, early critical periods



- relatively hard-wired


B. Temporo-parietal - no critical periods



- maintenance of plasticity across life-span

VI-B. Auditory system

VI-C. Somatosensory system

VII. Primate frontal cortex (Fuster)



- Frontal cortex - late adolescent critical period

VIII. Relation between processing capabilities and energy requirements


 Unit responses and processing


- grandfather neurons vs distribution

 
- multiple units responsive to individual stimuli

 
- individual units responses to multiple stimuli

 
- 50% rule as most powerful position

 
- adjacent neurons have minimal relations (Richmond ?)


- not just redundancy to improve signal to noise ratio,



but to increase level of complexity of perception


- Statistical vs switchboard (E.R. John)


Unit processing equation (relation to inputs & strengths)



- units as vectors


Information storage as vector convolution,



 recognition as correlation (B.B. Murdock)



(recognition of response patterns




 - correlation, Richmond)


Information processing as requiring energy for each



separate analysis - measure by energy of P300



- relation to high metabolic needs of brain

IX. Conclusion


Support of primate work by work in human with PET/SPECT



- processing is accompanied by increased CBF & metabolism




to cortical regions participating in analysis 

I. Introduction


The information processing capability achieved by the human brain is a marvel whose basis is still poorly understood.  Recent neural network models invoking parallel distributed processing have given some framework for appreciating how the brain performs its tasks (Parks et al.,1989; 1991; 1992).  However, models integrating the evolutionary development of brain function provide a more substantive basis for understanding the brain's power to process complex information, and the mental disorders which result from aberrant processing (McGuire et al., 1992).  Evolutionary models incorporating the concepts of parallel distributed processing developed in non-human primates in particular provide a useful model for understanding the extraordinary processing capability achieved by the human brain.  The nervous systems of non-human primates provide clues to the most recent links in the long evolutionary chain leading to the hardware of human cognition.  Monkeys can learn sophisticated cognitive tasks, and in doing so they use structural and functional brain systems highly similar to those used by humans.  The functions of these systems are revealed through depth electrode recording of single or multiple neuronal unit activity and event-related field potentials, and the anatomical distributions of the systems may be seen using high resolution structural scanning and histological techniques.

II.  BUILDING BLOCKS OF THE NERVOUS SYSTEM


Several basic principles of nervous system evolution form the basis for understanding higher primate brain function (Jones, 1990).  The adaptive sequence from sensation of the environment to initiation of reflexive movement is the fundamental operation that the nervous system provides.  Neural pathways have developed redundant and parallel channels to assure the reliability and fidelity of transmitted information, as well as to increase the speed and reliability of processing.  Neurons and neural networks also have developed means for abstracting, retaining, and later retrieving information - the basic time-spanning operations of memory.  Progressively more complex levels of analysis form a hierarchy, with higher levels of neurons and networks performing progressively more complex information analyses and more refined response productions (Hayek, 1952).  However, there is one simple principle: the more neurons involved in processing, the more complex the potential analysis of the information (Jerison, 1991).  But, a larger number of neurons also has a larger energy cost that must be born by the organism and species, and hence must have a cost-benefit justification.  Further, there is a need for both functional specialization ("low-level", routine operations; e.g., analysis of line orientation or color) and generalization (e.g., determining abstract relations between stimuli) of networks.  The evolutionary balance along this dimension has given rise to the rich diversity of fundamental neural systems that are present in the brain, and the evolutionary refinement of cortical processing through the primate lineage has achieved extraordinary power in the human brain.


Successful adaptive mechanisms tend to be retained by succeeding generations, and in the developing individual many patterns occur which reflect evolutionary history.  Remnants of ancestral structures often are retained but used for much different purposes.  Hence, "ontogeny recapitulates phylogeny", but ontogeny may not give a meaningful indication of the evolutionary relations between structures.  For useful interpretation of the role of a particular structure, often there needs to be reference to its prior roles in ancestral species.  This principle is of paramount importance in trying to understand the brain, especially the regional organization of the primate cortex (Preuss, 1995).

