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Abstract

Functions of the neocortex depend on its bidirectional communication with the thalamus, via 

cortico-thalamo-cortical (CTC) loops. Recent work dissecting the synaptic connectivity in these 

loops is generating a clearer picture of their cellular organization. Here, we review findings across 

sensory, motor and cognitive areas, focusing on patterns of cell-type-specific synaptic connections 

between the major types of cortical and thalamic neurons. We outline simple and complex CTC 

loops, and note features of these loops that appear to be general versus specialized. CTC loops are 

tightly interlinked with local cortical and corticocortical (CC) circuits, forming extended chains 

of loops that are probably critical for communication across hierarchically organized cerebral 

networks. Such CTC–CC loop chains appear to constitute a modular unit of organization, serving 

as scaffolding for area-specific structural and functional modifications. Inhibitory neurons and 

circuits are embedded throughout CTC loops, shaping the flow of excitation. We consider recent 

findings in the context of established CTC and CC circuit models, and highlight current efforts to 

pinpoint cell-type-specific mechanisms in CTC loops involved in consciousness and perception. 

As pieces of the connectivity puzzle fall increasingly into place, this knowledge can guide further 

efforts to understand structure–function relationships in CTC loops.

Introduction

Brain regions operate not in isolation but through their interactions with other brain regions. 

These interactions are often strongly directional — for example, brainstem sensory nuclei 

typically send their output towards the thalamus, whereas motor nuclei send theirs to 

muscles; the basal ganglia and cerebellum participate in multi-regional loops that collect 

cortical input and funnel their output to the thalamus. What is striking and unusual about 

the relationship between the neocortex and the thalamus is that they form massive excitatory 

projections directly to each other. These thalamocortical and corticothalamic projections are 

enormous in their scale and scope, involving essentially all of the cortex and thalamus. 

At the cellular level, interactions between the two structures are implemented through the 

* g-shepherd@northwestern.edu; naoki.yamawaki@biomed.au.dk. 

Competing interests statement
The authors declare no competing interests.

HHS Public Access
Author manuscript
Nat Rev Neurosci. Author manuscript; available in PMC 2022 July 01.

Published in final edited form as:
Nat Rev Neurosci. 2021 July ; 22(7): 389–406. doi:10.1038/s41583-021-00459-3.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



synaptic connections that link thalamic and cortical neurons. That these connections form 

looping circuits has long been assumed, and earlier studies made great progress towards 

delineating the anatomical pathways and neurophysiological activity in cortico-thalamo-

cortical (CTC) loops1. Such loops have long been implicated in cortical rhythms, sleep, 

attention and corticocortical (CC) communication, and in disease states including absence 

epilepsy and tremor2. However, their detailed dissection at the level of cell-type-specific 

synaptic connections has only recently become routinely possible with the advent of tools 

for this purpose, particularly in mice. The recent flood of new findings relevant to CTC 

connectivity raises the question of how to make sense of all this new information. Here, 

we review results from such analyses across different cortical areas and pathways, in an 

effort to identify common versus specialized patterns. We focus on specific cell types and 

their synaptic connections (rather than only the anatomical projections of their axons), and 

use connectivity matrices as a graphical aid to represent and assimilate the burgeoning 

knowledge about the circuit connections. We highlight both what is known and what is not, 

not only about ‘who talks to whom’ but also ‘who’ does not — advocating the notion that 

the flow of activity and thus computational processing in these circuits is determined by the 

connections that are not made as well as those that are. Towards the end of the Review, 

we consider how CTC loops relate to CC circuits and to previously developed models 

incorporating those circuits, spotlight recent research relating CTC circuit architecture to 

conscious behaviour, and conclude by highlighting open questions and areas for further 

investigation.

The focus on synaptic connectivity and wiring-diagram descriptions of circuit organization 

precludes in-depth consideration of related topics important for understanding structure–

function relationships in CTC loops, ranging from molecular determinants of cellular 

physiology to population activity, rhythms and behaviour; readers are referred to other 

sources covering these and related areas in the vast thalamocortical literature1,3-13.

Excitatory cell classes in the loop

CTC loops are formed by several distinct classes of excitatory projection neurons (Fig. 1). 

Much can be said about cellular classification, but as this Review focuses on connectivity, 

we pare this down to the bare essentials.

Cortical projections to the thalamus are composed of axons from two of the three main 

classes of cortical projection neurons. Corticothalamic (CT) neurons in layer 6 project their 

axons almost exclusively to the thalamus, with branches in the thalamic reticular nucleus 

(TRN) but few branches intracortically1,28,37. (Layer 6, also called layer 6A, is distinct 

from the underlying thin layer 6B that harbours some neurons that, although projecting 

to the thalamus, appear not to be tightly integrated into CTC circuits14,15.) The other 

component of the cortical projection to thalamus arises as branches of ‘pyramidal tract’ 

type (PT) neurons, located in layer 5B and so named (loosely, by tradition16,17) for the 

most common route of their projection to subcerebral destinations in the brainstem and 

spinal cord. (The terminology of these neurons is a perennial source of confusion. In adult 

animals, not all PT neurons retain their pyramidal tract axon branch, owing to area-specific 

developmental pruning; for example, those in the primary visual cortex (V1) lose their 
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pyramidal tract branches, but form branches to the midbrain and pons18. An equivalent term 

for PT neurons is ‘subcerebral projection neurons’19. The term ‘extratelencephalic’ (ET) has 

also been introduced20, but as both CT and PT neurons project outside the telencephalon this 

entails a further distinction between ET neurons of layers 5 and 6.) Recent findings define 

thalamus-projecting PT neurons as a distinct subtype tending to lack branches to the medulla 

and PT21-26. The CT and PT projection patterns to the thalamus from a cortical site tend to 

be similar, although they are not identical27-29, and both classes of neuron contain subtypes 

with distinct thalamic branching patterns and sublayer distributions, as discussed in more 

detail later. CT and PT axons project mainly to the ipsilateral thalamus, but they can also 

branch contralaterally30,31. Intratelencephalic (IT) neurons in the cortex, a broad class of 

neuron with diverse subtypes in layers 2–6, project to the cortex and striatum bilaterally but 

not to the thalamus.

Classifying thalamocortical (TC) neurons is complicated, with major classes not as clearly 

separable as they are in the cortex, although recent multi-omics studies are helping to 

establish relationships between TC neuron structure, function and gene expression28,32,33. 

As the laminar pattern of TC axonal branching in the cortex is a fundamental structural 

determinant of cellular connectivity in CTC loops, here we emphasize the distinction 

between TC axons that branch mainly in layer 1 (and secondarily, to a varying extent, 

in layer 5A) versus layer 4 (and secondarily, to a varying extent, around the layer 5B/6 

border)34-38. Because this distinction conforms reasonably well to the classification of 

the thalamus into matrix-type (calbindin-expressing) nuclei and the core-type (parvalbumin-

expressing (PV+), in primates) nuclei, respectively34, we use the matrix and core 

terminology as a proxy for the projection-defined TC classes. However, it is important to 

bear in mind that there is some overlap between matrix-type and core-type TC neurons, and 

there are clearly many variants for each type (subtypes), as discussed later. It may be useful 

to distinguish between the classically core-type TC projections to primary sensory cortices 

and the ‘core-like’ TC projections to other areas such as the primary motor cortex (M1) 

and the prefrontal cortex (PFC), where layer 4 is thinner or absent and the TC arborization 

includes branches in layer 1. Intralaminar TC neurons, a class characterized by axons 

projecting to deeper layers and implicated in loops with the basal ganglia, are less abundant 

and less well characterized, and they are not considered in detail here (see REF.36).

Next, we address how these major classes of cortical and thalamic excitatory projection 

neurons connect to form CTC loops.

Connectivity patterns under the loupe

In this section, we examine the cellular connectivity in CTC loops across diverse systems, 

ranging from primary sensory to motor and cognitive cortical areas. Much of the recent 

progress comes from studies of mice and rats, but it builds on decades of studies with 

diverse species.

