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The idea of columns as an organizing cortical unit emerged from physiologic studies in the sensory systems. Connectional studies and molecular markers pointed to widespread presence of modular label that necessitated revision of the classical concept of columns. The general principle of cortical systematic variation in laminar structure is at the core of cortical organization. Systematic variation can be traced to the phylogenetically ancient limbic cortices, which have the simplest laminar structure, and continues through eulaminate cortices that show sequential elaboration of their six layers. Connections are governed by relational rules, whereby columns or modules with a vertical organization represent the feedforward mode of communication from earlier- to later processing cortices. Conversely, feedback connections are laminar-based and connect later- with earlier processing areas; both patterns are established in development. Based on studies in primates, the columnar/modular pattern of communication appears to be newer in evolution, while the broadly based laminar pattern represents an older system. The graded variation of cortices entails a rich variety of patterns of connections into modules, layers, and mixed arrangements as the laminar and modular patterns of communication intersect in the cortex. This framework suggests an ordered architecture poised to facilitate seamless recruitment of areas in behavior, in patterns that are affected in diseases of developmental origin.
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Introduction

The concept of cortical column emerged over 50 years ago from findings in the somatosensory system (reviewed in Mountcastle, 1997). In its initial description, the term captured Mountcastle’s observation that neurons recorded along vertical penetrations from the top cellular layer 2 to layer 6 responded to the same stimuli, such as light touch on the body surface (reviewed in Kaas, 2012). Mountcastle’s work was followed by findings from the primary visual cortex of cats and monkeys by Hubel and Wiesel (e.g., Hubel and Wiesel, 1968). The latter described vertical columns of neurons that preferentially respond to stimuli of a specific orientation. Columns of best frequency responses were also mapped on the primary auditory cortex of macaques (e.g., Merzenich and Brugge, 1973). The organization within the primary motor cortex was more complex, whereby evoked movement of a joint was clustered in “mini-columns,” while adjoining mini columns above or below evoked responses to a different joint, likely associated with the complex sequences required for responses in the cortical motor system (reviewed in Kaas, 2012).

The column concept thus began as a functional principle. The introduction of neural tracers to study connections revealed patterns that could be the anatomic correlates of physiologic columns, as seen widely throughout the cortex, including high-order association prefrontal areas (e.g., Bugbee and Goldman-Rakic, 1983; Rockland, 2010; Kaas, 2012; Casanova and Casanova, 2019). Connection studies and molecular markers sparked new debates as labeled patterns often were modular, resembling short columns. The cytochrome oxidase marker, for example, labeled patches (modules), found especially in layers 3 and 2 of primary visual cortex (V1), where neurons did not respond to a specific orientation of a visual stimulus, as neurons did above and below the blobs (Livingstone and Hubel, 1984). Debates about the features of columns or modules, such as extension of axons beyond their borders could be reconciled by the presence of inhibitory neurons, which can reduce extraneous responses on the flanks of active columns, attesting to their dynamic nature (da Costa and Martin, 2010; Rockland, 2010; Wang, 2020).

Neurons in columns or modules are strongly interconnected locally in the vertical direction, and are also innervated by fewer but highly consequential extrinsic connections from other cortices or from subcortical structures (Gilbert, 1983; Pandya et al., 1988; Callaway, 1998). Discussions about the organization of columns/modules have mostly proceeded outside such considerations, outside the context of the general principle of cortical systematic variation, and outside the intricate confluence of the vertical (columnar) and horizontal (laminar) organization of the cortex, which we address here.


Columns vary as the cortex varies systematically

The general principle of cortical systematic variation is fundamental for explaining the inequality of cortical columns and modules. This principle was discovered by great thinkers working independently in different continents and with diverse species. Investigators that include Abbie (1939, 1940), Dart (1934), von Economo (1927/2009), and Sanides (1962, 1970, 1972) were able to see beyond the weeds of subtle differences in the local cytoarchitecture among cortical areas, to abstract the principle of systematic variation (for discussion of the ancestral dual allocortical areas, i.e., the olfactory cortex and the hippocampus, beyond which neocortical areas arise (see Pandya et al., 1988; Barbas, 2015; Garcia-Cabezas et al., 2019). In this scheme, differences across species reflect specializations. For example, in primates with frontally placed eyes central visual field emphasis allows detailed scene analysis and depth perception, reflected in the great laminar elaboration of V1. In rats and mice the primary visual cortex is by comparison rudimentary. Instead, the vibrissa somatosensory cortex shows specific elaboration, and is the only rodent area with a well-developed layer 4, affording these species a guide to sample the haptic environment and navigate in dark and narrow spaces. Nevertheless, systematic variation is a general principle, revealing systematic changes in laminar structure in each of the cortical systems, such as the visual, somatosensory, auditory, motor, and other cortices across species.