III. NEURONS AND NEUROTRANSMITTER SYSTEMS


The fundamental computational building block of the brain is the neuron, which contains dendrites for the input of information and an axon for the dissemination of the results of the neuron's analysis.  Neurons arose in primitive invertebrates at least six-hundred million years ago.  Typical early invertebrate neural systems controlled muscle fibers by an excitatory acetylcholine neuron opposed by an inhibitory GABA neuron.  In vertebrates, acetylcholine neurons still work as activators throughout the nervous system, exciting muscle fibers and other effectors peripherally and activating numerous other systems centrally, including motor pacing systems in the basal ganglia and memory storage systems in the cortex.  The GABA neurons of vertebrates presently are found only in the central nervous system where they still play the major inhibitory role.  Serotonin neurons appear to mediate sensitization conditioning in the invertebrate (Bailey & Kandel, 1995), and serotonin neurons are retained in vertebrates for a variety of central functions which require a conditioning component (Jacobs & Azmitia, 1992).  Similarly, monoamine neurons developed in invertebrates, and play a role in reward-related learning in vertebrates (Gratton & Wise, 1988), a role which again can be traced through their evolutionary lineage.


The principal neuron in the cerebral cortex is the pyramidal cell which uses the amino acid glutamate as its neurotransmitter.  Glutamate neurons seem to have originated as sensory cells.  Glutamate mechanisms are highly active in the olfactory system (Kaba et al., 1994; Trombley & Shepherd, 1993), and play a role in the analyses of chemical stimulants.  Olfactory functions include attending to and identifying a particular scent pattern, evaluating its significance, and retaining a memory trace of the scent in its context.  The actual structural basis for parallel distributed processing may initially have developed in the olfactory system to serve this function, with glutamate neurons playing the central role in making decisions about approach responses.


The olfactory system may be thought of as a long range component of the gustatory system, and the interaction of these two systems produces what is perhaps the most powerful form of learning.  The olfactory system itself can mediate aversive learning, but it is not particularly powerful.  Aversive learning mediated by the gustatory system, however, can be extremely powerful.  A taste avoidance response can be conditioned in a single trial and is unusually resistant to extinction.  The interaction of olfactory and gustatory systems is seen when odor and taste stimuli are combined; the taste-potentiated odor stimulus then acquires the same extraordinary one trial conditioning and resistance to extinction as the taste stimulus (Coburn et al., 1984; Bermudez-Rattoni et al., 1987).  From an evolutionary perspective this makes a great deal of sense, since the olfactory system allows recognition and avoidance of a poison without having to taste it.  Although these phenomena were discovered and have been studied in animals, both taste aversion and taste-potentiated odor aversion learning are seen in humans undergoing chemotherapy for cancer.  They probably represent a very specialized form of learning in a situation where the organism must learn to avoid poisonous foods after a single exposure.  Although taste-potentiated odor aversion conditioning is an extreme example of rapid acquisition, most odor conditioning appears to be acquired gradually over repeated trials, and may, as a generalized mechanism, serve as the basis for the preponderance of higher learning which occurs in the human cortex.  Accordingly, the central role played by glutamate neurons in aversive conditioning in the olfactory system may have been the basis for the function glutamate neurons serve in the neural plasticity underlying learning throughout the cortex.

IV.  VERTEBRATE BRAIN ORGANIZATION


The vertebrate brain evolved through a long line of steps of neuronal assembly, including worms and chordates.  Along this line, certain organizational principles were established, such as sensory analyses occurring dorsally, motor direction occupying a ventral position, and autonomic function lying in an intermediate position.  Also, segmentation was developed, so that local sensation led to local motor activation.  A later development specialized the anterior segments for more complex analysis (Rubenstein et al., 1994).  In the vertebrate, the anterior 5 segments, telencephalon (most anterior), diencephalon, mesencephalon, metencephalon, rhombencephalon, develop into the brain, while the posterior segments become the spinal cord.


In the higher vertebrate brain there is a further specialization for sensory information analysis.  The dorsal rhombencephalon is specialized for somatosensory event detection and the dorsal mesencephalon is specialized for auditory (inferior colliculus) and visual (superior colliculus) event detection, and this information is received through rapid transmission fibers.  The diencephalon receives fine detailed information from these modalities along direct, separate, slower pathways.


Movement is regulated by several structures including the metencephalic cerebellum, the ventral red nucleus and substantia nigra of the mesencephalon, and the basal ganglia of the telencephalon.  The cerebellum generates fast ramp movements, while the mesencephalic nuclei and the basal ganglia pace slow ramp movements (Kornhuber, 1974).  Accordingly, the brain divides motor activity functionally into fast ballistic movements and slow deliberate actions.


