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Preface

The frontal lobes of the brain continue to fascinate brain scientists and neuropsychologists in spite of the fact that, or perhaps because, their functions remain elusive. In The Frontal Lobes Revisited, authors examine data available to date on neuroanatomical as well as neurobehavioral aspects of frontal lobe function in animals and man. What emerges is a picture in which the frontal lobes appear to be responsible for shaping our attitudes and organizing our repertoire of behaviors.

The scope of this volume is such that it addresses the concerns of neuroscientists, cognitive psychologists, and neuropsychologists, as well as mind brain philosophers and students of rehabilitation medicine.

The Frontal Lobes Revisited largely documents the fruits of a provocative conference sponsored by the Institute for Research in Behavioral Neuroscience in the fall of 1985. It also has the distinction of being the first publication of The IRBN Press, the recently founded publishing arm of the Institute for Research in Behavioral Neuroscience.

The tireless efforts of Harriet Damon Shields and John Sollami have made this volume possible; to them I owe a debt of gratitude. I would also like to thank all of the contributors for making my task an easy one.


1
 Consciousness and the Meta-Functions of the Frontal Lobes: Setting the Stage

Ellen Perecman

Introduction

The frontal lobes of the brain are presumed to be involved in the highest level of goal-directed acts including complex sequencing, the creation of long-and short-term plans, and the internal manipulation of representational systems. They have, furthermore, come to be associated with behaviors that are bound up with consciousness and its manifestations: self-awareness, self-regulation, intentionality, etc. Indeed, Luria (1973) argued that the frontal lobes play a fundamental role in constructing and maintaining human conscious activity.

Consistent with this notion of the frontal lobes as the "seat of consciousness" is the fact that they are most recent in the phylogenetic development of the brain; they are hardly visible in lower animals, are considerably larger in primates, and occupy up to one-fourth of the total mass of the cerebral hemispheres in man. Moreover, on the ontogenetic time scale, the frontal lobes do not mature until a child is between 4 and 7 years old (Luria, 1973, p. 183).

Clinical as well as experimental studies of focal brain damage have indicated that a lesion in the prefrontal cortex of humans (Milner, 1964, 1971), as well as monkeys (Fuster, 1980) and rats (Kesner, 1985), results in a number of intellectual and behavioral deficits. Thus, changes in social behavior, affect, and behavioral initiative and spontaneity are associated with damage to the orbitofrontal region, while disorders of cognitive function, such as memory for the temporal sequence of events, spatial orientation, and poor control of movement, are typically seen with dorsolateral lesions.

Note that each of the functions in question refers not to a particular behavior per se, but to the regulation of that behavior, to the integration of that specific behavior into some larger scheme of behavior. This is not surprising in view of the extensive connections of the frontal cortex with subcortical and cortical sensory, motor, and limbic systems.

In the present volume, Deepak Pandya and Clifford Barnes (Chapter 3) focus on the connectional relation of the frontal lobes with other areas of the brain. They set out to elucidate the afferent and efferent connections of the monkey frontal lobe with other cortical and subcortical regions, as an "indispensable prerequisite to any consideration of frontal lobe function," explaining how, in addition to limbic, thalamic, and hypothalamic input to the frontal lobe, successive parasensory association areas for all three major modalities of sensation send projections progressively to premotor, prefrontal, orbital, and medial cortices of the frontal lobe. They also identify an anatomical convergence of different sensory afférents in the frontal lobe that may be the basis for intermodal and cross-modal exchange of information. It is in fact such delineation of the connectional anatomy which has led to the conclusion that the frontal cortex "constitutes an essential anatomic substrate for functional unification of the higher mental processes" (Thatcher & John, 1977, p. 24).

An Overview

Spatial Processing and the Frontal Lobes

In Chapter 4, John Stamm offers a historical review of research on frontal lobe function in monkeys, cats, and dogs, using delayed-response (DR) and delayed-alternation (DA) tasks. He discusses experimental work that supports the view that kinesthetic cues are important in guiding delayed-alternation responses and in identifying two distinct forms of behavioral impairment: (1) spatial response differentiation in the absence of exteroceptive cues and (2) inhibition of interfering response tendencies. Stamm concludes that principalis cortex plays a role in the formation of self-regulating kinesthetic processes that guide its subsequent choice responses, and that the solution to the riddle of the monkey's delayed-response deficit lies in the principalis cortex.

Karl Pribram (Chapter 2) questions the kinesthetic hypothesis as the basis for the spatial aspect of the frontal deficit, suggesting instead that kinesthetic cues relate more to the temporal than to the spatial deficit that follows anterior frontal lesions and that the difficulty with "spatial" problems is due to an increase in sensitivity to distraction under certain specifiable conditions.

Pribram distinguishes between lesions that interfere with classic delay tasks and lesions that interfere with object alternation. He identifies a gradient of relationships of delay problem performance in sensory mode reaching from a periarcuate auditory and visual to a more anterior kinesthetic location and argues that "these relationships fit with the general hypothesis that the function of the anterior frontal cortex is to relate the processes served by the limbic forebrain to those of the somatosensory motor systems."

It is precisely the role of sensory modality in delineating zones within the periarcuate region which is the focus of Chapter 5 by Michael Petrides. Petrides reviews work on the effects on conditional learning in spatial tasks of selective lesions of the periarcuate region in humans and nonhuman primates that shows the degree to which this region may be divided into anatomically distinct zones mediating conditional responses as a function of the sensory modality through which stimuli are presented and the type of responses that must be produced. Petrides reviews experiments on conditional learning and presents an explanation for why monkeys with periarcuate lesions will often perform normally on many of the tasks used in these studies.

Temporal Integration and the Frontal Lobes

Joaquin Fuster (Chapter 6) focuses on the role of the prefrontal cortex in temporal processing. He argues that the three cognitive functions assigned to various parts of the prefrontal cortex, namely, short-term memory, anticipatory preparation for action, and inhibition or control of interference, all subserve a superordinate function essential for the organization of goal-directed behavior in the temporal domain: the "mediation of cross-temporal contingencies," or "the structuring of behavioral actions on the basis of temporally separate but mutually contingent items of information."

