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Abstract

The physiological response properties of neurons in the visual system are inherited mainly from
feedforward inputs. Interestingly, feedback inputs often outnumber feedforward inputs. Although
they are numerous, feedback connections are weaker, slower, and considered to be modulatory,
in contrast to fast, high-efficacy feedforward connections. Accordingly, the functional role of
feedback in visual processing has remained a fundamental mystery in vision science. At the

core of this mystery are questions about whether feedback circuits regulate spatial receptive field
properties versus temporal responses among target neurons, or whether feedback serves a more
global role in arousal or attention. These proposed functions are not mutually exclusive, and there
is compelling evidence to support multiple functional roles for feedback. In this review, the role
of feedback in vision will be explored mainly from the perspective of corticothalamic feedback.
Further generalized principles of feedback applicable to corticocortical connections will also be
considered.
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1. INTRODUCTION

Humans rely heavily on our sense of sight to navigate the physical and social environment.
Our fascination with our visual experience is represented throughout human history,
beginning with paintings in dwellings and vivid descriptions of visual imagery passed

on through oral tradition. Perhaps unsurprisingly, a major focus of clinical and systems
neuroscience research is on understanding and restoring visual perception. Accordingly,
more is known about the structure and function of visual brain areas than those of any
other portion of the mammalian brain. However, our current knowledge is heavily biased
toward feedforward connections, which constitute the well-characterized visual processing
hierarchy spanning the retina, the visual thalamus, and myriad visual cortical areas. Far
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less is known about feedback connections, which are, in many cases, more numerous than
their feedforward counterparts. The objective of this review is to highlight past and current
work on the organization and function of feedback circuits in the visual system. Feedback
must always be considered in the context of feedforward connections, so a summary

of feedforward visual pathways and their emergent physiological properties is provided.
Emphasis is then placed on the first feedback pathway in the visual system, made up of
corticothalamic neurons connecting the primary visual cortex (V1) with the first-order visual
sensory thalamus, the dorsal lateral geniculate nucleus (LGN). These corticogeniculate
circuits have been studied extensively, and recent work provides important clues about their
role in vision. Importantly, functions attributed to the first feedback neurons in the visual
system may also apply to higher-order cortical feedback circuits. Thus, general principles
that may govern the function of cortical feedback connections throughout the visual system
are also considered.

Focus is placed on studies of early visual pathways in nonhuman primates and carnivores
because these have proven to be the best animal model approximations for visual processing
in humans. Other species, such as rodents, are also discussed because they provide an
important comparison across species from different environmental niches and with different
behavioral goals. Because most experimental data collected in animals with good visual
acuity (e.g., primates and carnivores) come from visual brain regions corresponding

to parafoveal eccentricities, this review discusses principles governing feedforward and
feedback pathways in visual processing of the central visual field.

The objective of this review is to address the following characteristics and hypotheses
regarding the function of cortical feedback in vision. (&) Based on the anatomy and
organization of feedback connections, their functional role is proposed to be more
modulatory than driving. Comparisons between feedforward retinal inputs and feedback
corticogeniculate inputs onto LGN neurons have established the driver versus modulator
classification as a guiding premise. Nonetheless, feedback inputs are numerous and
retinotopically restricted in their extent, providing additional clues about functionality. (5)
Physiological characterization of corticogeniculate neurons reveals multiple distinct cell
types defined based on axon conduction speed and visual physiological responses. In highly
visual mammals, corticogeniculate cell types match those of the established feedforward
parallel processing streams. In less visual mammals, relationships between axon conduction
speed and visual responses are also evident. These results suggest that feedback operates

on different timescales to convey feature-specific information. (¢) Causal manipulations of
cortical feedback have been employed for decades to elucidate its functional role in vision.
Most of these efforts have focused on the effects of feedback manipulations on spatial
properties of target neurons; however, compelling evidence supports a role for cortical
feedback in regulating the timing of neuronal responses. The role of cortical feedback in
enhancing spatial and temporal precision of feedforward signals is explored below. (d) Some
of the oldest proposed functions for cortical feedback, especially to the thalamus, involve
modulating among sleep, alertness, and arousal. Additional extra-visual roles for feedback
have been proposed, including communicating top-down signals about context, attention, or
task-relevant goals. Whether and how cortical feedback circuits could multiplex visual and
extra-visual signals remain significant and open questions.
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2. ANATOMY AND PHYSIOLOGY OF FEEDFORWARD CONNECTIONS

The structure and organization of cortical feedback must be understood within the context
of feedforward circuitry in the visual system. A hallmark of mammalian visual systems is
parallel processing of discrete visual feature information (for reviews, see Briggs 2017,
Kaplan 2004, Nassi & Callaway 2009, Niell 2015, Seabrook et al. 2017, Sherman &
Guillery 2006). It should be noted that these streams are not strictly homologous across
species in terms of their cellular components and physiology and the visual feature
information that they convey. Parallel streams begin in the retina with distinct classes of
bipolar cells that sample inputs directly from cone photoreceptors and provide the inputs
to correspondingly distinct classes of retinal ganglion cells (RGCs), the only neurons in
the retina with axons that leave the retina (for reviews, see Dacey et al. 2014, Field &
Chichilnisky 2007).

In trichromatic primate species, there are three parallel visual processing streams, the
parvocellular, magnocellular, and koniocellular streams, that separately convey information
relevant for form, acuity, and red—green color vision; motion and low-contrast detection;
and blue—yellow color vision, respectively (Figure 1). Midget RGCs have center—surround,
red—green color-opponent receptive fields due to separate long-wavelength (L)- and middle-
wavelength (M)-sensitive cone inputs to center and surround components of their receptive
fields and project to the parvocellular layers of the LGN (Field & Chichilnisky 2007).
Parasol RGCs also have center—surround receptive fields, but because they receive a
mixture of L and M cone inputs to the center and surround, they are luminance (On—

Off) rather than color opponent; parasol RGCs project to the magnocellular LGN layers
(Field & Chichilnisky 2007). Midget and parasol RGCs make up the majority of primate
RGCs (Field & Chichilnisky 2007). Small bistratified RGCs receive short-wavelength
(S)-sensitive cone input opposed by L and M cone inputs and convey blue-yellow color-
opponent signals to the koniocellular layers of the LGN (Dacey et al. 2014). LGN

neuronal receptive fields mimic their RGC inputs: LGN neurons in the dorsal parvocellular
layers have center—surround, red—green opponent receptive fields due to their midget RGC
inputs; neurons in the ventral magnocellular layers have center—surround luminance On—
Off receptive fields due to their parasol RGC inputs; and neurons in the intercalating
koniocellular layers that receive small bistratified RGC input have blue-yellow opponent
receptive fields (Derrington et al. 1984, Hendry & Reid 2000). Primate RGC and LGN
neurons in the parvocellular, magnocellular, and koniocellular streams can be differentiated
based on additional physiological response properties including contrast sensitivity, spatial
and temporal frequency selectivity, and extraclassical surround suppression. Parvocellular
neurons have linear contrast response curves and poorer contrast sensitivity, higher

spatial frequency preferences, lower temporal frequency preferences, and less extraclassical
surround suppression, whereas magnocellular neurons have saturating contrast response
curves and higher contrast sensitivity, lower spatial frequency preferences, higher temporal
frequency preferences, and stronger extraclassical surround suppression, and koniocellular
neurons have intermediate properties and are likely to be physiologically heterogeneous
(Alitto & Usrey 2008, Derrington & Lennie 1984, Eiber et al. 2018). The parvocellular,
magnocellular, and koniocellular streams remain anatomically segregated from the retina,
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through the LGN, and to the geniculocortical afferent termination zones in V1. Parvocellular
LGN neurons project to layer 4Cp with collateral axons in layer 6; magnocellular LGN
neurons project to layer 4Ca with collaterals in layer 6; and koniocellular LGN neurons
project to the cytochrome oxidase-rich blobs in layer 2/3 and to layer 1 (Blasdel & Lund
1983, Freund et al. 1989, Hendrickson et al. 1978, Hendry & Yoshioka 1994, Hubel