Throughout the vertebrate brain, autonomic function continues to be regulated intermediately between dorsal sensory systems and the motor systems which connect ventrally.  Several brain levels coordinate cardio-pulmonary function, temperature regulation, and sleep.  The anterior apex of the autonomic system is the hypothalamus in the ventral diencephalon.  The hypothalamus is largely responsible for coordinating complex drives such as feeding, territoriality, fear, and reproduction.  The hypothalamus is controlled in part by the amygdala and other telencephalic structures.  A particularly important issue for the autonomic system is the conservation of energy, an issue relating to a variety of factors including ecological niche, sleep, predator/prey status, and brain size (Berger, 1975; Allison & Cicchetti, 1976; Armstrong, 1983).  Evolutionary adaptability of the serotonergic system may be crucial in this regard.  The interaction between the visceral and vegetative functions and behavior during the course of evolution is an important link described in the "Triune Brain" model (MacLean, 1990).


The telencephalon, the anterior most region of the brain, arose evolutionarily in the olfactory system, as an invagination of the olfactory bulb, a laminated structure.  The olfactory system uses a persistent analysis mode for detecting odor signals.  The telencephalon initially played an essential role in guiding behavior because of the importance of olfactory information.  The telencephalon gave rise to: 1) the basal ganglia, which are involved in movement control; 2) the archicortex and paleocortex of the limbic system, which are involved in coordination of memory and the control of emotions and drives; and 3) the neocortex of mammals, which processes a broad array of information.  Close parallels in morphology, physiology, and neurochemistry remain between the neuronal circuitry of the mammalian olfactory cortex and both neocortex and the older limbic cortex (Nauta & Karten, 1970; Haberly, 1990).  Hence, the critical components of olfactory processing, attention to the stimulus (frontal cortex; Takagi, 1991), evaluation of the significance of the stimulus (amygdala and paleocortex; Fonberg, 1969), and retention of the stimulus in its context (hippocampus and archicortex; Staubli et al., 1995), are also the critical aspects of primate telencephalic function.  The other sensory systems, visual, auditory, and somatosensory, have developed pathways into the cortex to take advantage of the information processing power of this structure (Nauta & Karten, 1970; Karten, 1991).  This invasion has also brought other neurotransmitter systems into the telencephalon to play a role in activation and information processing, including acetylcholine and GABA neurons, and projecting axonal processes from serotonin, norepinephrine, and dopamine neurons whose cell bodies lie in diencephalic, mesencephalic, and metencephalic structures.

V.  THE ROLE OF THE CORTEX IN INFORMATION PROCESSING


The paleo- and archi-cortex are considered non-topographically organized, in keeping with the distributed analysis mechanism for olfaction (Kauer, 1991; Axel, 1995).  These regions have no direct input from somatosensory, auditory, or visual systems, but do receive activating inputs from the brainstem and diencephalon.  However, in higher vertebrates, these structures have progressively less to do with detailed odor analysis and more to do with emotion, memory, and the analysis of information from all sensory modalities.


In mammals, the lateral telencephalon developed a specialized structure with  six-lamina referred to as neocortex (Killackey, 1995), the principal structure in the primate brain for processing complex information.  As other sensory systems have invaded the cortex, primary regions with topographical organization have developed (somatotopic for somatic sensation, cochleotopic for audition, and retinotopic for vision).  The sensory systems have established their primary entry regions behind the central sulcus, pushing cerebral volume development posteriorly.  Somato-motor function invaded the neocortex just anterior to the central sulcus and in conjunction with the somatosensory region.  Elaboration of motoric activity to vocalization (Preuss, 1995) and presumably thought and planning (Matthysse, 1974), pushed cortical volume development anteriorly in primates.  Though topographic organization has developed several levels of complexity in primary and secondary neocortical regions (Felleman & VanEssen, 1991), large areas of the neocortex still seem to lack such organization, even as they have expanded to meet processing demands of complex environmental niches (Lashley, 1950).  For example, the temporal lobe has pushed anteriorly in primates to meet the need for more elaborate analysis of visual information (Allman, 1990).  Yet, the anterior temporal lobe has no significant retinotopic organization (Desimone & Gross, 1979; Tanaka et al., 1991; Nakamura et al., 1994).


The lack of topographic organization of associative (both sensory/perceptual post-centrally and motor/attentive pre-centrally) cortical regions suggests that the network approach to analysis established for olfactory function, including attention, evaluation, and storage in a non-topographical mode, seems to be the key to understanding the function of higher associative regions of the neocortex.  An unstructured approach provides a computational substrate which may expand to meet the increasing needs of the organism, as evidenced by the successful implementation of this system for analysis in both sensory and motoric modalities.