This chapter reviews evidence from single-unit studies that substantial numbers of cells in prefrontal cortex are attuned to two or more events in a task, and that cells with widely different properties may be seen in close proximity to each other. Fuster points out that short-term memory is temporally retrospective while preparatory set is prospective, and that delay tasks involve a need to bridge the time between interdependent events. He concludes that neurons of the prefrontal cortex participate in that supraordinate function.

In experimental studies, one often loses sight of the fact that the data collected are only as interpretable as the parameters of the task administered. In other words, if task parameters are ambiguous, results are at best uninterpretable and at worst misleading. In the present volume, this issue is addressed explicitly by Pribram (Chapter 2) and implicitly by Paul Wang (Chapter 10).

Pribram reviews the experimental literature on the frontal lobes with particular attention to overcoming the lack of uniformity in terminology used to refer to particular lesions, and to an analysis of the tasks used to isolate frontal lobe function. He then goes on to reinterpret research findings in light of his reanalysis of the tasks themselves. He proposes, for example, that one can resolve the apparent inconsistency in the finding that limbic resections impair recognition memory, though it is the parietal convexity that has always been associated with agnosia, if one reinterprets the delay task to test for novelty/familiarity, not object identification.

In Chapter 10, Wang presents a critical review of tests created for the purpose of evaluating concept formation. After analyzing the Halstead Category Test, the Wisconsin Card Sorting Test and the Modified Vygotsky Concept Formation Test, he isolates four factors common to all of these. Each tests (1) the ability to apply varied and pertinent solutions based on confined but implicit information, (2) the ability to create hypotheses in accordance with feedback, (3) the ability to maintain a set and avoid erratic responses, and (4) the ability to recognize changes of condition and flexibility in thinking in order to shift response approach. On the basis of this analysis, Wang proceeds to outline his notion of the optimal test for frontal lobe dysfunction.

The evolutionary school of behavioral neurology is rather well represented in this volume. Pandya and Barnes (Chapter 3) point out that classic cytoarchitectonics does not provide any theoretical framework for understanding the pattern or organization of the frontal lobes, and suggest that a productive theoretical framework is found in the evolutionary model of cerebral morphology proposed by Sanides (1971, 1972).

According to Sanides's theory, the six-layered isocortex ultimately has a dual origin in the hippocampal formation, for the spatial analysis of information, and in the olfactory cortex, concerned with the emotional tone of sensory information. Pandya and Barnes describe the patterns of connections which suggest that a given cortical region within each of these two trends projects both to an architectonically less well-differentiated area and to a region with more developed cortical laminar organization.

Pandya and Barnes speculate that each further differentiation in cytoarchitecture and each new set of connections "might reasonably be expected to subserve a new and more advanced behavior." These authors share with Jason Brown, Gary Goldberg, and Elkhonon Goldberg and Robert Bilder a concept of the process of a behavioral act in which each stage in the generation of the behavior contributes to the definition of that behavior and, in this particular case, that "by virtue of the interconnectivity among these units, each would contribute a part that would ultimately affect the motor cortex and result in the properly planned behavior."

Brown has explored this concept extensively in the domain of language (Brown, 1977, 1982; see also Brown and Perecman, 1986) and visual perception (Brown, 1983). In Chapter 14 of this volume, he applies the concept to action.

Action and the Frontal Lobes

In a chapter on the contribution of the frontal lobes to the microtemporal processing—the microgenesis—of action, Brown proposes that the action system develops out of a rhythmic configuration that is bilaterally represented at early stages and becomes gradually biased to left hemisphere representation. Brown takes as his premise the idea that perception and action systems are interrelated ("exteriorize together"), arguing that just as "early stages in object formation [perception] provide the contextual background out of which objects develop and persist abstractly as levels of conceptual or symbolic content within the object itself . . . early stages in action elaborate the instinctual and affective bases that drive the action forward to its goal." For him, conscious awareness develops with the action (or perception) itself and is not superimposed upon the action development.

He characterizes the motor envelope of an action as an early processing stage that elaborates an archaic stage in speech and motility, centered on the space about the body axis and linked to respiratory, locomotor, and other rhythmic automatisms close to motivational and drive-like states.

Brown develops the argument that in the case of action development the evolutionary progression from limbic to motor cortices retraces the sequence of processing stages in the microtemporal elaboration of an action and that disruption at successive points gives rise to symptoms which reflect this progression.

The notion that pathological symptoms identify different levels of representation within a neurocognitive hierarchy is central to the chapter by E. Goldberg and Bilder on motor perseveration. These authors argue that prefrontal pathology may lead to the disintegration of hierarchic relations among representational levels, and that different types of perseveration mark the different levels of representation. They suggest, however, that focal prefrontal damage is not necessary to produce "executive syndrome" and that this syndrome may be relatively common with global cerebral deterioration, in view of the fact that any diffuse brain dysfunction affecting much of the brain to an equal extent from structural and/or from biochemical points of view will disrupt executive functions before it will disrupt other functions.

They point out that while various focal nonfrontal syndromes may lead to perseverative behavior, perseveration in these cases is usually limited to a specific sensory modality or type of behavior. In cases of massive prefrontal pathology, "perseveration is more ubiquitous, permeating virtually every cognitive domain and manifest at every level of the neurocognitive hierarchy." The levels they isolate are (1) a level of selection of a general cognitive mode, (2) a level of retrieval from semantic store, (3) a level of execution of individual task items, and (4) a level of elementary or motor operations.

The role of frontal lobe systems in the organization of action is treated from yet another perspective in Chapter 15, where Gary Goldberg addresses the issue of the relation between intention and expressed action. Goldberg proposes the "dual premotor systems hypothesis": that there are at least two frontal premotor systems, a lateral and a medial system, and that each corresponds to a distinct evolutionary trend in frontal lobe differentiation over phylogeny. The lateral system controls action which is triggered in direct response to external information, and the medial system is used for the prospective control of behavior.