Along with describing the key observations, we incorporate them into connectivity matrix 

representations, as a graphical tool to facilitate comparisons. Connectivity matrices offer a 

compact way to depict how the presynaptic and postsynaptic cell types in CTC loops do 
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or do not form synaptic connections, and thus hold promise as a way to pool, organize 

and distill results from across a large literature. Connectivity matrices are widely used in 

neural network models to specify synaptic weights, and are increasingly used to represent 

and analyze experimentally determined connection and projection patterns28,39-42. Although 

the matrices developed here are based on our qualitative assessments for combining 

quantitative results from multiple connectivity studies, they provide a general overview, 

a more structured alternative to wiring-diagram drawings, and a potential framework for 

future experimental and modelling efforts. Elements of the matrix represent the strengths of 

connections from presynaptic to postsynaptic neurons. In the cortex-to-thalamus direction, 

the presynaptic neurons are PT and CT (not IT, which do not project to the thalamus) and 

the possible postsynaptic neurons are matrix-type and core-type TC neurons (Fig. 2A). In 

the thalamus-to-cortex direction, matrix-type and core-type TC neurons are presynaptic and 

the possible postsynaptic neurons are IT, PT and CT neurons. We first fill in these two zones 

of the overall connectivity matrix, and in later sections add the local excitatory intracortical 

connections (upper left part of the matrix), and consider how inhibitory neurons fit in. 

Intrathalamic connections (lower right part of the matrix) are scarce and therefore omitted.

A caveat before we begin our survey across areas: we emphasize results from experiments 

using relatively high-precision, quantitative tools for cell-type-specific analysis of synaptic 

connectivity (for example, viral labelling, optogenetic photostimulation and whole-cell 

electrophysiology). The ‘strength’ of synaptic connectivity in a circuit can be measured 

in different ways, which have various inherent limitations and biases, and can furthermore 

be represented in different ways, from unitary to population-level connections43. In neuronal 

circuit science even ‘ground truth’ depends to some extent on how one defines it. The point 

is that one can get a different picture of circuit organization depending on which tools are 

used and how connection strength is defined. Although we emphasize quantitative findings, 

these have generally been reported in terms of relative rather than absolute connection 

strengths. Furthermore, these studies generally involve comparing how one presynaptic cell 

type connects to multiple different postsynaptic cell types, not vice versa (that is, how 

different presynaptic cell types connect to one postsynaptic cell type). For this reason, the 

matrices mainly reflect measurements made along each column, a point emphasized by 

colouring the columns according to presynaptic source. In addition, for all these reasons, the 

connectivity matrices shown here, although based on quantitative findings, should be viewed 

as mostly qualitative summary representations of overall connectivity patterns. We aim to 

point out more of the issues as we go along.

Primary somatosensory cortex.

We start with the whisker-barrel system of rodents, where much is now known about cell-

type-specific connectivity in the CTC loops. Recent studies of the homologous circuits for 

the forelimb-related pathways confirm and extend those results. In this section, we treat the 

whisker-related and forelimb-related circuits together, noting differences where applicable.

We first consider CT axons (Fig. 2B). These project to the core-type ventral basal complex 

(VB) consisting of ventral posterior medial (whiskers) and lateral (limbs and trunk) nuclei. 

The CT axons synaptically excite VB neurons44-46, but do these connections ‘close’ CTC 
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loops at the thalamic end? This is not entirely clear, as CT axons could innervate either 

reciprocally or non-reciprocally projecting VB neurons (or both)47. These patterns have 

different functional implications; for example, excitation of non-reciprocal VB neurons 

could mediate lateral excitation in the thalamus. Recent results from forelimb-related 

primary somatosensory cortex (S1)–CT circuits are illuminating in this regard48. When a 

single site in forelimb S1 is injected with both a virus (to anterogradely label the CT axons 

emanating from that particular site with an excitatory opsin) and a retrograde tracer (to label 

the thalamic neurons projecting to that particular site), the CT axons tend to co-localize 

with and strongly excite the S1-projecting VB (VBs1proj) neurons. Thus, these connections 

appear to close the potential CTC loop at the thalamic end. Moreover, the relative paucity of 

CT axonal projections to non-recurrently projecting VB subregions suggests that CTC loops 

tend to be spatially restricted not just to cortical areas and thalamic nuclei, but to paired 

subregions within those areas and nuclei. Whether this organization is a peculiarity of the 

CT→VB circuits of S1, which is extremely somatotopic, or applies more generally across 

CTC loops, is assessed as we consider other areas.

The CT axons also project to the matrix-type posterior nucleus (PO)44, in a pattern similar 

to the CT→VB loops described above: CT axons arising from a location in S1 tend to 

connect mainly to POs1proj neurons that project back to the same location48. The connection 

strengths are somewhat less than for CT excitation of VB neurons. Those CT neurons 

projecting to the PO also send branches to the VB and reside mainly in lower layer 6, 

whereas those that project exclusively to the VB reside in upper layer 6 (REFS49,50).

PT axons send axonal branches to the PO but not to the VB, en route to more 

caudal destinations51,52. Following injections of anterograde and retrograde tracers into a 

single cortical site in forelimb S1, the PT axons, similar to the CT axons as described 

above, overlap anatomically with and strongly excite POS1proj neurons, more so than non-

recurrently projecting neurons48. Thus, the PT axons also tend to form CTC loops that are 

closed at the thalamic end, following a similar pattern of restriction to a pair of cortical and 

thalamic subregions.

Connectivity from the VB to the cortex has been investigated in detail (Fig. 2B). The 

VB axons project to layer 4 of S1, but also branch in deeper layers, around the layer 

5B/6 border53. Functional analyses also show that the strongest VB input goes to layer 4, 

involving numerous albeit unitarily relatively weak connections, with additional inputs to 

pyramidal neurons in other layers54-58, such as to the basal dendrites of layer 2/3 neurons55. 

In terms of cortical cell types and projection classes, the VB axons excite mainly IT neurons 

(of which layer 4 neurons can be considered a subtype), with strongest input to layer 4 

spiny stellate cells (which in the mouse are only abundant in layer 4 of S1, not other 

cortices) but also including moderately strong input to infragranular corticocortical neurons, 

and additional input to PT neurons55,56,59,60. Recent evidence indicates that thalamocortical 

drive from VB axons to PT neurons in S1 arises less from direct excitation and more from 

rapid and potent disynaptic excitation via layer 6 IT neurons61. The VB input to CT neurons 

is markedly weak50,60, consistent with the lack of CT responsiveness to whisker stimulation 

in vivo61, indicating that the core-type CTC loop is not closed at the cortical end through 

strong direct connections between TC and CT neurons. Instead, CT neurons probably get 
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their main input from IT neurons60,62, implying that for the core-type nucleus, the CTC loop 

passes via IT neurons to close the loop through only CT (not PT) neurons.

The cortical connections of PO axons have also been examined and — consistent with the 

axonal arborization primarily in layers 1 and 5A – the strongest PO inputs are to IT neurons 

in layer 5A, with mostly weaker input to other IT neurons and PT neurons, and little or 

no input to layer 4 and CT (or unidentified layer 6) neurons55,57,60,63,64. Thus, for this 

matrix-type nucleus, the CTC loop at the cortical end appears mostly to bypass both PT and 

CT neurons, passing instead through IT neurons, particularly IT layer 5A neurons, to close 

the loop, in this case through both PT and CT neurons.

Primary motor cortex.

M1 provides an interesting comparison to S1 CTC circuits, as it is a ‘motor’ rather than 

a ‘sensory’ area. (Many, perhaps all, cortical areas are arguably a mix of both; all areas 

possess PT neurons, the subcerebral projections of which directly innervate motor circuits, 

and sensory responses are often widespread65,66.) As such, M1 is perhaps more ‘output’ 

than ‘input’ oriented. However, it is also a ‘primary’ area rather than a ‘higher-order’ area 

— or perhaps not; the applicability of these concepts of hierarchical organization is more 

complicated in motor than in sensory areas67. Thalamic afferents to M1 arise from multiple 

nuclei in the ‘motor thalamus’, including the cerebellar recipient ventral lateral nucleus 

(VL), the basal ganglia recipient ventral anterior nucleus and ventral medial nucleus (VM), 

and the PO68-71. As seen in single-axon reconstructions31,33,72,73, axons from VL arborize 

in a mostly core-like manner in two laminar zones, one around layer 4 and adjacent layers 

and another around the layer 5B/6 border, plus a component in layer 1; axons from the VM, 

the ventral anterior nucleus and the PO arborize in a mostly matrix-type manner primarily 

to layers 1 and 5A, although the pattern in the middle layers is fuzzier than the sharply 

demarcated PO projections to layer 5A of S1.

The CTC-related connectivity patterns of M1 can be summarized as follows (Fig. 2C); 

again, we generally combine results for vibrissal and forelimb areas except where noted. 