Important considerations for understanding information processing in the brain are timing and coordination.  The primary thalamic nuclei relay detailed information to the primary sensory regions of the cortex.  However, relevant broad cortical association regions are activated synchronously with the primary regions, presumably by the occurrence detecting neurons of the brain stem acting through the pulvinar of the thalamus or by the "reticular activating system" (Moruzzi & Magoun, 1949), which includes ascending monaminergic and cholinergic pathways and the reticular nuclei of the thalamus (Robbins & Everitt, 1995).  Also, some modulation of input may occur through "efferent control" (Pribram, 1967).  Cortical activation in response to a stimulus is evidenced by electrical field potentials recordable at the scalp.  Following cortical activation and receipt of detailed information, analysis of stimulus particulars occurs in the cortex with reciprocal communication occurring between all of the activated cortical regions (for reviews, see Ashford & Fuster, 1985; Coburn et al., 1990; Ungerleider, 1995).  


The evolutionary issues of brain development are of great importance in understanding cortical function, because it is the remnants of this lineage which provide the structural resources and constraints for humans.  An important example of an evolutionary pattern retained by the human is the brain's requirement for appropriate stimulation for its normal development.  The primary cortical regions need external sensory stimulation at critical periods for appropriate connections to form (evidence in monkeys; Hubel & Wiesel, 1977); early visual environment without horizontal lines, for example, will produce an adult visual system blind to such lines (Barlow, 1995).  Feed-forward and reciprocal connections formed by coactivation of particular neurons by environmental stimulation are needed for the development of complex assemblies (in monkeys, Singer, 1995b).  Essentially, the brain's sensory systems appear to optimize themselves during particular epochs of development ("critical periods") to analyze the specific types of information available in the environment.  On a more complex level, research on monkeys has shown that social interactions are required to develop appropriate intraspecies behaviors (Harlow, 1975).  Further, the more complex the environmental stimulation, the greater is the complexity of the dendritic trees in the cortex and the more complex the activities of the individual (Diamond, 1988).  This pattern, stimulation required for development of complex structure, the information processing systems of the brain optimizing themselves to process the specific types of information in the organism's environment, is a fundamental theme of mammalian evolution through higher primates, and a clear indication of the importance of interaction between the individual and the environment in the process of development.  This capacity of the cortex to expand and optimize itself to meet the demands of a competitive environment has been the successful stratagem favoring cortical evolution through several million years of ruthless natural selection.


DNA provides a blueprint for the construction of a basic neural system.  However, environmental stimuli (including maternal-child interactions) are the means for adjusting the system for successful adaptation to the world and proper interactions with other members of the species.  Critical information is imprinted or meticulously learned by the developing organism, with larger amounts of cortex required to learn greater quantities of (and relationships between) complex information.  Longer periods of development allow both the growth of larger brains and integration of progressively greater amounts of information.  This pattern reaches a peak in the human with the development of a large surface area of association cortex requiring years of learning for development of the individual into a fully cultured member of society.

VI. PRIMATE CORTICAL SENSORY SYSTEMS


A. VISUAL SYSTEM


Many of the inferences regarding information processing in the human brain are derived from studies of the monkey.  The most widely studied models involve the visual system.  In primates, there is a unique crossing of retinal hemifields to both the contralateral superior colliculus and the primary visual cortex (Allman, 1982).  Primary visual cortex is activated retinotopically by photic stimuli, and neurons are found there which preferentially respond to bars of light with unique orientations.  These neurons are organized in slabs alternately serving inputs from the left and right eyes (Hubel & Wiesel, 1977).  The monkey cortex contains at least 20 additional visual areas surrounding the primary visual cortex which are responsible for analyzing a variety of discrete aspects of visual information.  The areas most closely connected to the primary visual cortex have a high degree of retinotopic organization, which diminishes at higher organizational stages within these secondary visual areas Felleman & Van Essen, 1991).  Beyond the primary and secondary visual areas, retinotopic influence on neuronal responses becomes difficult to detect (Desimone & Gross, 1979; Nakamura et al., 1994).