Goldberg presents data on the "alien hand sign" to illustrate his point that a range of clinical and basic physiological observations may be understood in the context of the dual premotor systems hypothesis. He suggests that, in patients with medial frontal infarcts whose symptoms are in the hand opposite the lesion, purposeful action is occurring independent of conscious volition. Patients report unambiguous identification of one hand as alien and the other as the force used to control the alien hand.

Goldberg believes that volitional control is limited to proximal limb musculature. He interprets these "wayward" behaviors as resulting from unconstrained action of the lateral premotor system of the damaged hemisphere, though limited volitional control occurs through activation of the medial system of an intact ipsilateral hemisphere.

The Frontal Lobes and Memory

Donald Stuss and D. Frank Benson (Chapter 8) point out that one of the earliest theories attempting to explain behavioral deficits in animals with frontal lobe lesions attributed the deficit to loss of recent memory, and that in fact the role of frontal lobes in memory remains a controversial issue. Kesner (1985) suggests that the role of the prefrontal cortex in memory is to process information on the basis of expectancy, that is, to process "abstract" time. This is in contrast to the role of the hippocampus, which, he suggests, codes "real" time, or information based on data input (p. 130).

Stuss and Benson propose that frontal lobe disturbances are characterized not by memory loss per se, but rather by "forgetting to remember" and a "loss of the controlling factor of knowledge." While failing to remember is a problem of memory, forgetting to remember is rather a problem of conscious awareness of a memory, irrespective of the quality of that memory or the ability to access it; it is one step removed from the actual memory, and in that sense is a problem in representing a memory at a more abstract level.

Speech and the Frontal Lobes

In Chapter 7, Paul MacLean presents his theory of the evolution of the forebrain, with particular reference to forms of behavior that characterize the distinction between reptiles and mammals. Among these behaviors is audio-vocal communication. Mac Lean argues that these behaviors are represented in the thalamocingulate division of the limbic system of mammals and that this region had not yet evolved in the reptilian brain. MacLean has shown that the limbic system originates with early mammals and that the forebrain of advanced mammals has evolved as a triune structure comprising three neural assemblies that, anatomically and chemically, reflect an ancestral relationship to reptiles, and to earlv and late mammals.

MacLean reports evidence that, while in humans vocalization is associated with the supplementary motor area just above the anterior cingulate cortex, in the squirrel monkey aspiration of corresponding cortex results in transitory elimination of the separation call, with full recovery after nine weeks. Rather, for the squirrel monkey, the structure and/or presence of the separation cry was a function of damage to the core of the brainstem at the thalamo-midbrain junction, and the anterior cingulate cortex is the main cortical area for eliciting vocalization.

MacLean concludes from his own and other research that the medial frontal limbic area, supplementary area, and striopallidal structures that converge on ventral anterior and ventral lateral nuclei of the thalamus are implicated in the initiation of various forms of vocalization, including crying and laughing.

In Chapter 13, Saran Jonas reviews the clinical and experimental literature on disturbances of speech in humans associated with lesions of the frontal parasagittal supplementary motor region. He interprets the literature to support the idea that the voluntary initiation of motor speech involves the transmission of instructions from the supplementary motor region (SMR) to the primary motor area, and that SMR plays an inhibitory, gating role with respect to motor cortex, preventing entry into the primary motor area of influences which would disrupt ongoing primary motor area programs.

Jonas speculates that when the elements in a sequence of actions are different SMR must emit instructions as steadily as primary motor cortex, but that when the elements in a sequence are identical to one another primary motor cortex can control the activity without the participation of SMR.

The contribution of prefrontal cortex to human language at the level of discourse is addressed by Bozydar Kaczmarek in Chapter 12. After a review of work on the role of language in the regulation of behavior, Kaczmarek investigates the hypothesis that impairment in regulatory function is related to a disturbance in language production in a predictable way and that the regulatory function of the prefrontal region is bound up to a great extent with language.

Kaczmarek presents results of a study of narrative structure in three groups of patients with prefrontal pathology. He analyzed narrative production with respect to semantic and syntactic structure and found that, although all patients with prefrontal lesions "have difficulty processing verbal messages," the structure of narratives differed as a function of whether patients had dorsolateral prefrontal, left orbitofrontal, or right frontal lesions.

The Relation between Motor and Sensory Systems

Contrasting views of the relation between motor and sensory processing systems are presented in Chapters 6 and 14 by Fuster and Brown, respectively. Fuster takes the more or less traditional stance that motor and sensory processing hierarchies are mirror images of each other, with the motor system processing from the abstract to the concrete, and the sensory system taking as input the concrete and yielding abstract entities. Fuster refers to the profuse reciprocal connections between the precentral sulcus and postcentral sulcus, which are the substrate for the cybernetic "perception-action cycle."

Brown, on the other hand, conceives of the relation between motor and sensory processing as parallel, that is, that both motor and sensory systems process stimuli in the same direction. Indeed, he sees both perception and action as "exterioriz[ingJ" together, both "build up, partition and arborize external space." For Brown, "A world of real objects and the effects of actions in that world are part of the same microgenetic end point . . . the increasing passivity and final detachment of an object representation mirrors the activity of an action and the realization of an intentional attitude to movements directed toward those object representations."

Psychiatric Implications of Frontal Lobe Dysfunction

Paul Malloy (Chapter 11) explores the hypothesis that there is a functional disconnection in obsessive-compulsive disorder (OCD). He observes that patients with dorsolateral lesions display deficits in self-monitoring, often overlooking important details in their environments. They demonstrate a failure to maintain set, and fail to respond to long-term consequences. In contrast, patients with OCD behave as though their dorsolateral frontal zones are hyperactive. They demonstrate constant self-monitoring, inflexible mental set, and excessive concern with long-term consequences.

Applying an evoked potential mapping technique to patients with OCD, Malloy found that a subset of particularly disturbed OCD patients reveals significantly lower amplitude than non-OCD individuals in orbital frontal areas. Malloy suggests that because orbital/inferior medial areas connect directly with limbic structures, they may provide a crucial route between dorsolateral frontal cortex and the limbic system, and he speculates that lesions interrupting reciprocal connections may prevent the frontal cortex from fulfilling its role in modulating limbic drives.