Like the CTC circuits of S1, the CT and PT axons from M1 excite recurrently projecting 

neurons located in subregions of the matrix-type PO and VM48,74,75. Unlike those circuits, 

CT axons rather weakly excite recurrently projecting neurons in the core-like VL74. In the 

other direction, the VL innervation of M1 neurons largely resembles the pattern for VB→S1 

in targeting layer 4, but it differs in that input to layer 4 (which is thin in motor cortex) is 

not dominant but comparable to the input to deeper-layer IT neurons at the layer 5B/6 border 

and PT neurons, and there is also some layer 1 input to PT neurons’ apical dendrites74,76,78. 

The PO projections are directed primarily to IT neurons in upper layers (layer 2/3 to layer 

5A), and CT neurons again appear to be notably lacking in thalamic input, from either the 

VL or the PO74,77,78.

Prefrontal cortex.

Circuit investigations of the PFC, anatomically defined as the cortical projection territory of 

the mediodorsal nucleus (MD), include recent detailed dissections of excitatory connectivity 

in CTC loops79-82 (Fig. 2D). In this case, CT and PT axons from the PFC project to both the 
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MD and VM and excite recurrently projecting neurons there. Both nuclei send projections 

to the PFC. Those from the MD follow a pattern that appears mainly core-like, in that the 

axonal branches to the PFC ramify in layer 3 (perhaps corresponding to layer 4, which 

therwise appears to be absent in the PFC), but with additional branching in layer 1, similar 

to the core-like VL projection to M1. The MD axons excite IT neurons most strongly (in 

layers 2/3 and 5), with moderate input to PTMDproj neurons as well — roughly comparable 

to the pattern of core-type input to S1 and core-like input to M1 neurons. The matrix-type 

VM axons ramify mainly in layer 1 of the PFC, exciting layer 2/3 IT and PTVMproj neurons 

in particular. Neither MD nor VM axons provide much if any input to CT neurons projecting 

to either nucleus.

Anterior lateral motor cortex.

The anterior lateral motor cortex (ALM) is a premotor-like area at the frontal pole that 

is involved in motor planning and execution83. Of particular relevance for CTC loops, 

reverberatory activity involving ALM and VM is implicated in anticipating and directing 

upcoming actions84. Results from recent analyses of cell-type-specific connectivity between 

the ALM and thalamus are summarized as follows75. The CT and PT axons from the ALM 

excite recurrently projecting neurons located in a subregion of the VM. The PT neurons 

with thalamic branches are more abundant in the upper than in the lower sublayers of 

layer 5B, and tend not to project more caudal than the pons25. In the other direction, VM 

axons project mostly to layer 1 of the ALM and excite both IT neurons in layer 2/3 and 

PTVMproj neurons. A disynaptically closed CTC loop is thereby formed by the PT→VM 

and VM→PT connections, which is probably augmented by the strong layer 2/3→PT 

connections in this cortical region85. The VM input to the PT neurons occurs through both 

apical-tuft and basal or perisomatic dendrites. The MD also receives some input from PT 

(and probably CT) axons, and may project weakly to the ALM. Nevertheless, the ALM 

appears to differ from M1 and S1 in that its main source of thalamic input is from a 

matrix-type nucleus (the VM).

Primary auditory cortex.

The primary auditory cortex (A1) receives a core-type projection from the ventral 

subdivision of the medial geniculate body (MGB). These axons form functional excitatory 

synaptic contacts mainly onto layer 4 pyramidal neurons, with additional weaker innervation 

of cortical pyramidal neurons across all layers86. This pattern resembles that of other core-

type projections to the cortex, with branches ramifying most densely in layer 4, and to a 

lesser extent around the layer 5/6 border. The extent to which CT and PT neurons in A1 

receive direct input from the auditory thalamus is not yet clear, but laminar profiles of MGB 

input suggest relatively weak excitation, consistent with patterns seen in other areas. In the 

other direction, the CT and PT innervation of TC neurons in the subdivisions of the MGB 

has also not been fully determined, but the available anatomical data indicate reciprocity, 

with auditory cortical projections overlapping extensively with auditory thalamic subregions 

projecting back to auditory cortical areas87,88.
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Primary visual cortex.

The core-type projections from the dorsal lateral geniculate nucleus (dLGN) to V1 

have been studied primarily using anatomical methods. Recent functional connectivity 

analyses86,89 confirm the anatomically suggested pattern of strongest input to pyramidal 

neurons in layer 4, with additional input to other layers, broadly similar to the pattern for 

MGB→A1 (discussed above). The input to infragranular layers has not yet been further 

dissected to assess the relative innervation of IT, CT and PT neurons. In addition to the 

main dLGN projection to layer 4 of V1, a subdivision of the dLGN has been identified 

that receives input from direction-selective ganglion cells and projects to superficial layers, 

particularly layer 1 (REF.90). Anatomically, the mouse’s homologue of the pulvinar, the 

lateral posterior nucleus (LP), projects to the visual cortex in a matrix-type pattern with 

axons ramifying in layer 1 (REFS91,92). The cell-type-specific connectivity has not yet 

been determined for these projections of LP to V1, but it has been determined for its 

projections to higher-order visual cortical areas, showing robust excitation of multiple 

types of IT neurons (projecting to V1, the striatum or the amygdala) with little or no 

input to corticotectal-type PT neurons92. In the other direction, the CT projection from V1 

innervates dLGN neurons52,93. Anatomical evidence also indicates a projection from (lower) 

CT neurons to the LP52,91. The PT axons project not to dLGN but instead to LP51,52,94, 

forming transthalamic routes to higher-order cortex (discussed below).

A note on other species.

Our review emphasizes results from mice, in which functional synaptic connectivity in CTC 

circuits has been most extensively investigated, supplemented by rat data. Much anatomical 

work has been done on other species, particularly the visual pathways of primates and 

carnivores. Reviews and books are available that address various aspects of CTC circuits 

in diverse species (for examples, see REFS1,9,87,95-99). CTC circuits in non-rodent species 

are also under renewed scrutiny using optogenetic methods (for example, see REF.100). 

Here, we highlight two comparative aspects of CTC circuits. One concerns the TC→CT 

component: in cat V1, earlier indirect evidence had suggested strong direct LGN excitation 

of CT neurons, but ultrastructural analysis101 revealed relatively weak connectivity, a finding 

consistent with the several observations (reviewed above) of relatively weak TC input to CT 

neurons across mouse cortex. Another concerns CTC loops of primate V1: recent evidence 

indicates that both CT and PT axons from V1 project to the pulvinar, and pulvinar TC 

neurons project back to layer 1 of V1 (REF.102); thus, the same set of components described 

above for rodents appears to be present in primates. These examples underscore the value 

of studying diverse model organisms, which are essential to distinguish conserved versus 

species-specific features of the circuit architecture.

So, what’s generic, and what’s not?

A motivation for looking in some detail at the CTC loops across different areas and systems 

is that we can now try to assess their commonalities and differences (Fig. 2E, Fig. 3A,B).
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Types of CTC loops.

As a starting point, it may be useful to distinguish between simple and complex types of 

CTC loops. Simple loops (Fig. 3A) involve monosynaptic connections between recurrently 

projecting neurons in the cortex and the thalamus. The two classes of cortical neurons (CT 

and PT) and the two classes of thalamic neurons (core-type and matrix-type) can potentially 

form four distinct types of simple CTC loops: CT↔matrix, CT↔core, PT↔matrix and 

PT↔ore. None of these loops appears to be commonly found as a ‘strong’ connection 

across all CTC circuits. Some of these loops can be found, but they appear to be area or 

system specializations. The ALM PT↔VM loop is an example of a PT↔matrix loop. To 

the extent that the MD is a core-like nucleus, the PFC PT↔MD loop is an example of a 

PT↔ore loop.

Complex loops (Fig. 3B) additionally involve IT neurons to ‘close’ the cortical end of the 

loop, polysynaptically mediating the linkage between the input from the thalamus and the 

cortical output back to the thalamus. Both matrix-type and core-type neurons form complex 

loops, but a key difference is that they engage different subtypes of IT neurons with distinct 

local circuit connections (further discussed below). Simple and complex loops can both be 

present in a CTC circuit. In fact, complex loops appear to be ubiquitous.

Towards an outline of a basic CTC loop.

As alluded to above, there are different types of CTC loops, and most areas have multiple 

types. For example, in S1, the CT neurons are involved in both a core loop and a matrix 

loop, and the PT neurons are involved in a (similar) matrix loop. For any cortical area, 

it may be useful to think of the collection of individual types of loops (for example, of 

CT and/or PT neurons) as constituting a compound CTC loop. Can we identify elements 

common to the CTC loops of most cortical areas? An attempt to do so is as follows (Fig. 