As processing proceeds forward from the primary and secondary visual areas, information is processed along two separate functional pathways (Ungerleider & Mishkin, 1982).  One pathway leads ventrally toward the inferior temporal lobe.  This ventral pathway abstracts such visual details as color, shape, and texture for identification of objects (Kuypers et al., 1965).  A specialized region may analyze faces (e.g., Desimone et al., 1984; Mikami et al., 1994; Ungerleider, 1995), or the intensity of neuron response to faces may simply indicate the importance of face analysis even in the monkey (Desimone, 1991).  Farther forward in the inferior temporal cortex, neurons respond to many stimuli (Desimone & Gross, 1979).  At the anterior tip of the temporal lobe, neurons respond predominantly to abstract stimulus aspects (Nakamura et al., 1994), without any clear evidence of topographic organization, whether retinotopic, classificational, or otherwise.  An important question regarding the nature of neuron responses along this path from primary visual cortex to the tip of the inferior temporal lobe concerns the selectivity of individual neurons for specific environmental items or characteristics.  In the primary and secondary regions, individual neurons show a broad range of responses between high selectivity and non-selectivity (VanEssen & DeYoe, 1995).  Inferotemporal neurons also have certain degrees of stimulus selectivity, but most neurons can be readily found to respond to one member of a limited set of stimuli, and neurons rarely show highly exclusive selectivity (Tanaka, 1991; Nakamura, 1992; 1994).  The range of selectivity suggests that a stimulus which activates a neuronal field will elicit responses from many neurons rather than a few unique neurons, implying a broadly distributed analysis of information.


The second visual pathway leads dorsally from the secondary visual cortex toward the parietal cortex and is responsible for analysis of spatial relationships.  In the dorsal pathway, spatial analysis of visual information is performed in conjunction with posteriorly projecting connections from the somatosensory cortex which monitors the animal's own position.


In addition to the specific visual pathways described above, projecting from the retina to the primary visual cortex then anteriorly, neurons at all levels of visual cortex receive activating input from the pulvinar (e.g., Benevento & Rezak, 1976; Macko et al., 1982).  The pulvinar, receiving visual information from a retinal projection through the superior colliculus, activates the visual cortex broadly, priming it to analyze informational details arriving through the retino-geniculo-striate pathway. 


Neurons of the inferotemporal visual cortex are sensitive to behavioral state, including attention (Maunsell, 1995).  Neurons in this region have a substantial background level of activity, respond to stimuli with approximately the same latency as the neurons of the primary visual cortex, and remain elevated in the level of activity for several hundred milliseconds following visual stimulation (Ashford & Fuster, 1985).  Further, they respond differentially to stimuli presented as a repetition after less than two intervening stimuli (Baylis & Rolls, 1987).  While neurons in this region can be classified to some extent according to the range of objects to which they respond (Bayliss et al., 1987), the selectivity of different neurons' responses to a wide variety of stimuli can vary considerably (Nakamura et al., 1992; 1994).  Nearly half of the neurons in the inferior temporal region will respond to one of two simple visual stimuli in the context of a behavioral paradigm which requires attention to each stimulus when it is presented (Ashford & Fuster, 1985; Coburn et al., 1990).  This suggests the existence of an extensive functional neural network (ensemble) comprised of roughly half the inferior temporal neurons, within which analysis of the behaviorally relevant stimulus takes place.  The 50% response rate is a level which mathematically allows the most powerful analysis of any stimulus (John, 1972; Freeman & Skarda, 1985).  The lower limit for response rate would be one neuron responding to a single environmental configuration, requiring a unique neuron for each configuration.  Clearly this situation is an inadequate explanation and even a small number of cells do not provide adequate information processing power to account for information encoding (Gawne & Richmond, 1993; Singer, 1995).  To achieve maximal encoding capability, the optimal response level is 50% of neurons in a field being activated by an environmental stimulus.  Higher proportions would give less power, as do smaller proportions.  A 50% response rate would also allow cortical modulating processes to ensure maximal distribution of processing across cortical regions, while maintaining stability of neuronal excitation.


An important issue in the mode of information analysis of environmental events in the cortex is the nature of the temporal sequencing of the analytic processes.  Early anatomical investigations suggested that information processing was serial, following the hierarchy from primary to secondary to association regions of the cortex.  The presumption was that processing at each level took some finite amount of time before the results of that processing could be relayed to the next higher level.  However, the discovery of reciprocal anatomical connections (Rockland & Pandya, 1979), supported the notion of efferent control along the visual cortical hierarchy (Pribram, 1967).  When concurrent processing was discovered at the initial and terminal ends of the ventral visual cortical pathway (Ashford & Fuster, 1985; Coburn et al., 1990), it became apparent that quite complex methods of analysis were possible including parallel distributed processing.  Individual neuronal responses are organized into temporally brief pacquets of response (Ashford & Fuster, 1985), which have a statistical distribution (Bair et al., 1994).  Additionally, some information may be encoded in the temporal structure of the spike trains (McClurkin et al., 1991; Eskandar et al., 1992; Ferster & Spruston, 1995; Singer & Gray, 1995).  However, independent of potentially complex temporal response patterns, the massively parallel anatomical architecture of the system would have great power for recognizing objects using a vector correlation approach (Murdock, 1982), each neuron's response representing a component of the vector occupying a huge N-dimensional abstract mathematical space, with N representing the number of neurons in the brain.  In this model, the total number of potentially encodable environmental configurations approximates 2 to the Nth power, a satisfactorily large number.