Creativity and the Frontal Lobes

The role of the frontal lobes in the manipulation of representational systems suggests that the frontal lobes are involved in the creative process and creative thinking. Stuss and Benson (Chapter 8) administered to frontal lobe patients the visual-verbal test, a test of concept formation, but one that also taps into creative thinking. On this test, patients are asked to find first one and then another dimension of similarity among three or four figures on a card. These authors discovered that frontal lobe patients had no difficulty making the first abstraction, but could not make the second. On the assumption that creativity is at least in part defined as the ability to see a single stimulus from multiple points of view, the visual-verbal test is sensitive to creative thinking and these patients are impaired in precisely that function.

Concluding Remarks

Throughout this volume, authors refer to "higher mental processes." Consider for a moment what we mean when we use the term "higher mental processes." We mean by it those mental functions that are basically meta-functions: complex sequencing, creation of plans, manipulation of representational systems. They are meta-functions in the sense that they represent a higher level of organization than the functions they subserve. And, insofar as they are meta-functions, they appear to be bound up with consciousness and conscious experience, which, as defined by Vygotsky (1962), "denote awareness of the activity of the mind—the consciousness of being conscious" (p. 91).

This notion is very Jacksonian in that Hughlings Jackson saw the "centres for consciousness . . . as centres which 'play upon' lower centres . . . [and] represent in greater complexity, speciality, and multiplicity of associations, the very same impressions and movements which the lower, and through them the lowest, centres represent" (Taylor 1958, Vol. I, p. 172). Hughlings Jackson speculated that "if the centres for consciousness could be sliced away without disturbing the rest of the organism, the physical operations of the body would be positively uninterfered with, although negatively there would be no 'volitional impulses' sent down to put the body in this or that movement" (1958, Vol. I, p. 159).

For Spencer "[t|he seat of consciousness is that nervous centre to which, mediately or immediately, the most heterogeneous impressions are brought" (Vol. I, p. 105). But consciousness is not a state of mind. It is "a process in which information about multiple individual modalities of sensation and perception is combined into a unified multidimensional representation of the state of the system and its environment" (Thatcher & John, 1977, p. 294). The content of consciousness is the ever-changing constellation of these different types of information.

If one were to adopt these definitions, it would appear that the chapters which follow may be construed to support the case that consciousness is mediated by the frontal lobes, and that the frontal lobes are "the seat of consciousness."

In 1973 Luria wrote:


It will be unnecessary to remind the reader that the functional organization of the human frontal lobes is one of the most complex problems in modern science, and so far only the first step has been taken in the analysis of the various syndromes which can arise in lesions of the corresponding parts of the brain. Nothing is more certain, therefore, than that the next decade will see a substantial increase in our knowledge of this complex region, (p. 225)



Indeed, our understanding of the frontal lobes increased considerably between 1973 and 1986, and the present volume attests to that. As Karl Pribram concludes from his "revisitation" of the frontal lobes in Chapter 2 of this volume: "The profusion of data collected by hard labor over the past 50 years can . . . [now] be fitted into a tentative scheme. No longer are we stuck with vague concepts of frontal lobe function." Yet, in the tradition of scientific progress, Pribram interprets this achievement as a new challenge reminds us that "we have as yet only begun to explore how the various portions of the frontal cortex do their work" and proposes that it is the how to which we now turn.
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 The Subdivisions of the Frontal Cortex Revisited

Karl H. Pribram

Introduction

Gallia est omnia divisa in partes tres. With these words Caesar set out to conquer Gaul and to unify it. My purpose in this chapter is no less ambitious: to describe the various subdivisions of the frontal lobe in order to find some unitary principle that unites them. Fortunately, there are available the endeavors of massive troops, endeavors that make the enterprise possible. The hoped-for conquest will proceed as follows: The initial section describes anatomical data, and serves as an orientation; the second section is concerned with reviewing and interpreting the mass of neurobehavioral data that deal with the functional parcellation of the anterior frontal systems; and finally a summary and synthesis section will attempt to portray an understanding of primate frontal lobe function in terms of the currently available data.

Some Anatomical Considerations

Thalamocortical Definition of Subdivisions

As with Caesar's Gaul, the frontal cortex of primates can be divided into three major parts, each of which is made up of subprincipalities. The three major divisions are the precentral (including the pre- and supplementary motor), the anterior (also called prefrontal, orbitofrontal, and far frontal), and the cingulate (also called limbic). These major divisions can be defined on the basis of their thalamic projections: The precentral derives its thalamic input from the ventrolateral group of nuclei, the anterior frontal from the nucleus (n.) medialis dorsalis, and the cingulate from the anterior group (for reviews, see Pribram 1958a, 1958b).

The subdivisions of these major divisions can also be defined in terms of their thalamic input: The immediate precentral cortex receives an input from the n. ventralis lateralis, pars caudalis, and the n. ventralis posterior, pars oralis, which in turn are the major terminals of cerebellar projections. The premotor portions of this division receive an input from the n. ventralis lateralis, pars oralis, which in turn is the major termination of input through the globus pallidus of the lateral nigrostriatal system. A further subdivision can be made between the lateral premotor and the supplementary motor systems in that the more laterally placed systems deal more with orofacial, and the supplementary motor systems with other axial muscular projections (Goldberg, 1985).

The subdivisions of the cingulate cortex follow the subdivisions of the anterior thalamic nuclei: N. anterior medialis projects to the anterior cingulate cortex, n. anterior lateralis to the posterior cingulate cortex (Pribram & Fulton, 1954). The n. lateralis dorsalis (which ought to be classified as part of the anterior group) projects to the retrosplenial portion of the cingulate gyrus.

Finally, the primate anterior, far frontal cortex can be subdivided according to the subdivisions of the n. medialis dorsalis: The microcellular portion projects to the dorsolateral frontal cortex, the perilammilar magnocellular portion to the periarcuate cortex, and the midline magnocellular portion to the orbitofrontal cortex (Pribram, Chow, & Semmes, 1953).