2E).

For the matrix-type nuclei in particular, several patterns stand out. First, in the 

thalamocortical direction, matrix-type TC axons mainly excite IT neurons — the one major 

class that does not project to the thalamus. Second, in the other direction, CT and PT 

axons from any cortical subregion mainly excite recurrently projecting TC neurons in a 

corresponding subregion in one and sometimes multiple matrix-type nuclei. Thus, dual [CT, 

PT]→matrix connections appear to be a standard feature in CTC loops. Third, within the 

cortex, IT neurons close the loop by linking TC inputs to PT and CT neurons through 

local-circuit connections (which are further discussed below). Another common feature in 

this type of loop is that CT neurons generally receive little or no direct excitation from 

the matrix-type axons. Thus, a conserved CTC loop is of the matrix-type polysynaptic 

IT-mediated variety (Fig. 3B). These loops are probably found across most if not all cortical 

areas, given the abundance of matrix-type nuclei and widespread distributions of their 

projections to cortex36,38.

Similar patterns are seen for core-type nuclei. The TC axons again mainly excite IT neurons, 

and the cortical axons (in this case, mainly just CT axons and not PT axons) again mainly 

excite recurrently projecting TC neurons in a corresponding thalamic subregion. Within 
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the cortex, IT neurons via local circuits again link TC inputs to CT neurons, which again 

receive little or no direct excitation from core-type axons. These features collectively outline 

a CTC loop of the core-type polysynaptic IT-mediated variety (Fig. 3B). However, these 

loops probably have a restricted distribution across the cortex, as there are relatively fewer 

core-type nuclei (which include the classic sensory core-type nuclei such as the LGN and 

the VB, and ‘core-like’ nuclei such as the MD and the VL), and core-type axons tend to have 

‘focused’ projections to a single subregion within an area36,38.

Other features of CTC circuits appear to be more variable, as well as being area-specific and 

system-specific, probably reflecting diverse computational processes and functions103,104. 

PT neurons receive matrix-type input that varies across areas (for example, stronger inputs 

in the PFC and ALM, but weaker inputs in S1, M1 and V1), and receive core-like input that 

also varies, in different patterns (for example, stronger in M1, weaker in PFC). In the other 

direction, PT axons usually do not innervate core-type nuclei, but an exception appears to be 

MD, which receives PT input from both the PFC and the ALM.

In summary, certain aspects of CTC loops exhibit variability across areas, but several appear 

relatively conserved. The matrix-type complex CTC loop appears to represent a particularly 

common and conserved aspect of circuit architecture, as does the core-type version for those 

cortical areas with an associated core-type nucleus.

Intertwining of CTC and cortical loops

CTC loops and excitatory local cortical circuits.

The passage of CTC loops through multiple cortical cell classes and particularly IT 

neurons raises the question of exactly how CTC loops and local circuits are interconnected. 

Addressing this question entails consideration of the local-circuit connectivity of excitatory 

neurons, a thumb-nail sketch of which can be summarized as a connectivity matrix that 

occupies the upper left part of the overall CTC matrix (Fig. 4A), with the following 

features (reviewed in REFS.37,105). All major neuron classes (IT, PT and CT) appear 

to form intra-class connections, albeit at rates that can vary within and across areas. 

Across-class connectivity, however, differs depending on the presynaptic and postsynaptic 

classes involved: IT and CT neurons connect bidirectionally, involving mainly IT neurons 

in deeper layers; IT and PT neurons connect mostly unidirectionally, from IT to PT; 

and, CT and PT neurons connect only weakly, if at all. Within the IT class, a major 

subtype is layer 4 neurons (comprising pyramidal, stellate, and other subtypes, in various 

areas), which is hodologically ‘upstream’ in the local circuit, in that layer 4 neurons form 

largely unidirectional connections, exciting layer 2/3 and other IT neurons but receiving 

few inputs back. The important implication for CTC loops, particularly in sensory cortices 

with an expanded layer 4, is that the loops that travel mainly via layer 4 (that is, core-type 

loops) generally traverse one additional layer than those via layer 2/3 or 5A (that is, matrix-

type loops): core-type thalamus→4→2/3→[IT, PT, CT]→Thalamus, versus matrix-type 

thalamus→[2/3, 5A]→[IT, PT, CT]→Thalamus. However, in this regard, it is notable that 

direct thalamic input to PT neurons can arise from the core-type axons of the VB, but little 

or none from the matrix-type axons of the PO.
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Another salient aspect of cortical circuits vis-à-vis CTC loops is that the local excitatory 

connections also form recurrent loops106-108. Recent evidence suggests that one important 

function of these local loops is to amplify thalamic signals6,104,109-111. In V1, for example, 

connected pairs of cortical neurons receive common LGN input, an architecture suggested to 

implement nonlinear classification involved in feature selectively89.

In summary, CTC loops feed right into, and right out of, local excitatory circuits in the 

cortex; the two are densely and inextricably interwoven.

CTC loops and excitatory CC circuits.

IT neurons — integral components of CTC loops and local cortical circuits — are also 

the main source of CC axonal projections28, which are the basis for direct inter-areal 

communication between cortical areas. Numerous connectivity analyses show that IT 

neurons are major sources and targets of excitatory CC connections55,112,76,77,113-117. 

This raises the possibility that a given cortical area’s CTC loops and CC circuits are 

fundamentally interconnected via IT neurons (Fig. 4B). Although multiple types of IT 

neurons can be involved, those in layers 2/3 and 5A appear to be particularly important 

for mediating links and cross-talk between CTC loops and CC circuits. The layer 2/3 IT 

neurons, as postsynaptic elements in CTC loops, receive direct input from matrix-type nuclei 

(although relatively stronger in frontal cortex than in primary sensory cortex) and mostly 

indirect input via layer 4 from core-type nuclei (reviewed above). At same time, layer 2/3 

IT neurons are also postsynaptic elements in CC circuits, receiving input from presynaptic 

axons arising from other cortical areas. They are also major sources of CC axons, and 

thus important presynaptic elements in CC circuits. Similarly, layer 5A IT neurons serve 

as shared elements in CTC loops involving matrix-type nuclei and CC circuits. Layer 6 

IT neurons can also be involved, receiving CC inputs from higher-order cortical areas and 

connecting to local CT neurons74,76,77,113,114,118.

By contrast, PT and CT neurons participate in CC circuits in a limited way. As 

presynaptic elements, PT neurons can form long-range projections between certain cortical 

areas26,119-122, but these projections are relatively uncommon and the terminal arbors 

appear less dense than those of the IT projections. CT neurons generally lack CC axons. 

As postsynaptic elements, PT neurons can receive input from CC axons at their apical 

tuft dendrites and/or basal dendrites55,76,77,115. CT neurons can also receive excitatory 

CC input from other areas, but to an extent that appears to vary across areas and 

systems77,114,115,118,123.

A key point is that CC circuits are themselves typically organized as 

loops76,113-115,117,118,124,125. Thus, concatenation of CTC and CC loops forms an extended 

CTC–CC ‘loop chain’. Coupling of CTC–CC loop chains across multiple areas forms an 

extended network (Fig. 4B).

The evidently ubiquitous interlinking of CTC and CC loops by IT neurons suggests that the 

extended CTC–CC loop constitutes a basic module of cerebral organization. This implies 

that activity in a CTC loop in a given cortical area can influence other interconnected CTC 
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loops via CC loops. This chain of events can bridge the hemispheres through the callosal 

axons of the IT neurons at the heart of these extended loops.

In summary, CTC loops feed right into, and right out of, both CC and local cortical circuits, 

forming extended loop chains. In the next section, we look at the interlinked CTC and CC 

loops in the context of models addressing the hierarchical organization of the cortex.

Relating CTC loops to circuit models

The transthalamic model.