Recent studies have supported the concept that memories of details about the various attributes of a discrete visual object are stored in a distributed fashion in the respective multiple regions responsible for the sensory analysis and perception of those specific attributes (Ungerleider, 1995).  This approach for storing information at the neuronal level can be viewed as a vector convolution operation (Murdock, 1982), using the NMDA receptor (McLelland & Rumelhart, 1986) or other long-term potentiating mechanisms, and involving the rewiring of connections between different neuronal systems (Alkon, 1989).  In this model, early electrical activity in the cortex (e.g., about 20 msec in the monkey) represents initial visual processing.  Unit and field responses can be modified by alertness (e.g. Arezzo et al., 1975) and attention to specific detail (Ashford & Fuster, 1985; Maunsell, 1995), as field potentials in the 200 msec latency neighborhood are in the human.  The initial neuronal response suggests that information about the visual stimulus is carried both to the primary visual processing area to begin detailed analysis, and also more widely to the entire visual system where it serves an initiating function, preparing the larger system for the synchronous and reciprocal analysis of visual information with the primary sensory processing areas.  Electrical signals corresponding to selective attention, the analysis of discrete stimulus features, and the detection of a variety of types of unexpected events, can be recorded from both primates and humans.  For example, recognition of the information as discordant from expectation (Donchin, 1981) or containing details which are retained (Fabiani et al. 1986) will generate a late positive electrical signal (P300) which is likely to indicate that the cortex has perceived the incoming information and has initiated a storage operation on the perceived information (Fabiani et al., 1990).  While much of the work on gross electrical activity following environmental events has been done using electrical recordings from scalp electrodes in the human, studies in monkeys have shown comparable gross electrical events, while also allowing microelectrode analysis of concurrent local activity in deep brain structures.  This has shown, for example, that the P300 is not just localized in the temporal lobe (Paller et al., 1988), further supporting the concept that information processing occurs over broad cortical regions, probably using a parallel distributed processing mode.  Work with monkeys looking at the responses of single neurons to behaviorally relevant stimulus dimensions shows the relationship between individual neuronal activity and cognition and also gives direct evidence that a single neuron can participate in a variety of functional networks (Fuster, 1995).  Furthermore, these functional networks are widespread (Goldman-Rakic, 1988) and can adapt to task (i.e., environmental) demands over short periods of time.


With regard to detail memory function, two systems have been identified in the monkey (Mishkin, 1982), one involving the hippocampus and Papez circuit through the anterior nucleus of the thalamus and the cingulate cortex (Papez, 1937), and the other involving the amygdala and the Nauta circuit through the dorsomedial nucleus of the thalamus and the orbitofrontal cortex (Nauta, 1971).  The hippocampus seems to involve place memory (O'Keefe & Nadel, 1978), and recent studies suggest that hippocampal neurons in the monkey code for specific geographic directions which can be associated with visual information for storage organization (O'Mara et al., 1994; Ono et al., 1993; Rolls, 1995a).  In contrast, the amygdala codes for emotional (in dogs; Fonberg, 1969) and social factors (in monkeys; Brothers & Ring, 1993), and these factors can also serve to index visual information for retrieval (LeDoux, 1994).  Classic studies of monkeys with lesions of the amygdala revealed disruptions of social behavior (Kling & Steklis, 1976; Pribram, 1961; Rolls, 1995b) deriving from failures to perceive or retain social cues relating to dominance or sexual hierarchies.  The visual cortex connects broadly with the hippocampus (VanHoesen & Pandya, 1975; Rosene & VanHoesen, 1987) allowing the hippocampus to facilitate information storage throughout the visual cortex (Ungerleider, 1995).  However, only the anterior portion of the temporal cortex connects with the amygdala (Krettek & Price, 1977; Turner et al., 1980), allowing the amygdala to focus on facilitation of the analysis, encoding, and retention of more abstract visual information.