As an example, let us consider the ventral cortical visual system, where the changes in laminar organization are easiest to see because they follow an approximate posterior to anterior direction in primates. Accordingly, V1 has the best delineated six layers, with specialized subdivisions that reflect the precise mapping of the visual environment. The systematic cortical variation in laminar structure is seen along the entire series of visual association cortices (V2, V3, V4, and inferior temporal cortices), all of which are eulaminate but vary in laminar differentiation, often in neuronal density, and level of myelination (Pandya et al., 1988; Hilgetag et al., 2016). In the most anterior part of this axis, the rostral temporal pole does not have six layers: parts of it are dysgranular, which means that they have an ill-defined layer 4, and parts are agranular, meaning that they lack layer 4, and are poorly myelinated. Comparable gradual changes in laminar organization are seen in the dorsal cortical visual system, and in all other systems, such as the somatosensory, auditory, motor/premotor, and prefrontal cortical (PFC) systems. Interestingly, the latter two have ventral and dorsal specialized sectors as well (Barbas and Pandya, 1987, 1989).

There are thus parallels in the changes in cortical architecture in each of the cortical systems. As we piece together the gradual changes in laminar structure along the visual, auditory, somatosensory, and other cortices, we see that the entire cortex can be traced to a ring of primordial areas that unites the medial and basal surfaces and forms the base of the entire cortex. Adjacent to these phylogenetically ancient areas, eulaminate cortices with six layers emerge, and sequentially adjacent areas show gradual elaboration of their layers. Systematic variation in laminar structure can be seen in all systems, as is evident in primates, where the cortical expanse allows appreciation of changes.

The systematic variation in the ventral visual cortical system, is accompanied by physiological differences in the response properties of neurons. In V1 neurons have small receptive fields representing a small part of the visual periphery. Receptive fields gradually increase in size in areas from a posterior to anterior direction, as they map larger portions of the visual periphery (Gross, 1992). The contingencies for neuronal responses along the posterior to anterior axis gradually increase as well.

Complexity in visual and other high order association areas is conferred by more influences through projections from other structures, including the thalamus (e.g., Galuske et al., 2000; da Costa and Martin, 2010), which activate monosynaptically not only layer 4 but also the deep layers, at least in rats (Constantinople and Bruno, 2013). In primates, the most anterior inferior temporal visual areas combine a broad map of the visual field with visual memory (e.g., Gross, 1994). Moreover, the “canonical” influence of projections on the cortical column, described to innervate layer 4, then the supragranular layers and then the infragranular layers in visual cortex (reviewed in Douglas and Martin, 2004), shows a different sequence when the monkey is required to recall paired associations from memory (Miyashita, 2022).

More work needs to be done to understand the influences on the column from the thalamus in motor and the phylogenetically old limbic cortices. At a broad level, pathways from the thalamus emanate from more thalamic nuclei when they project to PFC areas that belong to the limbic ring than to lateral eulaminate PFC (Dermon and Barbas, 1994). The same pattern is seen for other subcortical structures, which have a broader reach on areas with simpler laminar architecture. For example, projections from the basal forebrain or the amygdala are comparatively sparser to lateral (eulaminate) PFC and are broader and denser to the PFC limbic ring in posterior orbital and anterior cingulate cortical (ACC) regions (Ghashghaei and Barbas, 2001); reviewed in Barbas (2015). It is likely that the extent of connections differs within the axis of differentiation within all cortical systems (Pandya et al., 1988). It is reasonable to expect that broader projections render processing more complex and increase the contingencies for response of neurons in areas within, or close to, the limbic ring.



Feedforward connections are modular, feedback connections are laminar

Pathways in sensory systems have been grouped into “feedforward” and “feedback,” by analogy with the feedforward flow of signals from the sensory periphery to the thalamus, to primary areas, and then to sensory association cortices; feedback refers to connections in the opposite direction (reviewed in Felleman and Van Essen, 1991; Barbas, 2015). Studied most thoroughly in the visual cortical system, pathways from the thalamus innervate layer 4 of V1, and V1 innervates V2. Feedforward pathways are focal; they originate in the superficial layers close to layer 4 and innervate neurons in a short module in layer 4, which then projects focally to the middle layers in and around layer 4 in adjacent sensory association cortex, and so on. This account is oversimplified (see for example Siu et al., 2021).