The transthalamic model describes a hierarchical organization across multiple cortical 

areas and thalamic nuclei, emphasizing divergent outputs from the cortex to the thalamus, 

including transthalamic pathways. This model was inspired by anatomical patterns in 

visual pathways and developed particularly by Sherman and Guillery; for example, see 

REFS9,10,97,126; for a related comparative anatomy review see REF.87. Its basic features as 

they pertain to a primary cortical area such as V1 are as follows (Fig. 5 A). The first stage 

of the circuit is the projection from a first-order thalamic nucleus to a first-order cortical 

area, as exemplified by dLGN→V1. The model does not explicitly distinguish among 

potential postsynaptic targets in the cortex (IT, PT, CT, etc.). A key distinction is in the two 

corticofugal outputs, which diverge: CT axons send feedback projections to the first-order 

thalamic nucleus, whereas PT axons send feedforward projections to a higher-order thalamic 

nucleus. The higher-order nucleus projects to a higher-order cortical area, constituting a 

transthalamic circuit from the first-order to the second-order cortical area, in addition to 

direct CC projections between areas. Accordingly, all thalamic nuclei receive CT input but 

only higher-order nuclei receive PT input. This model also embodies important concepts 

of functionally dichotomous ‘driver’ versus ‘modulator’ properties of the feedforward and 

feedback pathways, respectively, but here we focus on the connectivity patterns.

The CTC–CC loop model largely accords with the feedback CT projection to first-order 

thalamus and with PT projections to the higher-order thalamus posited in the transthalamic 

model. However, two observations that are not major features in the transthalamic model 

are the CT connections to higher-order thalamic nuclei, and the feedback-type connections 

from PT axons to recurrently projecting TC neurons. The important conceptual significance 

is that the CTC circuits form feedback loops driven by both PT and CT neurons via 

higher-order thalamus. This raises the question of whether the feedback loop is a prominent 

feature for CTC circuits, or co-exists with feedforward transthalamic circuits as proposed 

in the transthalamic model, which has also been demonstrated experimentally for V1→LP/

pulvinar transthalamic pathways to higher-order visual areas as well as in some other 

systems10,94,114,127,128. A potential answer to this question can be gleaned from single-

neuron reconstruction studies. These have shown that projections from matrix-type TC 

neurons can have multiareal branching, with each branch projecting to a different cortical 

area72,73,129-132. This points to the capacity of [CT, PT]→matrix connections to serve as 

both feedback and feedforward (transthalamic) connections. We return to this topic in a later 

section to consider further the potential significance of multiareal TC branching for CTC 

loop organization.
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The backpropagation-activated coupling model.

Another important model concerned with CTC and CC circuits is the backpropagation-

activated coupling (BAC) model developed particularly by Larkum, which emphasizes 

convergent input to cortical neurons generating nonlinear output via active dendritic 

mechanisms133. This model builds on Llinás’s influential thalamocortical model2 and Jones’ 

core–matrix framework34,38, emphasizing the concept that sensory perception involves the 

integration of ‘top-down’ and ‘bottom-up’ information (REF.134), and adding key features 

at the biophysical and network levels. Larkum’s model (Fig. 5B) attempts to explain 

how signalling along feedforward (bottom-up) and feedback (top-down) pathways, arising 

from lower-order and higher-order thalamus and the cortex, are bound together by layer 5 

pyramidal (presumably PT) neurons in the given cortical area, and hypothesizes about its 

potential importance in generating perception and consciousness. The BAC model differs 

from the transthalamic model in focusing on cellular-level integration of information from 

TC and CC pathways rather than propagation of information along these pathways across 

areas. The feedback axons, arising from matrix-type thalamic nuclei and/or higher cortical 

areas, travel in layer 1 and contact the apical tuft dendrites of layer 5 pyramidal neurons. 

The feedforward axons from core-type nuclei and/or lower cortical areas travel in deeper 

layers and contact the basal dendrites of the same pyramidal neurons. Temporally coincident 

activity in both axons evokes burst-firing in layer 5 neurons through a BAC mechanism 

involving active properties of dendrites such as calcium-dependent spiking.

The BAC model constitutes an attractive candidate for a basic operational principle for 

cortical function. By detailing a cellular mechanism for associative pairing, it potentially 

explains how individual neurons within complex CTC–CC loops can be selectively 

activated by coincident activity. As further discussed below, it predicts this process to be 

fundamentally involved in associating external data with internal representations of the 

world, among other cortical functions. We conjecture about how this BAC model relates 

to the CTC–CC loop connectivity results reviewed above (Fig. 5C). Some of the details fit 

well, like anatomical projection of matrix-type thalamic axons to layer 1. In some cases 

where functional connectivity was also examined, such layer 1 targeting axons innervated 

the apical tuft dendrites of layer 5 neurons including PT neurons75,135. However, in other 

cases the matrix-type inputs, despite anatomically targeting layer 1, provide surprisingly 

little excitatory input to the apical tuft dendrites of PT neurons — notably in S1 (REF.55). 

Indeed, some of these matrix-type inputs (again, in S1 in particular) strongly innervate the 

basal dendrites — but of IT, rather than PT, neurons. More work is needed to explore 

this generally highly compelling model and understand how circuit organization in CTC–

CC loops relates to it. The S1–M1–M2 network is particularly approachable as a model 

system for investigating models of hierarchical organization across areas, as much is already 

known about the cellular connectivity in the CTC and CC circuits in this system (Fig. 

5D). Knowledge about the cellular organization of these CTC loops is beginning to be 

integrated into broader concepts about how multiple types of loops interact in the service of 

sensorimotor integration and motor control136-139.
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Consciousness and perception

A longstanding idea about CTC circuit architecture is that it supports diverse consciousness-

related aspects of behaviour, with layer 5 pyramidal neurons, and PT neurons in particular, 

proposed to serve in a critical capacity to integrate apical and basal inputs through active 

dendritic mechanisms, as described above133,140. As a fuller treatment of this complex 

subject is beyond the scope of this Review, we highlight current progress by focusing on 

recent findings from Larkum and colleagues (for in-depth coverage, see REFS141,142), and 

consider how these relate to some of the organizational features of cell-type-specific CTC 

loops outlined herein.

One line of research concerns how anaesthetics induce unconsciousness. Taking this 

approach, a recent study in mouse S1 found evidence that general anaesthesia dampens 

the coupling of apical dendritic activity to somatic firing in layer 5 pyramidal neurons, 

consistent with predictions of the BAC model143. The study left unresolved whether layer 

5 IT or PT neurons (or both) may differentially contribute, but insight into this comes from 

another line of research concerning sensory perception. Using tools for selective access to 

layer 5 IT versus PT neurons in S1, a recent study showed that the apical dendrites of PT 

neurons, and not those of IT neurons, are indeed critical for tactile sensory perception144. 

Furthermore, PT connections to certain subcerebral targets including the PO are required for 

this function. These findings thus directly implicate PT neurons and their CTC connections 

in this form of perceptual processing. The involvement of thalamus-projecting PT neurons 

is intriguingly reminiscent of ALM circuits (reviewed earlier), in which thalamus-projecting 

PT neurons support preparatory activity in CTC loops with the VM.

Does this evidence relegate the other CTC loop elements to minor supportive roles in 

consciousness-related processes? The organization of complex polysynaptic CTC loops 

suggests instead that other cell types and their connections are also crucially involved, 

in distinct ways. For example, IT neurons of layer 5 may be especially important, given 

their prominent roles both in linking matrix-type TC input to PT neurons (Fig. 3B, Fig. 

5C) and as hub-like circuit elements linking CTC and CC circuits into extended CTC–

CC loops (Fig. 4B, Fig. 5D). The latest results144 do not exclude roles for these layer 5 

IT neurons in general, only their apical dendrites — which are spare (‘thin-tufted’) and 

lack active mechanisms present in PT dendrites145. One challenge for future investigation 

is to further determine what each circuit element contributes to particular aspects of 

consciousness-related behaviours. A related challenge is to characterize the mechanisms 

that enable such functional differentiation within and across CTC and CC loops, despite 

the dense interlinkages via shared pools of IT neurons. Candidates include cell-type-specific 

neuromodulatory mechanisms, which are highly distinct for IT versus PT neurons (for 

reviews, see REFS146-148), as well as inhibitory microcircuits (discussed below). With the 

current pace of discovery in this area of research, a detailed cellular-level understanding 

of how CTC–CC loops mediate consciousness-related aspects of behaviour seems an 

increasingly realistic goal.

This brief treatment overlooks many aspects of this complex topic; for example, disorders 

of consciousness also accompany various forms of epilepsy, a topic that provides another 
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important window onto CTC loops and their roles in normal and pathological rhythms, and 

one that underscores the importance of inhibitory mechanisms (discussed next)2,4,7,149.

Inhibitory mechanisms in CTC loops

This Review emphasizes CTC loop organization from the perspective of excitatory 

projection neurons, but the real picture is far more complicated, as GABAergic inhibitory 

neurons, embedded at each node in these loops, are also integral components and essential 

for the functions and multiple operational modes of these loops. We briefly highlight some 

of the major types and connections of inhibitory neurons implicated in CTC loops. For an 

in-depth review of thalamic inhibitory mechanisms, see REF.5.