B. AUDITORY SYSTEM


The auditory system of the monkey is considered to process information using principles akin to those of the visual system.  While it has been more difficult to train monkeys to perform tasks in response to auditory information, neurons of the auditory cortex are particularly responsive to the vocalizations of other monkeys.  Further, there are multi-modal cells between the visual and auditory regions within the temporal cortex.


C. SOMATOSENSORY SYSTEM


The somatosensory system analyzes information in the parietal cortex, but in close association with the motor system and the frontal cortex anterior to the central sulcus (Pandya & Kuypers, 1969; Jones & Powell, 1970).  The parietal cortex shows neuronal responses when monkeys perform touch discrimination tasks that are comparable to visual discrimination tasks.  In a haptic delayed match-to-sample task (a tactile discrimination task with a delay), neurons in rhesus primary somatosensory cortex (S1) exhibit memory properties by firing during the delay.  Also, units in monkey parietal association cortex discharge during perception and mnemonic retention of tactile features (Zhou & Fuster, 1992).  

VII. THE FRONTAL LOBE SYSTEM


The frontal cortex represents information in a complementary fashion to the perceptual regions posterior to the central sulcus.  This region functions in concert with the dorsomedial nucleus of the thalamus and the basal ganglia (Alexander et al., 1992) to generate smooth motor acts (Kornhuber, 1974) and behavioral sequences (Fuster, 1989).  This region makes reciprocal connections with both the ventral and dorsal visual pathways as well as the auditory and somatosensory systems.  Neurons in this region are active during tasks requiring visual attention, particularly during the period when short-term retention of information is required for spanning a delay interval before a response can be produced (Fuster, 1973).  Presumably, the prefrontal cortex serves to organize and sequence responses in posterior perceptual regions (Goldman-Rakic, 1988; Fuster, 1989).  In this fashion, the frontal cortex participates in the attentive aspects of perception and short-term retention, referred to as "working memory" (Goldman-Rakic, 1995), as well as facilitating the encoding of relevant information and orchestrating retrieval from long-term storage (Fuster, 1995).

VIII.  RELATION BETWEEN PROCESSING CAPABILITIES AND ENERGY REQUIREMENTS


In the course of understanding the relations between the volume of the cerebral cortex, information processing power, and the need for energy providing nutrients, the focus must be directed to the neuron and its dendritic and axonal processes.  There are about 50,000 pyramidal neurons under each square millimeter of cortical surface area.  Each neuron may have up to 100,000 inputs arranged along a dendritic tree which may extend its processes over 6 millimeters in many directions.  Its axon has a comparable number of outputs which may extend as far as to the base of the spinal cord, but commonly several centimeters to a target cortical region.  The surface area of a pyramidal neuron may average 1 square millimeter, but may reach 1 square centimeter.  Therefore, the total neuronal membrane surface area under a square millimeter of cortex surface is about 50,000 square millimeters.  This equals about 10,000 square meters for the 2,000 square centimeters of the human cortex.  Over 60% of the metabolism of the brain is devoted to maintaining the resting potential across this huge amount of neuronal surface membrane; clearly a major cost.


If a single unique stimulus were coded by a single neuron, the brain would indeed be quiet, and the demands of repolarization would be minimized.  However, the stimulated neuronal assemblies, whether they are hardwired primary cortical connections or plastic networks in association cortex, activate large proportions of the cortical neurons.  The observations of monkey cortical units responding to relevant stimuli suggest that a functional network of about half of the neurons in a field can manifest a response to a stimulus (Ashford & Fuster, 1985; Coburn et al., 1990; Mikami et al., 1994; Nakamura et al., 1994). During intense neuronal activity, neurons depolarize frequently, creating a major metabolic expense in repolarization demand.  The large proportion of cerebral cortex which is activated by environmental stimuli demands a heavy supply of energy.  The physiologic demands of processing in relation to cognition on a regional cortical basis can be visualized clearly by techniques which measure local cerebral blood flow (SPECT) and metabolism (PET).  However, when the brain does achieve its maximum processing power, it may also achieve its point of optimum processing efficiency and actually decrease its metabolic demand (Parks et al., 1989).