Labeling with neural tracers revealed another feature of cortical connections, namely, that along with pathways proceeding in the feedforward direction, there are pathways going in the opposite direction, from later- to earlier processing areas. One such example is the projection from V2 to V1. Feedback connections have features that markedly differ from feedforward pathways: they originate in the deep layers and terminate as broad ribbons in layer 1 (Rockland and Pandya, 1979) as well as in adjacent layers 2 and upper layer 3, depending on the cortical areas involved (Barbas and Rempel-Clower, 1997).

The consistent patterns of connections seen in sensory and high-order association cortices made it possible to link their rich variety to the systematic variation of the cortex (Barbas, 1986; Barbas and Rempel-Clower, 1997); reviewed in Barbas (2015). What emerged from this analysis is a general rule that relates the laminar relationship of linked areas to the pattern of their interconnections, as summarized in the Structural Model. Accordingly, feedforward connections describe those that originate in an area with more complex laminar structure than the cortex of termination, and feedback refers to those that proceed in the opposite direction. Lateral connections occur between areas that have comparable laminar structure. Neighboring areas often have comparable laminar structure, but such relationships extend beyond neighborhood. Because systematic variation is seen in each cortical system, areas with comparable laminar structure occur across systems. Areas with comparable laminar structure are often connected, linking for example, PFC with temporal, parietal, or occipital areas, in patterns explained by relational rules based on architecture.

Some of the complex patterns of connections are shown in Figure 1. The example in Figure 1E shows a strong columnar termination in occipital area prostriata of a pathway that originates in medial PFC area 32. It illustrates that even though these two areas are situated far apart and in different lobes, their connections are strong, and of a columnar pattern, as predicted by their similar dysgranular structure, according to relational architectonic rules (reviewed in Barbas, 2015). In addition to pattern, the strength of connections can be predicted by the general relational rule: the strongest connections link areas of comparable structure, and their connections involve more layers (Barbas and Rempel-Clower, 1997). Areas that are dissimilar in structure are more sparsely connected and involve fewer layers. Thus, connections across the cortical expanse are governed by the same set of predictive rules in prefrontal, visual, parietal, temporal, motor, and other areas, notwithstanding their functional heterogeneity, or the local cellular architecture of the respective regions and areas.
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FIGURE 1
Projections show cortical columnar/modular, laminar, and complex mixed patterns in rhesus macaques. (A–C) Darkfield photomicrographs show bright labeled fibers traveling through the white matter to connect PFC areas; (A) A pathway from area 32 terminates in layer 1 of orbital areas 14 (arrow, feedback type), and in a complex column and layer 1 of area 13 (arrowhead, mixed lateral and feedback pattern); (B) A pathway from ventral area 46 terminates in area 12 in a complex columnar pattern with stronger label in the deep layers (arrows); (C) termination of the pathway from area 32 in area 9 is in layer 1 (arrow; feedback type); the injection of tritiated amino acids in area 32 is also seen here, arrowhead. (D) Brightfield photomicrograph shows golden brown labeled fibers and terminations in the upper layers of dorsolateral area 46 (arrows; broad feedback type that involves layer 1 and 2-3a) after injection of BDA tracer in area 32. (E) Darkfield photomicrograph shows bright labeled fibers traveling through the white matter and terminating in all layers of occipital visual area prostriata in a pathway from area 32 of medial PFC (arrow; complex columnar type with broader extent in layer 1; BDA label). (F) Darkfield photomicrograph shows bright labeled fibers and terminations of a pathway from the parvicellular part of the MD thalamic nucleus that terminates in the middle layers of lateral area 46 (arrow; feedforward type; tracer, HRP-WGA).


In summary, the pattern of connections is linked to the general principle of cortical systematic variation throughout the cortex. The phylogenetically ancient areas of the limbic ring lie at the foot of each cortical system, and have broad influences on the evolving neocortex. The frequently named feedforward and feedback connections differ by influencing, respectively small columns/modules or broadly layers and in mixed patterns, which reveal the intersection and confluence of the two modes of communication.




Discussion

The linkage of connections to the gradual changes in laminar structure in each of the cortical systems entails a large variety of patterns of connections as areas variously link with each other based on the relative difference/similarity in their laminar structure. The patterns of connections also reveal distinct types of communication. Feedforward connections are focal and the closest to a columnar pattern. On the other hand, feedback connections innervate broadly stretches of the cortex by layers. The principle of systematic cortical variation also helps explain why many connections show a mixed columnar and laminar pattern, and vary in the extrinsic influences that impinge on them. A more detailed exploration of connectivity models was beyond the scope of this brief perspective (but see, e.g., Markov et al., 2013; Beul et al., 2018); for a direct comparison of various models of connectivity (see Hilgetag et al., 2016).