& Wiesel 1972). In V1, several more advanced visual physiological properties emerge
through combination of LGN afferent inputs and/or local circuitry within V1. These
emergent properties include orientation tuning, which first appears at the magnocellular
geniculocortical synapses onto layer 4Ca Simple cells (Hubel & Wiesel 1968); direction
selectivity (Gur et al. 2005, Hubel & Wiesel 1968); color selectivity (Conway & Livingstone
2006, Garg et al. 2019, Johnson et al. 2001); and binocular disparity (Cumming & Parker
1997, Hubel & Wiesel 1968). Feedforward corticocortical projection neurons in V1 reside
mainly in the superficial layers (layers 2/3 and 4B) and project axons to the extrastriate
visual cortical areas V2, V3, V4, middle temporal (MT), and V6 (Nassi & Callaway 2007,
2009; Sincich & Horton 2005; Yukie & Iwai 1985). Neurons in the deepest cortical layers in
V1, layers 5 and 6, can also project to the extrastriate cortex, but the majority of projection
neurons in the deep layers target subcortical structures, including the LGN and the visual
portion of the pulvinar (Briggs 2017, Kaas & Lyon 2007). In general, corticocortical circuits
in primates mostly connect neighboring visual cortical areas that are also proximal on the
visual cortical hierarchy, although sparse connections are found across many visual cortical
areas (Felleman & Van Essen 1991, Markov et al. 2014). As a general rule throughout the
primate visual cortex, feedforward corticocortical connections originate in the superficial
(and, to a lesser extent, deep) cortical layers and project axons to layer 4 of the target

higher cortical area, while feedback corticocortical connections originate in the superficial
and deep cortical layers and target superficial and deep cortical layers in the target lower
area (Felleman & Van Essen 1991, Rockland & Virga 1989).

Although it is not strict, there is some homology between the parvocellular, magnocellular,
and koniocellular streams in primates and the X, Y, and W streams in carnivores. Carnivores
are dichromats and therefore lack color-opponent neurons, but X and Y RGCs and LGN
neurons have center—surround receptive fields that are On—Off opponent (Hubel 1960,
Kuffler 1953). Additionally, the neuronal circuits that make up the X, Y, and W streams
remain separated from the retina through the LGN and to the afferent termination zones in
layers 4 (X and Y inputs) and 2/3 (W inputs) in V1 (area 17), even though X and Y neurons
are mixed in the A LGN layers, and their geniculocortical afferent terminations overlap in
layer 4; W neurons are restricted to the C LGN layers and project to layer 2/3 (Anderson et
al. 2009, Bullier & Norton 1979, Cleland et al. 1971, Freund et al. 1985, Humphrey et al.
1985, Sur & Sherman 1982). X and Y RGC and LGN neurons were originally distinguished
based on linear versus nonlinear spatial summation and sustained versus transient responses
to stationary gratings, respectively (Cleland et al. 1971, Enroth-Cugell & Robson 1966,
Hoffmann et al. 1972). Based on these physiological response properties, most parvocellular
and magnocellular neurons in primates are more X-like (Derrington & Lennie 1984, Kaplan
& Shapley 1982). However, X and Y LGN neurons can also be somewhat differentiated
based on contrast sensitivity and spatial and temporal frequency selectivity: X neurons have
linear contrast response curves and prefer higher spatial and lower temporal frequencies,
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while Y neurons have saturating contrast response curves and prefer lower spatial and higher
temporal frequencies (Derrington & Fuchs 1979). Furthermore, transcription factors have
been identified that are selectively expressed in parvocellular and X LGN neurons (FoxP2)
or magnocellular and Y LGN neurons (PCP4) in macaques and ferrets (Iwai et al. 2013,
Kawasaki et al. 2004). Similar to primates, center—surround geniculocortical inputs to V1
combine to produce orientation tuning in layer 4 Simple cells (Hubel & Wiesel 1962,

Reid & Alonso 1995), and more advanced visual response properties emerge through local
circuitry within V1 (Hirsch et al. 2002). Furthermore, a hierarchy of visual cortical areas
exists in carnivores with patterns of feedforward and feedback corticocortical connectivity
similar to those observed in the primate visual cortical hierarchy (Hilgetag & Grant 2010).

Parallel streams from the retina to the cortex have been identified in rodents and rabbits (Hei
et al. 2014, Seabrooket al. 2017); however, the homology between these and the parallel
visual processing streams of primates and carnivores is not clear. In mice and rabbits, most
RGCs and LGN neurons display orientation and/or direction selectivity, response properties
that are largely absent in carnivores and primates (Scholl et al. 2013). The circuits conveying
orientation- and direction-selective inputs from the LGN to V1 in mice and rabbits are
distinct from the geniculocortical afferent circuits in carnivores and primates (Hei et al.
2014, Scholl et al. 2013). Furthermore, in rodents, neurons in V1 and other identified visual
cortical areas have multisensory responses (Niell & Stryker 2010), reflecting a high level

of interconnectivity with multiple nonvisual cortical areas (Choi et al. 2018) that is quite
different from the hierarchical visual cortical connectivity patterns observed in highly visual
mammals.

3. ANATOMY OF FEEDBACK CONNECTIONS

Having established the organization of feedforward visual pathways and the visual
physiological responses emerging through these connections, | turn next to the structural
organization and morphology of feedback connections in the visual system. There is

no visual feedback to the retina. Strictly speaking, the first feedback circuit in the

visual system is the positive inhibitory loop between LGN relay neurons and inhibitory
neurons in the thalamic reticular nucleus (TRN; perigeniculate nucleus in carnivores).
Geniculocortical axons targeting V1 send a collateral branch to the TRN, and GABAergic
TRN neurons then inhibit LGN relay neurons (Sherman & Guillery 2006). TRN neurons
are retinotopically organized and have receptive fields similar to those of LGN neurons
(Soto-Sanchez et al. 2017), although their burst spiking patterns have led some to propose
that the TRN plays a role in regulating sleep—wake rhythms (Fuentealba & Steriade 2005).
Because TRN neurons receive copies of LGN relay cell output and feedback from the
visual cortex, and they project solely to LGN relay neurons, it may be more useful to
think of TRN neurons as a local thalamic inhibitory neuron population, rather than a
feedback circuit. With that caveat, the first true feedback circuit in the visual system is
the corticogeniculate pathway. Additional feedback circuits in the visual system include
corticocortical feedback connections and other corticothalamic connections targeting the
superior colliculus, pulvinar, claustrum, and other areas, although the extent to which
some of these corticothalamic connections are strictly feedback is open to debate (Usrey
& Sherman 2018). Among all of these feedback connections, the most is known about
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corticogeniculate circuits, so these can serve as a model for exploring the structure and
function of cortical feedback in the visual system.