A Frontolimbic versus Cortical Convexity Distinction

There are additional, hitherto ignored, interesting and important (for understanding the functional relationship to psychological processing) findings regarding the thalamocortical projections. The thalamus is a three-dimensional structure, whereas the cortex is (from the standpoint of thalamic projections) essentially a two-dimensional sheet of cells. Thus, the projections from thalamus to cortex must "lose" one dimension. When one plots the precisely arranged "fan" of projections from each thalamic nucleus one can readily determine which dimension is eliminated.

With regard to the projections from the anterior nuclear group and the n. medialis dorsalis, the anterior-posterior dimension is eliminated. An anterior-posterior file of cells in the thalamus projects to a single locus of cortex. Thus, for example, one finds degeneration of such an extended row of thalamic cells ranging from the most anterior to the most posterior portion of the n. medialis dorsalis after a resection limited to the frontal pole (Pribram et al., 1953).

With regard to the ventrolateral group of nuclei, the situation is entirely different. Here the anterior-posterior dimension is clearly maintained: The front part of the nucleus projects to the forward parts of the cerebral convexity; as one proceeds back in the thalamus the projections reach the more posterior portions of the cortex, curving around into the temporal lobe when the projections of the pulvinar are reached. On the other hand, a file of cells extending, more or less, dorsoventrally (but angled somewhat laterally from its medial edge) projects to a single locus on the cortex (Chow & Pribram, 1956).

This distinction between the anterior and medial nuclei, on the one hand, and the ventrolateral group of nuclei, on the other, is supported by the fact that the internal medullary lamina separates the two classes of nuclei. Clearly, therefore, we should seek commonality among the functions of the anterior, far frontal parts of the cortex and the limbic formations, as well as among the functions of the precentral and postcentral portions of the cerebral mantle (Pribram, 1958a, 1958b).

Ine close anatomical relationship of the tar frontal cortex and the limbic medial forebrain is also emphasized when comparative anatomical data are reviewed. In cats and other nonprimates, gyrus proreus is the homologue of the far frontal cortex of primates. This gyrus receives its projection from the midline magnocellular portion of the n. medialis dorsalis. This projection covers a good share of the anterior portion of the medial frontal cortex; gyrus proreus on the lateral surface is limited to a narrow sliver. It is as if there has been a rotation of the medial frontal cortex laterally (just as there seems to have occurred a rotation medially of the occipital cortex—especially between monkey and man) during the evolution of primates.

Apraxia: A Rolandic versus Extra-Rolandic Distinction

A further lesson can be learned from an analysis of the precise arrangement of thalamocortical projections and from comparing nonprimate with primate cortical anatomy. In tracing the thalamic projections to the precentral cortex, a surprising finding came to light. The dorsoventral arrangement of terminations, both pre- and postcentrally, is diametrically opposite to the arrangement of the projections farther forward and farther back. The dorsoventral terminations of the Rolandic projections reflect a lateral-medial origin from the thalamus; the dorsoventral terminations both forward and back of the peri-Rolandic cortex reflect a medial to lateral origin (Chow & Pribram, 1956).

Again, comparison of nonprimate with primate cortical anatomy clarities this surprising finding. In nonprimate species such as the carnivores, the suprasylvian and ectosylvian gyri extend the full length of the lateral surface of the cerebral convexity. The cruciate sulcus, the homologue of the Rolandic fissure, is mainly found on the medial surface of the hemisphere, with only a minimal extension onto the lateral surface. It is as if in the evolution of primates this sulcus has migrated laterally to become the prominent central fissure, which is so intimately related to the cerebellar system.

Such a migration seems to have split the supra- and ectosylvian gyri into anterior and posterior segments. That such a split has occurred is supported by the fact that terminations of thalamocortical projections to the anterior and posterior segments originate in adjacent parts of the ventrolateral nuclei. Should this conjecture regarding a split be correct, it would go a long way in accounting for the difficulty in making a differential diagnosis between apraxias that are due to frontal damage and those that are due to parietal damage.

Brown (1985), in a review of frontal lobe syndromes, defines apraxia as "a substitution or defective selection of partial movements with lesions of the left premotor cortex [whichj is due to an alteration of motor timing or a change in the kinetic pattern for a particular motor sequence" (p. 37).

To test whether, in fact, damage to both parietal and frontal (premotor) systems can produce apraxia and to pin down in a quantitative fashion just what changes in timing, in the kinetic pattern of movement, occur in apraxia, the following (Κ. H. Pribram, unpublished) experiment was performed: Monkeys were trained (using peanuts as reinforcements) to move a lever in a T-shaped slot beginning at the juncture of the arms of the Τ with its stem. The movements were then to be directed to the right, to the left, and finally down and up, in that order. Records were kept of the monkeys' abilities to perform the movements in the correct order and the number and duration of contacts with the sides of the slots that formed the T. (This was done by having the sides and the lever lined with copper and wiring them so that contact could be recorded.)

Resections were made of precentral cortex, of the cortex of the inferior parietal lobule, of the premotor cortex, and of the latter two lesions combined. Precentral resections led to many more and briefer contacts along the path of the lever within the Τ slot, a loss of fine motor skill. No change in overall sequencing occurred. Both the parietal and the premotor resections produced a breakdown in the sequencing of the movements but only insofar as the same movement was carried out repetitiously, which was interpreted as evidence of apraxia. There was no observed difference between the effects of the anterior resection and those of the posterior resection, and the overall order of the act was not disturbed. When the parietal and premotor resections were combined, this deficit was enhanced; still, there was no change in overall ordering of the action. I will say more about this distinction between the systems that deal with skill and with apraxia in the summary and synthesis section.

Subdivisions of the Anterior Frontal Cortex

The main body of this review concerns the parcellation of the anterior frontal cortex, in part because so much work has been done on the topic and this work has not been adequately reviewed elsewhere, and in part because such a review leads directly to the current aim—which is to find some unifying principle for frontal lobe functioning.

When lesions occur in the Rolandic and premotor portions of the frontal lobe, neurological signs and symptoms occur that are relatively easy to spot. By contrast, the lesions of the anterior frontal cortex are essentially "silent" unless specific and sophisticated inquiries are addressed to the organism. Such inquiry has been greatly aided by the use of nonhuman primate models of deficits in behavior produced by anterior frontal lesions.