Columns and layers intersect in the cortex

The quasi-columnar feedforward terminations and the laminar-based feedback connections intersect in the cortex, creating mixed patterns reminiscent of the classical broad description that feedforward connections innervate layer 4, and feedback connections avoid layer 4 (reviewed in Felleman and Van Essen, 1991); for nuanced patterns based on the relative structural relationship of linked areas see (Hilgetag et al., 2016; Figures 1A,B). Complex patterns are also seen in the connections with the thalamus, which help refine areas through guide molecules in development (Price et al., 2006). Thalamic nuclei project focally to the middle cortical layers (Figure 1F), and broadly to layer 1 in all cortical systems. For example, layer 1 of V1 is innervated by projections from the thalamic lateral geniculate nucleus (LGN) that emanate from small cells in the koniocellular layers found between the six LGN layers (e.g., Hendry and Yoshioka, 1994; Hendry and Reid, 2000; Klein et al., 2016). In high-order association areas, such as PFC, terminations from the mediodorsal (MD) thalamic nucleus innervate strongly the middle layers as well as the upper layers (1-3a). The mixed pattern is accentuated in the projections from magnocellular (medial) MD, which projects to the posterior orbital and the ACC, the phylogenetically old prefrontal cortices. The latter receive projections from a larger variety of thalamic nuclei, which innervate the middle layers as well as the upper layers (Dermon and Barbas, 1994; McFarland and Haber, 2002; Xiao et al., 2009). Projections from the basal forebrain innervate widely but differentially the PFC, targeting mostly layer 1 of eulaminate lateral PFC, but robustly innervate all layers of the limbic ACC (Ghashghaei and Barbas, 2001).

The two systems of communication are also evident in the neurochemical features of thalamic projections. A core thalamic system originates in neurons labeled by the calcium binding protein parvalbumin (PV), which are excitatory in the thalamus (unlike the cortex), and project focally to the middle cortical layers (Jones, 1998). A matrix system is composed of neurons labeled by the calcium binding protein calbindin (CB), which project widely to the upper cortical layers, akin to feedback projections. Some thalamic nuclei are dominated by one of these two markers. Thalamic PV neurons predominate in nuclei that project to primary cortices. At the other extreme, some other thalamic nuclei, such as the midline, are dominated by CB neurons (e.g., Joyce et al., 2022). The midline (limbic) thalamic nuclei project widely to the upper cortical layers in PFC but also to other high-order association cortices. Many thalamic nuclei, such as the motor-related ventral anterior, have mixed and near equal distributions of PV and CB neurons (Zikopoulos and Barbas, 2007). Variability of columns or modules is thus inevitable in view of the systematic variation of the cortex. Cortical and thalamic pathways innervate to a variable extent cortical areas in mixed columnar and laminar arrays, thwarting attempts to rigidly categorize them by anatomy or function (e.g., Figures 1A,B).

The segregation into columns and layers is elusive, as much information is still lacking. For example, while the local projection of layer 4 within a column has been described across species, information is still lacking for the highly complex layer 5, which has projections within a column as well as with distant areas. It is unclear whether the same layer 5 neurons that project within a column also participate in the broadly described feedback corticocortical projections (e.g., Rockland and Pandya, 1979). In primates, the proportion of neurons that project to two areas is low, and most often seen in limbic areas (Barbas, 1995). The complexity of layer 5 neurons and their projection system awaits further study as is for other layers especially in primates.



Developmental and evolutionary origin of two modes of communication

The question arises as to the origin and functional significance of the modular and laminar systems of communication. The laminar pattern of communication may be phylogenetically older than the columnar, as suggested by the horizontal (laminar) orientation of neurons in limbic PFC area (area OPAll; Figure 2D), compared to the vertical (columnar/modular) arrangement of neurons in eulaminate areas (Figures 2A–C,E). Supporting evidence for this hypothesis is seen in the mostly feedback type connections of the ancient limbic cortices (Figure 1C) as they connect with eulaminate cortices (Joyce and Barbas, 2018; Joyce et al., 2020). Additional evidence is the predominance of matrix neurons in the limbic thalamic nuclei that project broadly to layer 1.
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FIGURE 2
Two types of cortical architecture in macaque monkeys. (A) Columnar type of arrangement of neurons is seen in lateral PFC areas that have six layers (eulaminate), seen in Nissl-stained coronal section through PFC area 46 of the rhesus macaque; (B) adjacent matched coronal section immunostained for SMI-32; the direction of fibers in B suggests a columnar (modular) organization in this eulaminate area with a distinct layer 4 (unstained central ribbon in area 46). (C) Photomicrograph of Nissl-stained coronal section through inferior temporal area TE1 shows columnar organization of the cortex (arrows indicate the vertical arrangement of neurons into columns). (D) Photomicrograph of Nissl-stained coronal section through the agranular (limbic) orbital periallocortex (area OPAll) shows laminar organization of the cortex (arrows indicate the horizontal organization of neurons). (E) Myelin-stained coronal section shows the columnar direction of fibers in visual areas V1 and V2. Note the denser myelination in V1, which has the best delineated laminar organization in macaque and other primates. Myelin is an excellent marker for the graded differentiation of cortical areas: it is sparse in agranular and dysgranular areas and is enriched in eulaminate areas as they show graded changes in laminar structure.