IX.  CONCLUSION


The adult primate brain is capable of processing complex information in multiple sensory modalities and integrating that information across modalities to form abstract concepts, which can be stored for use at a later period.  A principle in brain evolution is that systems tend to expand and take on progressively more complex functions, so that information can be analyzed at increasingly higher levels, both within modalities and across time.  The largest evolutionary advances in this regard have been made in those species under the greatest survival pressure in geographical regions of the most abundance when adaptation was achieved by expanding the information processing capability.  This line of development has occurred most dramatically in higher primates and reaches its present manifestation with the largest ratio of cerebral cortical surface area to body mass in man (Jerison, 1991).


The principal task of the brain is learning about the environment so that information can be organized and behavioral decisions made to foster the organism's survival.  The way the brain goes about performing this task may be studied in considerable detail in the young primate.  In early development, primary cortical regions undergo critical periods where environmental input directs the formation of neuronal connections (Hubel & Wiesel, 1972) and the development of functional assemblies (Singer, 1995a).  While the primary regions become relatively hardwired early in life, higher order association perceptual regions appear to retain their plasticity forming new connections to accommodate the learning of new information throughout life (Diamond, 1988; Singer, 1995a) or until disabled by injury or a neurodegenerative process (Ashford et al., 1995).  The frontal cortex seems to function less than optimally in immature animals (as the adjective implies when referring to human child-like behavior), but this region undergoes a critical period with massive changes in connections in late adolescence and early adulthood (Feinberg, 1987).  Subsequent to this, less flexibility (e.g., for personality change) is present.  However, it is the task of the whole brain working in concert to perceive the environment, analyze relevant information and plan for the future which facilitates the survival of the organism in this complex world.

APPENDIX  A 

THE EVOLUTION OF MONKEY BEHAVIORAL TASKS TO ASSESS MEMORY


Early tasks focussing on memory used such tasks as delayed alternation, which are more related to attention than the long-term storage of information (Fuster, 1989).  In a modification of this task to a delayed match-to-sample task, it was clear that it was attention to detail which was evaluated by this task (Figure x; Fuster, 1989).  A critical issue was the development of tasks which would demonstrate the storage of information after distraction.  Such tasks were implemented by several experimenters, but most successfully by Mishkin (1982) with the delayed non-match-to-sample task with trial unique objects.  This task showed impairment from medial temporal lobe lesions and cholinergic inhibitors which produce the most pronounced deficits of memory in the human.  More recently, efforts have been made to computer automate this task so that a computer screen can deliver the stimuli, and responses can be registered using a joy stick or touch screen technology.  Computer control of response-reward contingencies allow teaching of considerably more complex.  For example, rhesus monkeys can be taught to read and associate responses with individual letters of the alphabet, and retain those associations for up to an hour (Figure x).  Also, memory tasks can be applied to other modalities, such as the sensorimotor system (Zhou & Fuster, 1992).

APPENDIX  B

IMPORTANCE OF STUDYING ANIMAL MODELS, AND PRIMATES IN PARTICULAR

A central theme of this chapter is the value of animals -- particularly non-human primates -- as models of human cognitive processes.  Many questions regarding brain structure and function, specifically questions addressing the consequences of brain damage, can be answered most clearly and directly using techniques that are harmful to the subject.  The experimental stimulation or lesioning of brain structures, the recording of brain activity using depth electrodes, and the histochemical tracing of brain pathways all yield highly valuable information, but at the cost of often very significant damage to the organism.  We can use animal models to investigate neuropsychological questions because of the similarities between animal and human brains.  We do use animal models because it would be unethical to use humans in such harmful experimentation.  

Human studies recording brain electrical activity from scalp electrodes are limited in the amount they can tell us about the structural substrates of visual processing.  When more detail is needed there is simply no substitute for animal studies, and it is remarkable how much valuable information can be obtained. 


In humans we soon reach a point of rapidly diminishing returns as we try to study ever smaller and deeper components of neuronal networks.  Animal research allows us to extend our inquiries to progressively more basic levels.  We study animals because there are important questions we simply cannot ethically study in humans.  We get meaningful answers from animals because their brains have been shaped largely by the same evolutionary forces that have shaped our own.

FIGURES  

1)   Fundamental components of the brain - telencephalon, diencephalon, mesencephalon, metencephalon, rhombencephalon

2)   Neurotransmitter systems and projections of the brain

3)   Information transmission between different regions of the brain.

4)   Posterior sensory, perception, memory system

5)   Anterior motor, speech, thought system

6)   Checker board showing mathematical power of the 50% response rate

7)   Monkey performing delayed match-to-sample task

8)   Monkey reading letters and performing correct joy-stick responses
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