Description of Tasks

The tasks that have been found most useful in delineating the deficit following anterior frontal damage are all characterized by a delay between stimulus presentation and the opportunity for a response to occur. During this delay distractors are introduced and the cue to the correct response disappears. The tasks fall into two main categories: delayed response and delayed alternation. Further, variations in the tasks have produced several subcategories of each category, variations that have been found to be extremely useful both as tools for subdividing the anterior frontal cortex and for understanding the nature of the deficit.

The delayed-response task, in its direct form, involves hiding, within sight of the subject, a reward in one of two identical-looking boxes set side by side, bringing down a distracting opaque screen for at least 5 seconds, and then raising the screen to provide the subject with just one opportunity to locate the reward. The boxes are immediately withdrawn beyond the subject's reach and the next trial begun. Should the subject fail to find the reward, the trial is repeated (correction technique); that is, the reward is again hidden within sight of the subject in the same box as in the previous trial. Should the subject succeed in finding the reward, another location (i.e., the box) for the hiding of the reward is chosen according to a (pseudo)random order number table.

The indirect form of the delayed-response task is more often called a delayed matching from sample. In this task a cue is presented instead of the reward during stimulus presentation; at the time of choice this cue and some other are available and the subject must choose the same cue as that initially presented in order to obtain the reward. A further variant of this task is the delayed nonmatch in which the subject must choose the cue that was not present at the time of stimulus presentation. This version combines the attributes of the delayed-response task with those of the delayed-alternation procedure.

In the delayed-alternation task the subject is not shown where the reward is located; he is simply given the opportunity to choose between two boxes. On the first trial both contain a reward. After the choice has been made, a distracting opaque screen is interposed between the boxes and the subject for at least 5 seconds and the next opportunity for choice is given. On this second trial the subject will find the reward in the box other than the one he chose initially and, if he continues to choose successfully, he will do so by adopting a win-shift strategy. Should the subject choose the empty box, the trial is repeated (correction technique). Unless this correction procedure is used, monkeys, when they are the subjects, fail to learn the alternation task (at least in 5,000 trials: Κ. H. Pribram, unpublished data).

Three variants of delayed alternation that have proved especially useful are a go/no-go version, the object-alternation procedure, and discrimination reversals. In the go/no-go task the subject must alternately go to fetch the reward on one trial and withhold his response on the subsequent trial. Failure to go or failure to withhold results in the repetition of the trial (correction procedure). In the object-alternation procedure the reward is alternated between two different objects rather than between two different locations. In this variant the spatial aspect of the task is reduced, a reduction that is enhanced when the objects are placed among 6, 8, or 12 locations according to a random number table (Pribram, Gardner, Pressman, & Bagshaw, 1963, 1969a). Discrimination reversals are, in fact, alternations that vary the numbers of trials that occur between the shift of reinforcement that signals the alternation. There is a gradual transition between alternation, double alternation, triple alternation, etc., and the ordinary non-reversal discrimination task. The inflection point occurs at three nonalternation trials in normal subjects, but is raised to four or five such trials after frontal lobe damage (Pribram, 1961a).

Description of Lesion Sites

Earlier, an anatomical rationale for subdividing the anterior frontal cortex was given in terms of the thalamic projections that terminate in different portions of this cortex. Unfortunately, all of the investigators involved in pursuing the parcellation experiments did not adhere to this particular mode of subdividing: Many experimenters simply divided the anterior portion of the frontal lobe into a dorsal portion centered on the sulcus principalis and a ventral portion that included both the lip of the lobe and the entire orbital surface. Furthermore, surgical result does not always match surgical intent. The fibers in the depth of the sulci (medial, orbital, and principal) in the anterior portion of the frontal lobe are separated by only millimeters and can be differentially spared only by exercising the greatest care and skill.

Despite this, meaningful conclusions can be teased out of the results of such experiments provided the various lesions are kept clearly differentiated by appropriate labels. It is therefore necessary to adopt a uniform terminology for the resections that often differs from that used in the original reports because different investigators used the same term to describe different lesions or different terms to describe the same lesion.

The greatest problem arises from the use of the term orbital. Here the convention will be followed that the term orbital refers to the general expanse of the ventral portion of the lobe and that, when specific portions of this cortex are referred to, orbital will be conjoined to a modifier. Thus, posterior orbital refers to the agranular cortex located in the most posterior part of the orbital cortex (Area 13 of Walker, the projection of the midline magnocellular portion of n. medialis dorsalis of the thalamus). This cortex is intimately related through the uncinate fasciculus to the anterior insula, temporal pole, and amygdala.

The term medial orbital will be used to refer to the dysgranular cortex of the medial orbital gyrus that is continuous with the cortex on the medial surface of the lobe and receives a projection from the anterior thalamic nucleus (Pribram & Fulton, 1954). In keeping with the agranular and dysgranular cytoarchitecture of the posterior and medial orbital cortex, it was found to be electrically excitable; that is, head and eye movements and a host of visceral responses (respiratory, heart rate, blood pressure) are obtained when this cortex (as well as that of the anterior cingulate gyrus with which it is continuous) is electrically stimulated (Kaada, Pribram, & Epstein, 1949). This finding gave rise to the concept of a mediobasal motor cortex, and to the existence of a limbic system motor cortex, in addition to the more classical Rolandic and precentral systems (Pribram, 1961b).

The eugranular cortex on the lateral orbital gyrus is continuous with that forming the ventral lip and adjacent ventral gyrus of the frontal lobe. This cortex is part of the projection of the microcellular portion of the n. medialis dorsalis. When a lesion of this cortex is reported in conjunction with a lesion of posterior and medial orbital cortex, the lesion is here labeled as orbitoventral. When a lesion of this cortex is made in isolation, the lesion is referred to as ventral. When the resection extends laterally up to the gyrus adjacent to the sulcus principalis, the lesion is called ventrolateral.