Further, in the visual system ocular dominance projections in the ancestral primate tree shrew are represented in layers, lacking the fine organization into blobs seen in the primary visual cortex of other primates (Horton and Adams, 2005; Kaas, 2012). Orientation selectivity appears in the primary visual cortex of all primates, including the tiny sized prosimian mouse lemur (Ho et al., 2021), as is the presence of modular blobs, suggesting early emergence in primate evolution (Saraf et al., 2019). Neurons that are selective for orientation are seen also in rodents, but are not organized into modules (reviewed in Ho et al., 2021).

How do the two systems of laminar and modular patterns of connections arise? The universal principle of systematic variation of cortical regions let us to suggest that they reflect differences in the timing of development. Accordingly, limbic cortices must complete their development first, which could help explain their overall simpler laminar structure (e.g., Dombrowski et al., 2001; Figure 2D). Limited developmental evidence in macaque monkeys (Rakic, 2002) is consistent with a sequential development of areas that vary along the spectrum of laminar differentiation. Genetic mechanisms must initiate cortical development, but as ontogenetically related neurons migrate to their place (Rubenstein and Rakic, 1999) and connect with other areas, stochastic processes may lead to self-organization of neurons into columns and modules seen in the adult cortex of primates and some other species.

Knowledge of the timing of development of areas is critical for theoretical and functional reasons. If areas develop and connect in an ordered sequence, it will provide a mechanism for the relational nature of the rules of the Structural Model (Barbas and Rempel-Clower, 1997). Most developmental studies have compared the progenitor zone between rodents and primates, noting expansion of the outer subventricular zone in primates, which gives rise to upper layer neurons (e.g., Geschwind and Rakic, 2013; Dehay et al., 2015). The systematic variation of the cortex suggests that the workings of evolution can be inferred in one brain. For example, recent evidence revealed that progenitor zones below prospective limbic cortices in the human embryo are thinner and less dense, and neurons differentiate earlier than in prospective eulaminate cortices (Barbas and García-Cabezas, 2016). Moreover, the classical findings that layer 1 is present at the onset of cortical development (Marin-Padilla, 1998) begins to explain the development of patterns of cortical connections. The earliest migrating neurons form layer 6, and as neurons reach to connect they innervate sites in layer 1, in a pattern akin to the feedback projections adopted by the limbic cortices. In this scenario, the phylogenetically ancient limbic areas influence the new in their laminar-based projections.



Functional implications

Does the organization of functional units into columns and layers facilitate function? The intersection of layers and columns is entailed in the systematic variation of the cortex that governs the pattern of connections. Feedback connections unite older with newer areas in a relational pattern adopted by all cortices. This union may allow differential recruitment of neurons, ranging from focal driver input to the middle cortical layers from other cortices or the thalamus (e.g., Sherman, 2012), to nuanced activation of dendritic compartments in the upper layers (Gilman et al., 2017). The extensive cortical and subcortical feedback pathways that terminate in layer 1 meet the apical dendrites of local pyramidal neurons from the layers below, and may in time recruit adjacent areas in behavior (e.g., Zikopoulos and Barbas, 2007).

The functional significance of the intricate connection patterns is an on-going pursuit (e.g., Markov et al., 2013; Vezoli et al., 2021). More work is needed to understand the timing of development of areas that vary along the cortical spectrum, as well as the onset of their connections. From a health perspective, perturbation of the intricate process of neuronal migration that gives rise to the adult patterns has functional consequences. The unorthodox lamination in the reeler mouse is accompanied by marked disturbances in motor and other functions. Subtle or large differences in structure are seen also in diseases of developmental origin, including autism and schizophrenia. The exquisite patterns formed as layers and columns intersect, as in the warp and weft of a fine tapestry, may hold the secrets to their functional significance in health and disease.
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