Corticogeniculate neurons are a subset of corticothalamic neurons, specific to the feedback
connection between the visual cortex and the LGN, that have been observed in all
mammalian visual systems studied to date. Corticogeniculate neurons are mostly pyramidal
neurons (some are spiny stellates), are always excitatory neurons that release glutamate,
and always have cell bodies exclusively in layer 6 of the visual cortex (Briggs et al. 2016,
Brumberg et al. 2003, Conley & Raczkowski 1990, Fitzpatrick et al. 1994, Gilbert & Kelly
1975, Hasse et al. 2019, Ichida et al. 2014, Jiang et al. 1993, Katz 1987, Kim et al.

2014, Lin & Kaas 1977, Lund et al. 1975, Swadlow & Weyand 1981, Usrey & Fitzpatrick
1996). Although the majority of corticogeniculate neurons originate in V1 (or area 17 in
carnivores), a sparser population of corticogeniculate neurons have also been observed in
V2 (area 18) of primates and carnivores (Briggs et al. 2016, Hasse et al. 2019, Lin & Kaas
1977). In primate V1, corticogeniculate neurons projecting to the parvocellular layers of the
LGN have cell bodies in the upper third of layer 6, while those projecting to the ventral
magnocellular and koniocellular layers of the LGN have cell bodies in the lower third of
layer 6 (Fitzpatrick et al. 1994).

Corticogeniculate neurons can receive direct geniculocortical afferent input (Blasdel & Lund
1983, Briggs & Usrey 2007, Bullier & Henry 1980, Da Costa & Martin 2009, Ferster &
Lindstrom 1983, Hendrickson et al. 1978), in addition to local inputs from cortical neurons
(Briggs & Callaway 2001, Briggs et al. 2016, Hasse et al. 2019, Katz 1987, Kim et al.

2014, Lund & Boothe 1975, Wiser & Callaway 1996, Zarrinpar & Callaway 2006). There
are species differences in the local circuitry of corticogeniculate neurons within the visual
cortex. Corticogeniculate neurons in primates and carnivores are strongly and reciprocally
connected with neurons in layer 4 but have dendrites and axons in the superficial layers and
often receive superficial layer input (Briggs & Callaway 2001, Briggs et al. 2016, Katz 1987,
Wiser & Callaway 1996). In contrast, corticogeniculate neurons in rodents lack processes

in the superficial layers and receive minimal or no input from superficial layer neurons;
instead, rodent corticogeniculate neurons are strongly connected to layer 5 and can also
mediate broad inhibition across the cortical layers (Bortone et al. 2014, Kim et al. 2014,
Olsen et al. 2012, Zarrinpar & Callaway 2006).

Most, if not all, corticogeniculate neurons have local axons that target local neurons within
V1, as described above. However, the functional purpose of the local axon collaterals that
convey a copy of the message back to the LGN is not known. More focus has been placed on
corticogeniculate axons to the LGN. In both primates and carnivores, corticogeniculate axon
terminals within the LGN are retinotopic, mainly restricted to single layers, and more spread
relative to RGC axonal terminations but consistent with the size of V1 neuronal receptive
fields (Angelucci & Sainsbury 2006, Claps & Casagrande 1990, Ichida & Casagrande 2002,
Ichida et al. 2014, Murphy & Sillito 1996, Robson 1983). Aside from local axons within

the cortex, the only known axon collateral of corticogeniculate neurons in primates and
carnivores terminates in the TRN (Sherman & Guillery 2006). In rodents, corticogeniculate
neurons can send collaterals to additional thalamic nuclei, including the lateral posterior
nucleus (Olsen et al. 2012). Taken together, corticogeniculate dendritic morphology, cell
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body position in layer 6, axonal termination patterns, and local circuit inputs all indicate
that there are distinct subclasses of primate and carnivore corticogeniculate neurons that
target LGN neurons in separate parallel streams (for a review, see Hasse & Briggs 2017b).
In this framework, tall pyramidal corticogeniculate neurons with dendrites in upper layer
4 receive biased magnocellular/Y-stream inputs and project to magnocellular/Y neurons
in the LGN, shorter pyramidal corticogeniculate neurons with dendrites in lower layer 4
receive biased parvocellular/X-stream inputs and project to parvocellular/X LGN neurons,
and tilted corticogeniculate neurons project to koniocellular/W LGN neurons (Figure 1).
Morphological evidence and local circuit connectivity suggest that corticogeniculate neurons
in rodents are more homogeneous than those in primates or carnivores (Brumberg et al.
2003, Olsen et al. 2012), suggesting that corticogeniculate feedback in rodents may not be
strictly organized into parallel streams.

Although corticogeniculate neurons make up a minority of pyramidal neurons in layer

6 of the primate and carnivore V1 (approximately 15% in primates and approximately

50% in carnivores) (Ferster & Lindstrom 1985, Fitzpatrick et al. 1994, Gilbert &

Kelly 1975), their anatomical input onto LGN relay neurons is robust. Corticogeniculate
neurons contribute the largest proportion of synapses onto LGN relay neurons, sometimes
outnumbering RGC synapses by almost 10 to 1 (Erisir et al. 1997a,b; Guillery 1969).

In spite of the greater number of corticogeniculate synapses onto LGN relay neurons,
corticogeniculate influence over LGN neurons is likely to be modulatory rather than driving.
Corticogeniculate synapses are small, are located on distal dendrites of LGN relay neurons,
have a low probability of neurotransmitter release, activate a combination of ionotropic and
metabotropic glutamate receptors, and generate small postsynaptic currents, in contrast to
RGC synapses, which are large, are located on proximal dendrites, have a high release
probability, activate only ionotropic receptors, and generate quite large postsynaptic currents
(Bickford 2016; Sherman & Guillery 1998, 2006). The driver—-modulator framework
explains why LGN relay neurons have visual physiology matching their RGC inputs rather
than their corticogeniculate inputs, in spite of the greater number of the latter. However, the
anatomy may not paint a complete picture. Studies in LGN slices have revealed multiple
amplification mechanisms mediated by NMDA receptors and T-type calcium channels
within LGN relay neuron dendrites that could increase the drive of corticogeniculate inputs,
especially when those inputs are temporally synchronous (for details, see Connelly et al.
2016).