Finally, a dorsolateral resection is identified as including the eugranular cortex surrounding the sulcus principalis. Such lesions usually extend to and include the marginal gyrus. The dorsolateral cortex is the termination of the remaining projection of the microcellular portion of the n. medialis dorsalis.

When smaller lesions are reported (.e.g., penareuate, around tne arcuate sulcus; periprincipalis, around the sulcus principalis), the nomenclature is reasonably clear. When larger lesions are made they are simply referred to as lateral frontal when they exclude the posterior and medial orbital gyri. The resections are referred to as medial frontal when they are restricted to these gyri and to the medial surface of the lobe. When the entire anterior frontal cortex is removed, the lesion is referred to as anterior frontal.

The Orbital Contribution: The Feeling of Familiarity

A good place to begin is the orbital contribution to psychological processing because it is so closely linked to that of the limbic forebrain. Damage limited to either the medial orbital (Pribram, Mishkin, Rosvold, & Kaplan, 1952) or the posterior orbital (Pribram & Bagshaw, 1953) does not produce any impairments in performance of the direct form on the delayed-response task. Damage to both the medial and posterior orbital cortex does, however, produce a deficit in delayed-alternation performance (Pribram, Lim, Poppen, & Bagshaw, 1966; Pribram et al., 1952; Pribram, Wilson, & Connors, 1962). This deficit is due to the accumulation of many repetitive errors of both commission and omission, which become especially apparent in the go/no-go version of the task. In fact, these lesions produce a greater deficit in this variant of the task than on the right/left version (Pribram, 1973), a result which is opposite that obtained when lateral frontal resections are made (Mishkin & Pribram, 1955).

Other effects observed after resections of the medial and/or posterior orbital damage are a decrease in aggression (Butter, Mishkin, & Mirsky, 1968; Butter, Snyder, & McDonald, 1970) and an increased tendency to put food items in mouths (Butter, McDonald, & Snyder, 1969). Both of these effects had previously been observed when posterior orbital lesions are combined with those of the anterior insula, temporal pole, and amygdala (Pribram & Bagshaw, 1953). It is such results that link the effects of orbital lesions on behavior to those of the limbic forebrain.

The following question arises: To what are such changes in behavior due? Brutkowsi has argued that the orbital lesions in monkeys and dogs produce disinhibition of ordinarily present drive inhibition rather than the more obvious perseverative interference (see the extensive reviews of the conditioning literature by Brutkowsi, 1964, 1965, and Konorski, 1972). The finding that monkeys with orbital resections continue to work harder than normals for nonfood items despite a normal preference for food items (Butter et al., 1969), a result similar to that obtained with amygdalectomized monkeys (Weiskrantz & Wilson, 1958), would seem to support Brutkowski's hypothesis, which was based mainly on work with dogs.

However, data showing that the response rates following orbital or lateral frontal resections are the same as those of normal monkeys during conditioning of an intermittently reinforced bar-press response (Butter, Mishkin, & Rosvold, 1963) plus the additional data that monkeys with orbitoventral lesions stop responding for longer periods than do monkeys with dorsolateral frontal resections when novel stimuli are introduced during a similar bar-pressing task (Butter, 1964) cast considerable doubt on a disinhibition hypothesis based solely on an increased drive for food.

The fact that failure in delayed alternation is characterized by proportionately as many errors of omission as of commission also mitigates against the drive disinhibition hypothesis (Pribram et al., 1966). Similarly damaging to a drive disinhibition hypothesis were the results of an experiment testing the object reversals using the go/no-go technique with monkeys who had sustained resections of orbital cortex (McEnaney & Butter, 1969). Once again the animals not only made more errors of commission than normals, but also more errors of omission. They perseverated their refusal to respond to the previously negative stimulus.

Further evidence along these lines comes from the fact that monkeys with large orbitoventral lesions show a greater resistance to extinction of a bar-press response even in the absence of food reinforcement (Butter et al., 1963). These results confirmed and extended those obtained earlier with total anterior frontal and limbic (posterior orbital, insula, temporal pole, and amygdala) resections (Pribram, 1961b; Pribram & Weiskrantz, 1957) and are consistent with the finding that frontal and limbic lesions enhance the extinction of a conditioned avoidance response (Pribram & Weiskrantz, 1957).

These last results would readily fit a response disinhibition hypothesis (one that plagued limbic system research for many years) were it not for the finding of errors of omission in the delayed-alternation task. Also, monkeys with large orbitoventral resections take longer to habituate to novel stimuli (Butter, 1964) than do monkeys with total anterior frontal resections (Pribram, 1961b; and those with amygdalectomy, Schwartzbaum & Pribram, 1960). These results and those from a long series of conditioning experiments led Mishkin to propose that anterior frontal resections produce perseveration of "central sets" of whatever origin. Subsequent experimental results (Butter, 1969) showed, however, that monkeys with orbital resections do not perseverate in place- or object-reversal tasks. Furthermore, the meaning of central set, when it is extended to include a failure to habituate to novelty, tends to lose whatever precision it might previously have had.

The enhanced distractibility and sensitivity to proactive and retroactive interference, which accounts for the failure to habituate (see Malmo, 1942; Pribram, 1961a), may well be dependent on the organization of drive states, provided we understand by this that such states are composed of endocrine and other neurochemical systems (Estes, 1959). The limbic forebrain has been found to be a selective host to a variety of neuroendocrine and neurochemical secretions that can form the basis of a neural representation of the internal state of the organism by way of which neural control over peripheral endocrine and exocrine secretions is exerted (Martinez, 1983; McGaugh et al., 1979; Pribram, 1969b, 1977).

The import of this research for this review is that such neuroendocrine and neurochemical factors influence the organization of attention and intention: Habituation to novelty (registration and consolidation in the face of distraction), and therefore the organization of what is responded to as familiar, is disturbed by the lesions. Experimental psychologists test for familiarity with "recognition" tasks, and recently Mishkin (1982) has used the delayed nonmatching from sample as an instance of such a recognition procedure. Not surprisingly, he has found deficits with limbic (amygdala and hippocampus) resections and drawn the conclusion that these structures are involved with recognition memory. For those working in the neurological tradition where, since the time of Freud and Henry Head, agnosias, have been related to lesions of the parietal convexity, this conclusion is confusing. The confusion is resolved when it is realized that the delay tasks test for the dimension novelty/familiarity and not the identification of objects, which is the neurologist's definition of recognition. In short, the orbital contribution to psychological processing is to provide a critical facility to the feeling of familiarity based on processing both interoceptive and exteroceptive inputs.