Reticular nucleus.

The shell-like thalamic reticular nucleus (TRN) contains inhibitory neurons that project to 

TC neurons and, in return, receive projections from CT and TC neurons, but generally not 

PT neurons (Fig. 6A). The feedforward CT→TRN→TC and feedback TC→TRN→TC 

circuits are considered to be topographically aligned, and circuit analyses have delineated 

their functional connections and organization in sensory pathways45,46,93,150-152. However, 

many details about the TRN’s involvement in CTC loops remain to be elucidated, 

such as whether TC↔TRN connections are reciprocal at the level of individual pairs 

of neurons. The CT→TRN→TC circuits influence sensory processing in core-type 

thalamic nuclei in several ways, including potent disynaptic and lateral inhibition153-156. 

Feedforward TC→TRN→TC circuits both within and across thalamic nuclei have also 

been described157-160 (Fig. 6A). Recent evidence suggests that VP→ TRN and PO→TRN 

circuits are largely segregated within the somatosensory sector of the TRN161,162,198, 

indicating separate regulatory mechanisms for core-type and matrix-type CTC loops at 

the level of the TRN (Fig. 6A,B). TRN neurons are strongly coupled electrically, but 

GABAergic intra-TRN connectivity, present developmentally, is scarce in adulthood163-167. 

Another major function of TC↔TRN loops is thalamocortical rhythmogenesis, involving 

post-inhibitory rebound excitation in the TC neurons2,4,7,168,169. Cortical input is also 

involved, however; for example, input from S1 CT axons directly drives both TRN 

and TC neurons in the VB, which in turn drive TRN neurons through disynaptic 

excitation; genetic mutations that selectively impair CT→TRN signalling cause pathological 

rhythmogenesis152. This example underscores how TC↔TRN loops do not operate in 

isolation but are embedded within CTC loops.

Cortical inhibitory neurons.

In sensory areas (Fig. 6C), core-type TC axons generate strong feedforward inhibition 

through monosynaptic excitation of cortical inhibitory neurons, particularly fast-spiking PV+ 

neurons in layer 4, which sharpen sensory responses both spatially and temporally170-175. 

These axons can also recruit inhibitory neurons in layer 6, including ‘translaminar’ PV+ 

neurons that also receive CT excitation, and send axons to multiple layers to modulate 

cortical gain 50,93,176, an organization that illustrates how the cell-type-specific connectivity 

of interneurons sets up complex inhibitory interactions within CTC loops.
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Functional connections from matrix-type TC axons to inhibitory neurons in some ways 

resemble the core-type circuits, in that PO axons drive PV+ neurons in layer 5A of S1 

more than other types of inhibitory neurons in the same or different layers57,64. A major 

difference from core-type circuits is innervation of inhibitory neurons in upper layer 2/3 

and, particularly, layer 1, which harbours diverse inhibitory cell types177-179. For example, 

PO axons appear to engage feedforward inhibition in layer 2 but, in this case, via non-PV+ 

neurons, including neurons expressing serotonin receptor type 3a (a superclass of neurons 

that includes those expressing vasoactive intestinal peptide (VIP+ neurons)) at the layer 

1/2 border64. The PO→VIP+ neuron circuits, however, also disinhibit layer 2/3 pyramidal 

neurons in vivo, via inhibition of upper-layer neurons that express somatostatin (SST+ 

neurons), thereby gating the integration of core-type and matrix-type TC inputs important 

for synaptic plasticity180. In A1, matrix-type MGB axons excite neurons in layer 1A 

that express neuron-derived neurotrophic factor (NDNF+ neurons), which in turn, inhibit 

the apical dendrites of layer 2/3 pyramidal neurons181. Layer 1A of A1 also receives 

matrix-type axons from the LP, which modulate auditory responses of layer 2/3 IT neurons 

through feedforward inhibition mediated by selective excitation of GABAergic neurons; 

multisensory input to the LP from the superior colliculus furthermore implicates this circuit 

in contextual and cross-modal modulation of auditory cortical processing182.

The extent to which these superficial-layer inhibitory mechanisms engaged by TC axons 

are common across different areas is beginning to be resolved as more areas and pathways 

are studied. In the PFC (Fig. 6D), the core-like MD axons branching in layer 3 produce 

feedforward inhibition in layer 2/3 pyramidal neurons via activation of fast-spiking PV+ 

neurons; however, unlike in S1, the relative input strength to excitatory and inhibitory 

neurons is more balanced80. MD axons branching in layer 1B, on the other hand, excite 

VIP+ and NDNF+ neurons with distinct local connectivity183. The VIP+ neurons selectively 

inhibit SST+ neurons; thus, MD→VIP+ neuron circuits may disinhibit layer 2/3 pyramidal 

neurons like PO→VIP+ neuron circuits in S1. By contrast, NDNF+ neurons selectively 

inhibit PV+, IT neurons in layer 2/3 and PT neurons but not SST+ neurons 183. The MD→ 
NDNF+ neuron circuits thus likely produce both feedforward inhibition and disinhibition in 

the simple and complex CTC loops found in this cortical area. Axons from VM project to 

layer 1A of the PFC where they preferentially activate late-spiking NDNF+ neurons81,183. 

The VM→NDNF neuron circuits inhibit apical tuft dendrites of PT neurons and regulate 

dendritic Ca2+ events (generated through back-propagation of action potentials from the 

soma), as well as integration of excitatory VM inputs directly innervating the same dendritic 

compartment.

In M1, comparison of core-type and matrix-type inputs to identified cortical inhibitory 

neurons is lacking, but two recent anatomical studies suggest reduced engagement of 

feedforward inhibition compared with other areas. In an electron microscopic study of 

M1 layer 4, TC terminals were found to synapse exclusively onto spiny and not smooth 

dendrites184. Another study showed fewer shaft synapses (putatively inhibitory contacts) 

for PO→M1 than PO→S1 or VB→S1 axons132, similarly indicating relatively weaker 

feedforward inhibition in the TC circuits of M1. However, M1 is not known to have 

fewer inhibitory neurons overall, suggesting instead an area-specific specialization in TC 

connections, biased towards excitatory rather than inhibitory neurons.
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A recent analysis of the CTC circuit delineates an unusual variant of inhibitory regulation 

in the retrosplenial cortex135 (Fig. 6E). A matrix-type projection from the anteroventral 

nucleus targets layer 1A, exciting the apical tuft dendrites of layer 5 (and likely additional) 

pyramidal neurons. This TC excitation can be directly suppressed by long-range inhibitory 

inputs arising from CA1 retrosplenial-projecting neurons in the dorsal hippocampus. Thus, 

unlike the within-loop feedforward and feedback inhibitory mechanism tightly linked to 

CTC loops described above, this form of inhibition arises outside of the CTC loop.

Summary.

The excitatory connections formed by IT, PT, CT and TC neurons to other excitatory 

neurons in CTC loops are almost always accompanied by connections to inhibitory 

neurons as well. An exception is PT neurons’ axons, which generally bypass the 

TRN without exciting inhibitory neurons. It is also intriguing that both PT and CT 

axons, particularly those arising from frontal areas, can branch into the contralateral 

thalamus30,31,185,186 (Fig. 1C). We speculate that these bypass the contralateral TRN, 

constituting another example of an inhibition-free connection, in this case involving an 

interhemispheric type of transthalamic CTC circuit. In complex CTC loops involving IT 

neurons, intracortical connections linking IT to PT and CT neurons are also intersected 

by inhibitory neurons105,176,187,188. Certain inhibitory mechanisms are evidently highly 

specialized for a particular system or area, with examples at the cortical level as mentioned 

above, and at the thalamic level such as nucleus-specific inhibition from diverse sources 

including basal ganglia, zona incerta, and more5. However, many of these inhibitory 

mechanisms are likely to be broadly conserved across areas, differing quantitatively rather 

than qualitatively. Few studies have directly compared CTC-related mechanisms between 

areas, but one recent report did so for MGB→A1 versus MD→PFC circuits, identifying 

multiple quantitative anatomical differences in axonal varicosity sizes, patterns and numbers 

of contacts onto PV+ neurons, and more79. These results underscore a basic principle of 

cortical circuit organization37: that cellular mechanisms tend to be serially homologous (that 

is, conserved across areas) but quantitative differences (for example, in sizes, positions, 

numbers of structures and physiological parameters) can generate functional diversification 

and specialization.