In focusing on synaptic connections between corticogeniculate neurons and LGN relay
neurons, the driver—-modulator framework does not account for another important component
in overall corticogeniculate feedback circuit organization: disynaptic inhibitory connections.
In addition to direct excitatory synapses onto LGN relay neurons, corticogeniculate axons
synapse onto inhibitory interneurons within the LGN, which make up approximately

20% of LGN neurons, as well as inhibitory neurons in the TRN (Sherman & Guillery
2006). TRN neurons can exert different impacts on LGN neurons, depending on context
(Cruikshank et al. 2010, Lam & Sherman 2010), and the overall balance of excitation

and inhibition in LGN/TRN neurons depends on dynamic interplays among the spiking
modes of corticogeniculate, LGN, and TRN neurons (Alexander & Godwin 2005, Cudiero
et al. 2000). For example, chronic elimination of corticogeniculate feedback results in
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prolonged depolarization among LGN neurons during synchronized electroencephalogram
states, likely due to a loss of inhibition from TRN and LGN interneurons (Eyding et

al. 2003). Stimulating corticogeniculate neurons at different frequencies can also induce
sleep-like spindles or slow oscillations in LGN neurons through activation of rhythmic TRN
inhibition (Bal et al. 2000, Destexhe 2000). Additionally, stimulation of corticothalamic
circuits in the somatosensory and auditory systems with low- or high-frequency patterns can
generate net thalamic suppression or facilitation and bias detection versus discrimination
ability (Crandall et al. 2015, Guo et al. 2017). A thorough understanding of the interplay
between direct excitatory and indirect inhibitory inputs onto LGN neurons requires further
in vivo investigation using methods to selectively activate and record from excitatory and
inhibitory neurons in these circuits.

There are several similarities between the termination patterns of corticogeniculate and
corticocortical feedback axons. Morphological studies of corticocortical feedback axon
termination patterns in the visual cortex reveal multiple arborization patterns, including
axon arbors that extend over large cortical distances with distributed or clustered endings
(Rockland & Knutson 2000, Rockland & Virga 1989). For both corticogeniculate and
corticocortical pathways, feedback axon termination patterns are wider than those of the
feedforward inputs impinging on the same target area (Figure 1), and the distribution of
feedback terminals is equivalent to the receptive field size of the feedback neurons (for

a review, see Angelucci & Bressloff 2006). Furthermore, extrastriate feedback terminals
within V1 are retinotopically coextensive with V1 projection neurons, suggesting alignment
of feedforward and feedback connections (Angelucci et al. 2002). Evidence suggests

that, while feedforward cortical inputs drive visual responses, corticocortical feedback
inputs are more modulatory (Crick & Koch 1998, Hupe et al. 2001), consistent with

the driver—-modulator framework proposed for corticothalamic connections. Along similar
lines, corticocortical feedback neurons may outnumber corticocortical feedforward neurons
(Rockland 1997). Finally, like corticogeniculate feedback, corticocortical feedback is
mediated by excitatory neurons that may make synaptic connections with both excitatory
and inhibitory neurons within their target region (Anderson & Martin 2009, Angelucci &
Bressloff 2006, Angelucci et al. 2017).

4. PHYSIOLOGY OF FEEDBACK CONNECTIONS

The anatomy of cortical feedback provides some useful clues about possible physiological
purposes. In visual mammals, feedback terminal distributions suggest that the influence

of feedback is restricted to the receptive field of the feedback neurons. Where further
morphological details are available, as for corticogeniculate neurons, evidence suggests

that feedback is made up of multiple distinct cell classes, each projecting to a unique

target neuronal population. Physiological data from primates and carnivores strongly support
this theory and provide additional evidence that corticogeniculate circuits are organized

into parallel processing streams that match the feedforward streams. The extent to which
corticocortical feedback pathways are made up of unique feature-selective neuronal subtypes
is yet to be determined.
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The first indication that corticogeniculate neurons are a heterogeneous group came

from antidromic stimulation studies in which corticogeniculate neurons were identified
by recording backward-propagating spikes generated through current injection at their
terminals in the LGN. In primates and carnivores, corticogeniculate neurons with the
fastest conducting axons are Complex cells; those with intermediate conduction speeds
are Simple cells; and a third type with very slowly conducting, likely unmyelinated,
axons are Complex cells or neurons that are minimally responsive to visual stimulation
(Briggs & Usrey 2005, 2007; Grieve & Sillito 1995; Harvey 1978; Tsumoto & Suda
1980). Further examination of visual physiology in primate corticogeniculate neurons
revealed that fast-conducting Complex corticogeniculate neurons had saturating contrast
response curves, preferred higher temporal frequencies, and demonstrated extraclassical
surround suppression; medium-conducting Simple corticogeniculate neurons had linear
contrast response curves, preferred lower temporal frequencies, had little extraclassical
suppression, and were preferentially driven by L and M cone—isolating stimuli; and the
slowest-conducting Complex corticogeniculate neurons had intermediate tuning preferences
and were the only neurons responsive to S cone—isolating stimuli (Briggs & Usrey 2009).
These results illustrate the striking alignment of primate corticogeniculate cell types
defined by axon conduction speed with the feedforward magnocellular, parvocellular, and
koniocellular streams.

The fastest-conducting corticogeniculate neurons in primates and carnivores, the putative
magnocellular- and Y-targeting neurons, have conduction latencies that are similar to
feedforward geniculocortical latencies (Bullier & Henry 1979, 1980). Interestingly, fast-
conducting corticogeniculate neurons are the only neurons to also receive suprathreshold
direct geniculocortical feedforward inputs (Briggs & Usrey 2007). This means that, in
primates at least, visual information can traverse a reciprocal loop from the LGN to V1

and back to the LGN in approximately 5 ms. The majority of corticogeniculate neurons,
however, convey feedback signals to the LGN much more slowly than their feedforward
counterparts. The range of conduction times across corticogeniculate cell types is quite large
(from approximately 1 ms to >30 ms latency in primates, up to approximately 60 ms latency
in carnivores). This range in conduction speeds among corticogeniculate neurons is not
limited to highly visual mammals. Corticogeniculate neurons in rabbits also display a range
of conduction latencies, and there are some relationships between conduction speed and
physiological response properties, even though rabbit corticogeniculate physiology appears
to fall along a continuum (Stoelzel et al. 2017, Swadlow & Weyand 1987). As in carnivores,
the slowest-conducting corticogeniculate neurons in rabbits are difficult to drive with visual
stimuli (Stoelzel et al. 2017, Tsumoto & Suda 1980), raising the issue of their function.