Parcellation of the Lateral Frontal Cortex: Alternation Tasks

The performances of animals with partial resections of the lateral surface of the anterior frontal cortex show that a small midlateral periprincipalis lesion is sufficient to produce severe deficits in both delayed response (Blum, 1952; Goldman, Rosvold, Vest, & Galkin, 1971; Gross & Weiskrantz, 1962; Pinsker & French, 1967) and delayed alternation (Goldman & Rosvold, 1970; Mishkin, 1957). These results have been confirmed and refined by experiments in which electrical stimulation across the sulcus principalis has impaired performance (Stamm, 1967). In fact, these experiments as well as lesion data (Butters & Pandya, 1969) have demonstrated that the middle third of the sulcus serves as the focus for the deficit.

Although these forms of the tasks failed to help with further parcellation, their variants have proved most useful. In an early experiment attempting to analyze the variables important in producing the frontal deficit in solving delay problems, Mishkin and Pribram (1955) found that changing the delayed-alternation procedure from a left/right spatial alternation to an up/down spatial alternation did not improve the performance of the frontal animals. On the other hand, changing the task to a nonspatial go/no-go alternation did improve their performance. The logical conclusion from these results was that it was the spatial nature of the delayed-alternation and delayed-response cues that was significant. To test that conclusion, they followed that experiment with experiments using object-alternation tasks. These were difficult experiments as no one up to that time had been able to train monkeys successfully on object alternation. Pribram and Mishkin (1956) succeeded in training highly sophisticated monkeys on the task using the traditional two-box tray described earlier. Later Pribram (1961a) designed a six-box tray to eliminate the interference of position preferences. Both experiments found that monkeys with lateral frontal lesions were significantly impaired. In fact, the monkeys with lateral frontal lesions did almost as poorly on object alternation as on spatial alternation.

However, when monkeys were given dorsolateral lesions that did not include the ventrolateral cortex, their performances on object alternation were significantly better than those of monkeys given orbitoventral lesions (Mishkin, Vest, Waxier, & Rosvold, 1969). Moreover, examination of the data from the previous study testing monkeys with total lateral lesions (Pribram, 1961a) reveals that the orbitoventral lesion produced as much of a deficit as had the total lateral lesion. Taken together, these results suggest that the focus for producing the deficit lies in the ventrolateral cortex. Thus, dorsolateral lesions interfere more with classical delay tasks, and

ventrolateral lesions interfere more with object alternation. Further, as noted in the previous section, classical right/left alternation is more impaired by lateral frontal lesions than is go/no-go alternation, whereas limbic lesions produce the reverse. These data suggest that the variations of the delayed-response and delayed-alternation tasks tap somewhat different functions. Pribram and his collaborators, therefore, performed a series of experiments (Anderson, Hunt, Vander Stoep, & Pribram, 1976; Pribram, Plotkin, Anderson, & Leong, 1977) using monkeys with total lateral frontal lesions that aimed at discerning the difference between the two tasks. The deficit in delayed-response performance was shown to depend on the elimination or production of distraction. Further, spatial distractors had been found to be especially potent (Grueninger & Pribram, 1969) and proved to be critical even in a test of "object constancy," where a piece of food was simply hidden as in the ordinary delayed-response task. Finally, when the location of the hiding place was shifted within sight of the monkeys, a profound deficit was produced in the operated group despite the fact that the task proved to be a rather easy one for the control subjects.

A replication of the experiment in which "parsing" with temporal tags overcame the deficit on delayed alternation was used to analyze the factors critical to the performance of that task (Pribram et al., 1977; Pribram & Tubbs, 1967; Tubbs, 1969). As expected, in this situation, spatial variables were found to be subservient to temporal. However, location of prior response proved more potent than whether that response had been rewarded in both the operated and control groups, a result that had previously also been obtained by Wilson (1962).

Thus, a mix of spatial and temporal factors is critical to the performance of both delayed response and delayed alternation. But the mix is not equal. The spatial factor is more important in delayed response than in delayed alternation where it can be dispensed with entirely in variants such as the go/no-go and object alternation. As was noted earlier, the delayed-response deficit is maximal when lesions are made in the dorsolateral cortex, whereas lesions of ventrolateral cortex produce the greater deficit on object alternation. These results suggest that there is a focus for spatial tasks in the dorsolateral and one for the visual (and perhaps other exteroceptive tasks) in the ventrolateral frontal cortex.

These modalities are, however, superimposed on a temporal factor that is common to all delay tasks and is disrupted most severely not by lesions of the lateral frontal cortex but by limbic lesions (the go/no-go alternation evidence). If sensory modality is a factor in parcellation of the lateral frontal cortex, variations of the indirect variant of delayed response using matching from sample should prove even more useful than variants of the alternation tasks. In addition, discrimination reversal problems can be used to the same end. The next section examines such evidence.

Parcellation and Discrimination Problems

Mishkin (1964) initiated the attempts to parcel the total lateral frontal lesions, using the matching problems. He began by contrasting the effects of dorsolateral lesions with those produced by resecting a combination of ventrolateral, medial, and posterior orbital cortex. He reported that these orbitoventral lesions produced an even greater deficit than dorsolateral lesions on all of the nonspatial tasks he and his colleagues (Brush, Mishkin, & Rosvold, 1961; Mishkin, Prockop, & Rosvold, 1962) had previously found difficult for monkeys with total lateral lesions. He suggested at the time that the hypothesis of perseverative interference to account for the animals' difficulties might be most appropriate to those with orbitoventral damage.

Since that report, the impairment in object discrimination reversal learning after orbitoventral lesions has been replicated (Butter, 1969; Butters, Butter, Rosen, & Stein, 1973; Goldman, Rosvold, & Mishkin, 1970).
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