Significance of multiareal TC axons

Alongside the loop-forming recurrent connections, divergent non-looping connections are 

also important, as these can link CTC loops to other circuits. Although CC axons can 

establish such a link, matrix-type TC axons may also contribute because their anatomy 

suggests dual functionality as both recurrent and divergent CTC circuit elements. The 

horizontal spread across the cortex of matrix-type arbors varies considerably, from focal 

to multiareal patterns36. The implication for CTC circuits is that although both types 

can participate in forming recurrent loops, only multiareal axons, through their divergent 

branches to other areas, can engage cortical neurons over a wider territory (Fig. 7A). Indeed, 

the idea that multiareal matrix axons in layer 1 can thereby serve to anatomically link 

and functionally ‘bind’ CTC modules across areas is a key feature of earlier CTC models, 

mentioned above38,133,140. Here, we highlight the further possibility that the divergent 
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branches of multiareal matrix axons not only engage CTC circuits in those other areas but 

also, via CT and/or PT axons, loop back to innervate the same multiareal TC neurons (and 

possibly others, in other thalamic subregions). In this way, multiareal branching TC neurons 

in a given thalamic subregion could in principle serve to ‘anchor’ two or more CTC loops 

(Fig. 7B). By extension, this arrangement could interlink multiple CTC loops in even larger 

area-spanning networks (Fig. 7B). Moreover, the cortical regions that are interlinked by 

shared CTC loop connections could be directly interlinked by CC loops as well, forming 

large-scale networks while preserving specificity (Fig. 7B).

Although such models are still largely hypothetical, they accord with several pieces of 

experimental evidence. For example, multiareal PO axons can arborize in both S1 and 

M1 (REFS132,189). As reviewed above, S1 and M1 form ‘closed’ CTC loops with the 

PO; if multiareal PO axons are relatively common, they are likely to be incorporated 

into these CTC loops. Consistent with this, there is evidence that S1-PT axons contact M1-

projecting PO neurons to form an ‘open’ CTC circuit; that is, a transthalamic S1→PO→M1 

pathway128. Moreover, the same cortical areas that receive multiareal axons from a 

particular thalamic nucleus, such as the PO, tend to be strongly interconnected through 

CC loops76,113,118. As reviewed above, CC loops are in turn interlinked with CTC loops. 

In the visual system, a recent analysis of anatomical projections to and from the LP 

indicated that transthalamic connections of visual cortical areas through the LP largely 

mirror direct CC pathways29, further supporting the idea of extended CTC–CC networks 

(Fig. 7B). Thus, there is considerable piece-wise evidence for the hypothetical schemes 

outlined above; what remains lacking is putting all the pieces together in a comprehensive 

connectivity-level analysis to determine whether CTC loops in separate cortical areas are 

indeed anchored by a shared group of multiareal TC neurons. More generally, the divergent 

projections of multiareal TC neurons need to be better understood in terms of their precise 

projection patterns, cortical targets, relative abundance, and the extent to which they receive 

converging inputs from all their cortical target regions. This information will help to clarify 

key aspects of CTC circuit organization, such as the balance between feedback (recurrent) 

and feedforward (for example, transthalamic) excitatory connections.

Conclusions and future directions

This Review has emphasized one fundamental aspect of CTC loops, that of cell-type-

specific connectivity. This aspect concerns network organization — ‘who talks to whom’ 

— rather than the modes of operation43, which we have considered only through select 

examples. A more complete picture of the cellular organization of CTC loops entails 

synthesizing knowledge about the cellular connectivity with other major aspects and 

determinants of CTC circuit biology, including molecular specification, signaling dynamics, 

plasticity and neuromodulation. Development of more quantitative models will require 

incorporation of quantitative estimates of circuit-level parameters such as connection 

strengths, conduction velocities, and synaptic timing and dynamics (for examples, see 

REFS54,58,152,175,190,191). The mouse will surely continue to serve as a particularly useful 

model organism, but studies in other mammalian systems will only become more important 

to assess commonalities of circuit architecture across species and areas. The connectivity 

matrix approach may be helpful to qualitatively summarize and compare circuits, but it 
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should be viewed as a starting point; such matrices need to be improved, not only by adding 

more detail (for example, at the crucial level of subcellular targeting of inputs to different 

dendritic domains) but by finding ways to test them and make them useful for guiding 

experiments and modeling. The broad survey and general framework provided here may 

be useful to facilitate future studies of CTC loops at multiple levels, from that of cellular 

connectivity to the in vivo modes of operation during behaviour, as well as informing 

and constraining computational models of CTC loops (for example, see REFS.168,192,193), 

and guiding investigation of CTC loop dysfunction in disease states (for example, see 

REFS149,152,194,195).
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Glossary Terms:

Hodology The study of pathways

Hierarchy As applied to cerebral organization, refers to the concept 

of feedforward and feedback streams of information 

processing across areas and regions, reflected in distinct 

patterns of axonal projections

Monosynaptic A synaptic circuit connection from one neuron or set of 

neurons to another that is direct, with no other intervening 

neurons in the circuit

Polysynaptic A synaptic circuit connection from one neuron or set 

of neurons to another that is indirect, because it is via 

connections to other intervening neurons in the circuit
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Fig. 1 ∣. Major classes of excitatory projection neurons in cortico-thalamo-cortical loops.
a ∣Reconstructed dendrites are shown for the major excitatory cell classes involved in 

forming cortico-thalamo-cortical loops — thalamocortical (TC) neurons in the thalamus 

(purple), and three broad classes of excitatory neurons in the neocortex: intratelencephalic 

(IT; red), pyramidal tract (PT; blue) and corticothalamic (CT; green) neurons. The IT 

neurons are a large and diverse class, comprising multiple subtypes across and within 

cortical layers, from layer 2 to layer 6. The PT neurons, sharing layer 5B with IT neurons, 

have large apical dendritic tufts in layer 1. The CT neurons, sharing layer 6 with IT neurons, 

have relatively small dendritic arbors. b ∣ The axonal projection patterns of the same four 

classes are depicted schematically, following the same colour scheme. The IT neurons 

project bilaterally to other cortical areas and striatum. The PT neurons form descending 

projections with branches to multiple subcortical and subcerebral destinations. The CT 

neurons are specialists with axons projecting almost entirely to the thalamus. The cortical 

projection to the thalamus is composed of the axons of both PT and CT neurons. c ∣ Axonal 

arbors of IT, PT and CT neurons in motor cortex, and of TC neurons projecting to motor 

cortex, are shown separately (top row; twelve examples of each) or together (bottom row, 

in side, top and front views). The axons are from the database of the MouseLight project, 

which developed methods for reconstructing axonal arbors in their entirety across the brain 
31,197 The images were generated with the MouseLight interface (www.janelia.org/project-

team/mouselight) by selecting multiple axon IDs for display (IT axons AA0662, AA0627, 

AA0622, AA0592, AA0582, AA0003, AA0656, AA0588, AA0442, AA0184, AA0102, 

AA0002; PT axons AA1050, AA0927, AA0926, AA0923, AA0617, AA0587, AA0584, 

AA0261, AA0135, AA0134, AA0132, AA0131; CT axons AA0863, AA0833, AA0770, 

AA0652, AA0640, AA0623, AA0548, AA0545, AA0185, AA0043, AA0041, AA0038, and, 
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TC axons AA0692, AA0591, AA0586, AA0581, AA0391, AA0342, AA0809, AA0719, 

AA0675, AA0451, AA0176, AA0137). Reconstructions in part a adapted with permission 

from REFS. 74-76,78,196). Reconstructions in part c adapted with permission from REF.31.
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Fig. 2 ∣. Cell-type-specific cortico-thalamo-cortical connectivity matrices across areas.
a ∣ The major classes of excitatory projection neurons in the cortex and thalamus are 

drawn schematically (left), along with their ‘blank’ connectivity matrix (right), highlighting 

the boxes representing connections directly involved in cortico-thalamo-cortical (CTC) 

loops, from the thalamus to cortex (upper right) and the cortex to thalamus (lower left). 

Crosses (×) mark where connections cannot form owing to a lack of projections from the 

presynaptic source. b ∣ For the primary somatosensory cortex (S1), a wiring diagram (left) 

and connectivity matrix (right) are shown, incorporating findings for both vibrissal-related 

and forelimb-related S1, as discussed in detail in the main text46-51,53-64. The matrix was 

assembled by filling in each element based on a qualitative interpretation and weighting 

of experimental results, often from multiple studies, that have quantitatively measured 

the strengths of connections between specific presynaptic→postsynaptic combinations. 