If there is one concrete take-away from anatomical and physiological data regarding
corticogeniculate neurons, it is that these neurons are a heterogeneous population in highly
visual mammals. Accordingly, the corticogeniculate feedback pathway is not one circuit,
but rather a collection of distinct circuits conveying unique visual feature information

and operating on a corresponding variety of timescales. This organizing rule is most
pronounced in primates and carnivores, but evidence from rabbits suggests some diversity
among corticogeniculate neurons, even if that diversity is organized along a continuum. Is
there evidence for multiple subtypes of corticocortical feedback neurons within each areal
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corticocortical projection? Although anatomical data can be challenging to interpret in this
context, injections of small amounts of tracers have revealed patchy patterns of label in V1
following injections into V2 in primates, suggesting that unique corticocortical feedback
neurons target distinct populations of V1 neurons (Angelucci et al. 2002). Some evidence
suggests that V2 cortical feedback axonal terminations in V1 are located in orientation
domains matching the orientation preference of the V2 feedback neurons and are generally
anisotropically distributed along the axis of V2 neuronal orientation preference (Angelucci
& Bressloff 2006, Shmuel et al. 2005), although this notion is still controversial (Stettler
et al. 2002). A recent two-photon imaging study of V2 corticocortical feedback terminals
in V1 in tree shrews showed that V2 feedback boutons were spatially (and retinotopically)
organized within the V1 orientation map and tuned to the same orientation as their target
V1 neurons (Zhang et al. 2018). Interestingly, dissimilar results were reported in mice,
where corticocortical feedback to V1 was coarsely retinotopically organized with some
displacement orthogonal to the preferred orientation or direction axis of the feedback
neurons (Marques et al. 2018). Corticocortical feedback conduction latencies may also vary,
with some being quite fast, on the order of corticocortical feedforward latencies (Girard et
al. 2001, Lamme et al. 1998).

If cortical feedback pathways are made up of heterogeneous neuronal subclasses as a rule,
then this raises several important general questions. Why is it important to have multiple
distinct subpopulations of feedback neurons, each conveying unique feature information?
Presumably, preservation of feature-specific information prevents dilution of response
properties among target neurons. A corollary question is: How highly processed can a
cortical feedback signal be before it disrupts the response properties of its target neurons?
Corticogeniculate neurons in primates share multiple tuning preferences with their putative
LGN target neurons within each parallel stream. This could ensure that stream-specific
signal transmission is preserved through the LGN but also seems redundant. Is there a
secondary purpose for stream-specific feedback that perhaps does not involve alteration of
spatial receptive field properties? Lastly, why is it important that these subpopulations of
feedback neurons each integrate and transmit visual signals on such different timescales?
Hints at the answers to some of these questions are provided by studies that manipulate
feedback circuits, but many of these general questions are still unanswered.

5. FEEDBACK FOR SPATIAL AND TEMPORAL PRECISION

Anatomical and physiological findings point toward the idea that cortical feedback neurons
included within a projection pathway are heterogeneous, with each neuronal subtype
conveying feature-specific information that is aligned with the feature selectivity of its
target neurons. Evidence supporting this notion is strongest for corticogeniculate circuits

in highly visual mammals, but similar organizing rules could apply to corticocortical
feedback circuits and/or feedback circuits in other mammals as well. As proposed above,
one reason for a feature- or stream-specific organization of feedback is to prevent dilution
of feedforward visual signals that are themselves feature- or stream-specific. Another reason
is that feedback may refine or produce an emergent spatial receptive field property within
its target neurons that is aligned with the feature selectivity of the feedback neurons, akin
to the egocentric selection described for corticothalamic feedback circuits in other sensory
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modalities (for a review, see Briggs & Usrey 2008). A third reason, which is perhaps most
in line with current data, is that cortical feedback may regulate the timing and precision of
feedforward visual information transmission, and it may do this separately for information
within each stream.

The spatial classical receptive field properties for most visual neurons are derived from
their feedforward inputs, which means that the influence of feedback on spatial receptive
field properties is modulatory at best. A possible candidate emergent spatial receptive

field property generated through feedback is extraclassical surround suppression because,
by definition, the extraclassical surround is larger than the classical receptive field, and
feedback axon terminations extend into regions corresponding to the surround (Angelucci et
al. 2002). It is clear that extraclassical surround suppression emerges through a combination
of feedforward, local, and feedback connections (Alitto & Usrey 2008, Angelucci et al.
2017), and there is evidence that both corticogeniculate (Andolina et al. 2013; Geisert et al.
1981; Jones et al. 2000, 2012; Murphy & Sillito 1987; Webb et al. 2002) and corticocortical
feedback (Nassi et al. 2013, Nurminen et al. 2018) modulate classical and extraclassical
receptive field interactions in their target neurons. However, many visual neurons lack
extraclassical surround suppression, so feedback must perform additional functions beyond
refining classical and extraclassical receptive fields.

Interestingly, it has been quite challenging to pinpoint consistent effects of cortical
feedback on spatial receptive field properties in target neurons. Studies in multiple species
reveal variable effects of corticogeniculate feedback manipulation on LGN spatiotemporal
receptive field properties (Denman & Contreras 2015, Geisert et al. 1981, Marrocco et

al. 1996). Changes in gain were often observed without accompanying changes in tuning.
For example, removing corticogeniculate feedback or enhancing it optogenetically led to
decreased or increased responses, respectively, to moving stimuli without altering LGN
tuning preferences, and this effect was specific to Y LGN neurons in the latter case
(Gulyas et al. 1990, Hasse & Briggs 2017a, Marrocco et al. 1996). Similarly, cooling or
lesioning V1 led to reduced contrast gain and adaptation, mostly in parvocellular and Y
LGN neurons (Li et al. 2011, Przybyszewski et al. 2000). While these results do not provide
a clear picture of how corticogeniculate feedback modulates LGN spatial receptive field
properties, differential effects across LGN cell types provide support for the notion that
corticogeniculate feedback modulates LGN neurons in a stream-specific manner.

It is possible that cortical feedback does not alter the spatial receptive field properties of
individual target neurons but does coordinate the activity of specific ensembles of target
neurons to produce an emergent spatial response pattern among that ensemble. Support
for this theory comes from studies showing that corticogeniculate feedback facilitates the
activity of, and synchronizes, LGN neurons whose receptive fields are aligned with the
orientation axis of the feedback neurons (Andolina et al. 2007; Sillito et al. 1993, 1994;
Wang et al. 2006). Furthermore, the precise alignment of LGN neuronal receptive fields
relative to the preferred orientation axis of the corticogeniculate neurons matters: LGN
neurons with aligned receptive fields are enhanced, while those with misaligned receptive
fields are suppressed or shifted, when corticogeniculate feedback is stimulated (Tsumoto
etal. 1978, Wang et al. 2018). Coordinating the responses of groups of neurons encoding
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relevant visual features, individually or as an ensemble, seems like a viable function for
cortical feedback. Further experimental work will need to explore how feedback generates
ensemble response patterns and whether coordinated signals among neurons in these
ensembles boost feedforward visual signal transmission.

While the effects of cortical feedback on spatial receptive fields are subtle and have

been difficult to pinpoint, several interesting observations suggest that cortical feedback
plays a significant role in regulating temporal aspects of target neuronal responses.

When corticogeniculate feedback is suppressed, variability in LGN responses to visual
stimuli increases, LGN interspike-interval distributions are significantly broadened, and
responses to a variety of visual stimuli become more similar, all of which suggest that
corticogeniculate feedback increases response precision, reliability, and information about
unique stimulus features for each spike (Andolina et al. 2007, Funke et al. 1996,McClurkin
et al. 1994). Using optogenetics to enhance corticogeniculate activity, Hasse & Briggs
(2017a) found that visually evoked responses in both X and Y LGN neurons were faster,
less variable, and more precise. A possible mechanism by which corticogeniculate feedback
could regulate LGN spike timing is through control of conductance noise in LGN neurons,
enabling efficient transmission of visual information regardless of the membrane potential
state or spiking mode of LGN neurons (Wolfart et al. 2005). Increasing the temporal
precision of LGN visual responses could have a large impact downstream. When spikes
from multiple LGN neurons converging on a V1 layer 4 neuron are tightly correlated,
arriving within a few milliseconds of each other, they are more effective at driving a
response in the V1 neuron (Alonso et al. 1996, Usrey et al. 2000).

The idea that cortical feedback primarily regulates response timing and precision among
target neurons is appealing because it explains several puzzling findings, including subtle
effects of feedback on gain and spatial receptive field properties, as described above. Timing
control of target neurons could also be implemented through relatively simple connections
such as monosynaptic excitation and fast, disynaptic inhibition (e.g., corticogeniculate inputs
onto LGN relay neurons and inhibitory neurons in the TRN and LGN). Furthermore, it
makes sense that feedback would regulate spike timing and precision in a stream- or feature-
specific way and on different timescales to ensure that synchronous spiking is restricted to
target neuronal ensembles conveying unique visual feature information. While these ideas
are based on recent compelling data, they are still speculative and will require experimental
confirmation.

6. FEEDBACK FOR CONTEXTUAL MODULATION

In the discussions above, emphasis is placed on visual functions for cortical feedback, such
as refining the spatial and temporal responses of target neurons. However, there is a strong
possibility that cortical feedback communicates extra-visual signals, in addition to purely
visual signals, within the same pathway. In this case, the term extra-visual could refer to
any aspect of cognitive function that is not strictly driven by feedforward visual sensory
signals, including top-down information about context, attention, reward, task goals, or
levels of arousal. Perhaps the best example of extra-visual information being conveyed by
cortical feedback is the involvement of corticothalamic circuits in cycling between sleep
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and wakefulness through interactions among corticothalamic neurons, thalamic excitatory
neurons, and TRN inhibitory neurons (for a review, see Steriade 2003). Corticothalamic
circuits in many sensory systems and in all mammalian species studied display sleep—wake
dynamics, suggesting that sensory corticothalamic circuits might multiplex sensory and
arousal information. It is possible that corticothalamic circuits are completely overridden
during sleep or under anesthesia, but this seems unlikely given that sensory responses

are measurable in corticothalamic neurons during sleep and anesthesia. How then could
cortical feedback circuits multiplex visual and arousal, or other extra-visual, signals? One
possibility is that distinct subtypes of cortical feedback neurons handle visual or arousal
signals. For example, the slowly conducting, non-visually responsive corticogeniculate
neurons that have been identified in rabbits could mediate arousal, while faster-conducting
corticogeniculate neurons could relay visual signals. Counterintuitively, arousal strongly
modulates faster-conducting corticogeniculate neuronal activity and does not change the
activity of slow, non-visual corticogeniculate neurons (Stoelzel et al. 2017). Additionally, all
corticogeniculate subtypes recorded in alert or anesthetized primates are strongly visually
responsive, irrespective of axon conduction speed (Briggs & Usrey 2007,2009). These
data suggest that parallel streams of cortical feedback are present for the purpose of
communicating unique visual information. Additionally, arousal signals are present in
corticogeniculate neurons that communicate visual information in species with parallel
streams of feedback (e.g., primates and carnivores) and in species with less evidence for
strict parallel streams of feedback (e.g., rabbits and rodents). An intriguing hypothesis

is that corticogeniculate circuits across a wide variety of species multiplex visual and
arousal information, suggesting an evolutionary precedent for sensory and arousal signal
multiplexing.

Direct evidence for visual and extra-visual signal multiplexing in cortical feedback circuits
is lacking. However, there is ample evidence suggesting that cortical feedback circuits

relay extra-visual signals. Given that corticothalamic circuits are involved in arousal, it is
not a big leap to infer that they may play a role in selective attention as well. Indeed,
attentional modulation in LGN neurons has been measured using functional magnetic
resonance imaging (fMRI) in humans, as well as using single-unit neurophysiology in
primates (Ling et al. 2015; McAlonan et al. 2006, 2008; O’Connor et al. 2002; Vanduffel et
al. 2000), suggesting that corticogeniculate circuits convey attention signals from the visual
cortex to the TRN and LGN. Along these lines, attention significantly enhances directed
communication in the gamma frequency band between neurons in the deep layers of V1 and
the LGN, but attention does not modulate interactions between neurons in the granular or
superficial cortical layers and the LGN (Mock et al. 2018). Corticocortical feedback circuits
also likely convey attention signals from higher to lower visual cortical areas (Buffalo et al.
2010, Gregoriou et al. 2009, Michalareas et al. 2016, Noudoost et al. 2010, van Kerkoerle
et al. 2014). Whether attention is a separate signal that can be parsed from visual signals, or
is instead an effect, like an amplification of visual signals, is open to debate. Accordingly,

it could be that all circuits, both feedforward and feedback, can convey information about
attention. These are key questions in the field of attention that need to be resolved with
carefully designed experimental approaches.
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Cortical feedback could also relay signals about the broader context in which relevant
visual sensory information is embedded. One example of this is extraclassical surround
suppression, discussed above. Another example is figure—ground interactions, which are
globally important for perception but often involve integration of visual information from
far outside the boundaries of the receptive fields of early visual neurons. A recent study
showed figure—ground enhancements in the human LGN measured with fMRI even when
the figure and ground elements were presented separately to each eye (Poltoratski et al.
2019), suggesting that the perceptual enhancement measured must be mediated by feedback
from binocular cortical neurons. In the visual cortex, corticocortical feedback interacts
with local horizontal connections to provide the spatial context for contour grouping and
detection of textures (Klink et al. 2017, Liang et al. 2017).

More recently, many have proposed that cortical feedback is instrumental in probabilistic
inference (for a review, see Cumming & Nienborg 2016) or predictive coding (Edwards et
al. 2017, Pennartz et al. 2019, Rao & Ballard 1999). In these scenarios, top-down signals
encapsulating information about subjects’ prior knowledge of a task, choices on preceding
trials, or cognitive state are relayed through corticocortical feedback and combined with
feedforward visual sensory information within the target neuronal population. Cortical
feedback signals could regulate correlated variability across target neurons, depending on
task conditions (Bondy et al. 2018), that could then instruct subjects’ choices or focus of
attention. Some of these hypotheses have been tested experimentally, and others are based
on theoretical predictions, but in both cases, the exact role of feedback circuits and how
feedforward and feedback signals are integrated are still unclear.