For example, the matrix element in the upper right corner represents the strength of 

excitatory input from presynaptic ventrobasal (VB) axons to postsynaptic IT neurons 

(in this case primarily those in layer 4). The colour intensities represent the connection 

strengths (darker = stronger). The colours differ by column to represent the different 

types of presynaptic neurons. This colour scheme also emphasizes that most measurements 
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have been experimentally determined by comparing the strength of input from a single 

presynaptic source to two or more postsynaptic targets, rather than vice versa. Accordingly, 

comparisons between matrix elements tend to be more robust along the columns than along 

the rows. For example, the relative strengths of VB inputs to different types of cortical 

neurons have been directly tested, whereas the relative strengths of VB and PO inputs to any 

one type of cortical neurons have not. c,d ∣ The same approach was taken to generate a CTC 

connectivity matrix for primary motor cortex (M1), incorporating findings for both vibrissal 

and forelimb related M1 31,33,48,68-70,72-78, and for the prefrontal cortex (PFC) 80-82 e ∣ An 

‘average’ CTC connectivity matrix for cortical areas was assembled based on qualitative 

comparison across areas, including those considered above, ALM, A1, V1 and others, as 

discussed in the main text 25,52,75,84-94,101,102 Connections that tend to be found consistently 

are marked with ‘+’ and stronger colours, those that tend to be more variable with ‘±’ and 

intermediate colours, and those that tend to be weak or absent with ‘−’ and the lightest 

colours.
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Fig. 3 ∣. Patterns and types of circuit connections in cortico-thalamo-cortical loops.
a ∣ Simple cortico-thalamo-cortical (CTC) loops involve direct connections between TC and 

PT or CT neurons. Such loops are relatively uncommon. b ∣ Complex loops involve IT 

neurons closing the cortical end of the loop. Complex loops, particularly of the matrix-type, 

appear to be ubiquitous. The smaller ‘cyclo-plots’ (circular circuit plots with coloured 

arrows) are included as concise representations of the basic cellular connectivity in each type 

of loop.
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Fig. 4 ∣. Cortico-thalamo-cortical loops are interconnected with local cortical circuits and 
corticocortical circuits, via hub-like intratelencephalic neurons.
a ∣ The connectivity matrix combines the ‘average’ matrix for cortico-thalamo-cortical 

(CTC) connections (from Fig. 2e) and a matrix representing local excitatory connections 

among IT, PT and CT neurons in the cortex. The local-circuit portion of the matrix is 

a qualitative interpretation of data from many studies, as reviewed in REFS37,105. As a 

population, IT neurons are the strongest recipients of both matrix-type and core-type TC 

input, and they send their excitatory output broadly to IT, PT and CT classes. Output 

connections of PT and CT neurons are formed more selectively but, unlike the IT neurons, 

they include the thalamus. b ∣ The IT neurons (red) are hub-like components of CTC 

loops, local circuits and corticocortical (CC) circuits, which are also commonly organized 

as recurrent loops. The IT-mediated linking of CTC and CC loops forms an extended ‘loop 

chain’, also depicted in a simplified cyclo-plot below.
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Fig. 5 ∣. Cortico-thalamo-cortical loops in the context of hierarchical models of cortical 
organization.
a ∣ In Sherman and Guillery’s model9,10,97,126 (sketched here based on REF.126, with the 

right-left orientation mirrored to match that of panel d below), CT and PT neurons send 

divergent output to thalamic nuclei. The PT axons form feedforward (FF) ‘transthalamic’ 

connections that disynaptically link lower-order to higher-order cortex, via higher-order 

(HO) thalamic nuclei, in parallel with direct corticocortical (CC) pathways. The CT axons 

form feedback (FB) connections back to the main thalamic nuclei supplying their cortical 

area, including the first-order (FO) nucleus, such as the LGN or VB. The transthalamic 

pathways of PT neurons are posited to carry efference copies of motor commands. b ∣ In 

Larkum’s model133, a simplified version of which is sketched here, an essential central 

element is a ‘backpropagation-activated coupling’ (BAC) firing mechanism that generates 

strong, sustained burst firing upon coincident excitation to apical and basal→perisomatic 
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dendritic domains. On their own, the feedforward and feedback inputs generate only weak 

firing in the postsynaptic pyramidal neuron. The sketch omits additional aspects of the 

model (see REFS133,142). Various cortical and thalamic sources provide feedback and 

feedforward input, making the BAC mechanism a key activity-dependent integrative node 

in CTC circuits. The BAC firing model provides a compelling cellular mechanism for 

associative pairing of co-active neurons within large-scale CTC networks. c ∣ A similar 

model, incorporating additional connectivity details and emphasizing the polysynaptic routes 

of excitation to layer 5 neurons via IT neurons. d ∣ The CTC loops of S1, M1 and M2 are 

organized hierarchically, with ‘top-down’ M2→M1→S1 pathways running counter-current 

to ‘bottom-up’ S1→M1→M2 pathways. Areas additionally form ‘lateral’ connections with 

their contralateral counterparts and with other cortical regions, such as M1↔2 pathways 

(not shown). Area-associated subregions of matrix-type nuclei are indicated by superscripts 

(for example, VMALM). The layout is oriented with anterior/frontal to the left, both to follow 

the convention of standard atlases and to emphasize the bidirectionality of information flow 

in these loops. This three-area network offers a framework for further investigation of CTC 

loops in the context of hierarchical cortical circuits. Part a adapted with permission from 

REF.126. Part b adapted with permission from REF.133.
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Fig. 6 ∣. Inhibition in cortico-thalamo-cortical loops.
a ∣ The thalamic reticular nucleus (TRN) is a major inhibitory hub in CTC circuits. 

Connections of inhibitory TRN neurons include descending inputs from CT axons 

(left). One type of circuit thought to mediate inter-nuclear cross-talk is via the TRN 

(middle). Another type of circuit, based on recent evidence for segregated loops, links 

matrix-type thalamic nuclei with TRN ‘shell’ neurons, and core-type thalamic nuclei 

with TRN ‘core’ neurons (right). b ∣ The connectivity matrix qualitatively incorporates 

circuit connections of the TRN2,4,7,45,46,93,150-162,164-169. The two types of GABAergic 

neurons in the TRN have distinct connectivity patterns. c ∣ The diagram depicts the CTC-

related connections of inhibitory neurons in the cortex that have been identified in the 

sensory cortex50,57,64,93,170-181. For both the core-type and matrix-type TC projections, the 

fast-spiking, parvalbumin-expressing interneurons are major targets, but the somatostatin-

expressing neurons are not. Matrix-type projections excite additional classes of interneurons 

through their layer 1 axons. The circuit organization generates strong sensory-driven 

feedforward inhibition in sensory cortices. d ∣ In the PFC, dissection of CTC-related 

circuits of layer 1 (REF.183) shows stratification into parallel channels in two sublayers, with 

matrix-type VM axons targeting neuron-derived neurotrophic factor-expressing interneurons 

and pyramidal neuron dendrites in layer 1A, and core-like MD axons targeting vasoactive 

intestinal peptide-expressing interneurons in layer 1B, which are also likely targets of 

corticocortical (CC) input. Distinct forms of short-term plasticity at the various synapses 

generate complex dynamics to regulate pyramidal neuron excitability. e ∣ An unusual variant 

of layer 1 inhibition in CTC loops is found in the retrosplenial cortex (RSC), where apical 

tuft dendrites of pyramidal neurons receive both excitatory input from matrix-type axons of 

anteroventral (AV) thalamus and long-range GABAergic input from RSC-projecting CA1 

neurons in hippocampus135. This apparently unique arrangement exemplifies how CTC 

circuit organization can be regionally specialized, presumably to mediate system-specific 

functions.
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Fig. 7 ∣. Cortico-thalamo-cortical loop connectivity with the diverse types of matrix axon 
arborizations.
a ∣ TC neurons with focal-type projections (light purple) form a relatively focused, closed 

CTC loop with one cortical subregion (right), whereas those with divergently branching, 

multiareal-type projections (deep purple) arborize both within the same CTC loop and to one 

(or more) other areas (left). The targets of the CT and PT outputs of the second area are 

unclear. b ∣ Multiareal matrix projections can hypothetically form multiple CTC loops, the 

concatenation of which could form an extended network of cortical areas linked both by CC 

and CTC connections, forming widely distributed chains of loops.
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