CONCLUDING REMARKS

The specific functional contributions of cortical feedback to visual perception have been
difficult to determine for many reasons. Until recently, technological limitations often
prevented selective and reversible manipulations of feedback neurons without altering the
activity of other cortical neurons. In addition, the majority of studies of cortical feedback
have been conducted in anesthetized animals, and while visual responses are usually
maintained, anesthesia can alter the dynamics of activities in cortical feedback and thalamic
circuits. Perhaps the biggest barrier to understanding cortical feedback arises from the very
nature of feedback as a modulator rather than a driver of target neuronal responses. In a
general sense, feedback must be modulatory rather than driving to preserve the hierarchical
organization of the visual pathways. If feedback, rather than feedforward, inputs were
driving, then all visual receptive fields would be large and encode complex visual features
regardless of their position in the visual processing hierarchy. It is intuitive to study spatial
receptive field properties of visual neurons because these are the most salient and easiest
to measure. However, if cortical feedback exerts minimal or subtle influence over spatial
receptive field properties, then our focus must broaden to include non-spatial response
properties, and extra-visual responses as well, to elucidate the function of feedback.

Anatomical and physiological characteristics of corticogeniculate and corticocortical
neurons suggest that cortical feedback pathways are made up of multiple distinct neuronal
subtypes, each relaying unique information about visual features. Cortical feedback is
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retinotopically and spatially organized, with axonal termination patterns corresponding

to the size and orientation preference of the feedback neurons. Furthermore, the visual
response preferences of cortical feedback neurons match those of their target neurons.

For example, corticogeniculate subtypes in highly visual mammals display visual response
properties that align with the three parallel processing streams in the retino-geniculocortical
pathways. Additionally, corticogeniculate subtypes also operate on timescales that can differ
by an order of magnitude. Functional manipulations of corticogeniculate feedback reveal
subtle effects of feedback on spatial receptive field properties but more robust modulations
of the temporal dynamics and precision of LGN responses. Although it is unclear whether
cortical feedback multiplexes visual and extra-visual signals, cortical feedback does play
arole in conveying information about arousal, attention, context, and possibly prior
knowledge of task or goals. Although significant progress has been made in characterizing
the anatomy, physiology, organization, and functional contributions of cortical feedback
circuits in visual perception, many important questions remain unresolved and are therefore
ripe for further experimentation.
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Corticothalamic general term for feedback circuits from the cortex to the
thalamus
V1 primary visual cortex, also called area 17, according to

Brodmann’s cortical area definitions, or the striate cortex

LGN dorsal lateral geniculate nucleus of the thalamus, the
primary sensory thalamus that processes visual inputs

Corticogeniculate feedback circuits from the visual cortex (V1 and V2) to the
LGN, a subset of corticothalamic pathways

Corticocortical general term for connections between cortical areas, in this
case referring to connections between visual cortical areas

V2 secondary visual cortex in primates, homologous to area 18
in carnivores

LITERATURE CITED

Alexander GM, Godwin DW. 2005. Presynaptic inhibition of corticothalamic feedback by
metabotropic glutamate receptors. J. Neurophysiol 94:163-75 [PubMed: 15772234]

Alitto HJ, Usrey WM. 2008. Origin and dynamics of extraclassical suppression in the lateral geniculate
nucleus of the macaque monkey. Neuron 57:135-46 [PubMed: 18184570]

Alonso J-M, Usrey WM, Reid RC. 1996. Precisely correlated firing in cells of the lateral geniculate
nucleus. Nature 383:815-19 [PubMed: 8893005]

Annu Rev Vis Sci. Author manuscript; available in PMC 2023 March 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Briggs

Page 16

Anderson JC, Da Costa NM, Martin KAC. 2009. The W cell pathway to cat primary visual cortex. J.
Comp. Neurol 516:20-35 [PubMed: 19562768]

Anderson JC, Martin KAC. 2009. The synaptic connections between cortical areas V1 and V2 in
macaque monkey. J. Neurosci 29:11283-93 [PubMed: 19741135]

Andolina IM, Jones HE, Sillito AM. 2013. Effects of cortical feedback on the spatial properties of
relay cells in the lateral geniculate nucleus. J. Neurophysiol 109:889-99 [PubMed: 23100142]

Andolina IM, Jones HE, Wang W, Sillito AM. 2007. Corticothalamic feedback enhances stimulus
response precision in the visual system. PNAS 104:1685-90 [PubMed: 17237220]

Angelucci A, Bijanzadeh M, Nurminen L, Federer F, Merlin S, Bressloff PC. 2017. Circuits and
mechanisms for surround modulation in visual cortex. Annu. Rev. Neurosci 40:425-51 [PubMed:
28471714]

Angelucci A, Bressloff PC. 2006. Contribution of feedforward, lateral and feedback connections to the
classical receptive field center and extra-classical receptive field surround of primate V1 neurons.
Prog. Brain Res 154:93-120 [PubMed: 17010705]

Angelucci A, Levitt JB, Walton EJS, Hupe J-M, Bullier J, Lund JS. 2002. Circuits for local and global

signal integration in primary visual cortex. J. Neurosci 22:8633-46 [PubMed: 12351737]

Angelucci A, Sainsbury K. 2006. Contribution of feedforward thalamic afferents and corticogeniculate
feedback to the spatial summation area of macaque V1 and LGN. J. Comp. Neurol 498:330-51
[PubMed: 16871526]

Bal T, Debay D, Destexhe A. 2000. Cortical feedback controls the frequency and synchrony of
oscillations in the visual thalamus. J. Neurosci 20:7478-88 [PubMed: 11007907]

Bickford ME. 2016. Thalamic circuit diversity: modulation of the driver/modulator framework. Front.
Neural Circuits 9:86 [PubMed: 26793068]

Blasdel GG, Lund JS. 1983. Termination of afferent axons in macaque striate cortex. J. Neurosci
3:1389-413 [PubMed: 6864254]

Bondy AG, Haefner RM, Cumming BG. 2018. Feedback determines the structure of correlated
variability in primary visual cortex. Nat. Neurosci 21:598-606 [PubMed: 29483663]

Bortone DS, Olsen SR, Scanziani M. 2014. Translaminar inhibitory cells recruited by layer 6
corticothalamic neurons suppress visual cortex. Neuron 82:474-85 [PubMed: 24656931]

Briggs F 2017. Mammalian visual system organization. In Oxford Research Encyclopedia of
Neuroscience, ed. Sherman SM, pp. 1-20. Oxford, UK: Oxford Univ. Press

Briggs F, Callaway EM. 2001. Layer-specific input to distinct cell types in layer 6 of monkey primary
visual cortex. J. Neurosci 21:3600-8 [PubMed: 11331389]

Briggs F, Kiley CW, Callaway EM, Usrey WM. 2016. Morphological substrates for parallel streams
of corticogeniculate feedback originating in both V1 and V2 of the macaque monkey. Neuron
90:388-99 [PubMed: 27041497]

Briggs F, Usrey WM. 2005. Temporal properties of feedforward and feedback pathways between
thalamus and visual cortex in the ferret. Thalamus Relat. Syst 3:133-39 [PubMed: 18176624]

Briggs F, Usrey WM. 2007. A fast, reciprocal pathway between the lateral geniculate nucleus and
visual cortex in the macaque monkey. J. Neurosci 27:5431-36 [PubMed: 17507565]

Briggs F, Usrey WM. 2008. Emerging views of corticothalamic function. Curr. Opin. Neurobiol
18:403-7 [PubMed: 18805486]

Briggs F, Usrey WM. 2009. Parallel processing in the corticogeniculate pathway of the macaque
monkey. Neuron 62:135-46 [PubMed: 19376073]

Brumberg JC, Hamzei-Sichani F, Yuste R. 2003. Morphological and physiological characterization
of layer 6 corticofugal neurons of mouse primary visual cortex. J. Neurophysiol 89:2854-67
[PubMed: 12740416]

Buffalo EA, Fries P, Landman R, Liang H, Desimone R. 2010. A backward progression of attentional
effects in the ventral stream. PNAS 107:361-65 [PubMed: 20007766]

Bullier J, Henry GH. 1979. Ordinal position of neurons in cat striate cortex. J. Neurophysiol 42:1251—
63 [PubMed: 226663]

Bullier J, Henry GH. 1980. Ordinal position and afferent input of neurons in monkey striate cortex. J.
Comp. Neurol 193:913-35 [PubMed: 6253535]

Annu Rev Vis Sci. Author manuscript; available in PMC 2023 March 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Briggs

Page 17

Bullier J, Norton TT. 1979. X and Y relay cells in cat lateral geniculate nucleus: quantitative analysis
of receptive-field properties and classification. J. Neurophysiol 42:244-73 [PubMed: 219158]

Choi I, Lee J-Y, Lee S-H. 2018. Bottom-up and top-down modulation of multisensory integration.
Curr. Opin. Neurobiol 52:115-22 [PubMed: 29778970]

Claps A, Casagrande VA. 1990. The distribution and morphology of corticogeniculate axons in ferrets.
Brain Res. 530:126-29 [PubMed: 2271942]

Cleland BG, Dubin MW, Levick WR. 1971. Sustained and transient neurones in the cat’s retina and
lateral geniculate nucleus. J. Physiol 217:473-96 [PubMed: 5097609]

Conley M, Raczkowski D. 1990. Sublaminar organization within layer 6 of the striate cortex in galago.
J. Comp. Neurol 302:425-36 [PubMed: 1705271]

Connelly WM, Crunelli V, Errington AC. 2016. Passive synaptic normalization and input synchrony-
dependent amplification of cortical feedback in thalamocortical neuron dendrites. J. Neurosci
36:3735-54 [PubMed: 27030759]

Conway BR, Livingstone MS. 2006. Spatial and temporal properties of cone signals in alert macaque
primary visual cortex. J. Neurosci 26:10826—46 [PubMed: 17050721]

Crandall SR, Cruikshank SJ, Connors BW. 2015. A corticothalamic switch: controlling the thalamus
with dynamic synapses. Neuron 86:768-82 [PubMed: 25913856]

Crick F, Koch C. 1998. Constraints on cortical and thalamic projections: the no-strong-loops
hypothesis. Nature 391:245-50 [PubMed: 9440687]

Cruikshank SJ, Urabe H, Nurmikko AV, Connors BW. 2010. Pathway-specific feedforward circuits
between thalamus and neocortex revealed by selective optical stimulation of axons. Neuron
65:230-45 [PubMed: 20152129]

Cudiero J, Rivadulla C, Grieve KL. 2000. Visual response augmentation in cat (and macaque) LGN:
potentiation by corticofugally mediated gain control in the temporal domain. Eur. J. Neurosci
12:1135-44

Cumming BG, Nienborg H. 2016. Feedforward and feedback sources of choice probability in neural
population responses. Curr. Opin. Neurobiol 37:126-32 [PubMed: 26922005]

Cumming BG, Parker AJ. 1997. Responses of primary visual cortical neurons to binocular disparity
without depth perception. Nature 389:280-83 [PubMed: 9305841]

Da Costa NM, Martin KAC. 2009. Selective targeting of dendrites of corticothalamic cells by thalamic
afferents in area 17 of the cat. J. Neurosci 29:13919-28 [PubMed: 19890002]

Dacey DM, Crook JD, Packer OS. 2014. Distinct synaptic mechanisms create parallel S-ON and
S-OFF color opponent pathways in the primate retina. Vis. Neurosci 31:139-51 [PubMed:
23895762]

Denman DJ, Contreras D. 2015. Complex effects on in vivo visual responses by specific projections
from mouse cortical layer 6 to dorsal lateral geniculate nucleus. J. Neurosci 35:9265-80 [PubMed:
26109652]

Derrington AM, Fuchs AF. 1979. Spatial and temporal properties of X and Y cells in the cat lateral
geniculate nucleus. J. Physiol 293:347-64 [PubMed: 501605]

Derrington AM, Krauskopf J, Lennie P. 1984. Chromatic mechanisms in lateral geniculate nucleus of
macaque. J. Physiol 357:241-65 [PubMed: 6512691]

Derrington AM, Lennie P. 1984. Spatial and temporal contrast sensitivities of neurones in lateral
geniculate nucleus of macaque. J. Physiol 357:219-40 [PubMed: 6512690]

Destexhe A 2000. Modelling corticothalamic feedback and the gating of the thalamus by the cerebral
cortex. J. Physiol. Paris 94:391-410 [PubMed: 11165908]

Edwards G, Vetter P, McGruer F, Petro LS, Muckli L. 2017. Predictive feedback to V1 dynamically
updates with sensory input. Sci. Rep 7:16538 [PubMed: 29184060]

Eiber CD, Rahman AS, Pietersen ANJ, Zeater N, Dreher B, et al. 2018. Receptive field properties of
koniocellular On/Off neurons in the lateral geniculate nucleus of marmoset monkeys. J. Neurosci
38:10384-98 [PubMed: 30327419]

Enroth-Cugell C, Robson JG. 1966. The contrast sensitivity of retinal ganglion cells of the cat. J.
Physiol 187:517-52 [PubMed: 16783910]

Annu Rev Vis Sci. Author manuscript; available in PMC 2023 March 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Briggs

Page 18

Erisir A, Van Horn SC, Bickford ME, Sherman SM. 1997a. Immunocytochemistry and distribution
of parabrachial terminals in the lateral geniculate nucleus of the cat: a comparison with
corticogeniculate terminals. J. Comp. Neurol 377:535-49 [PubMed: 9007191]

Erisir A, Van Horn SC, Sherman SM. 1997b. Relative numbers of cortical and brainstem inputs to the
lateral geniculate nucleus. PNAS 94:1517-20 [PubMed: 9037085]

Eyding D, Macklis JD, Neubacher U, Funke K, Worgotter F. 2003. Selective elimination of
corticogeniculate feedback abolishes the electroencephalogram dependence of primary visual
cortical receptive fields and reduces their spatial specificity. J. Neurosci 23:7021-33 [PubMed:
12904463]

Felleman DJ, Van Essen DC. 1991. Distributed hierarchical processing in the primate cerebral cortex.
Cereb. Cortex 1:1-47 [PubMed: 1822724]

Ferster D, Lindstrom S. 1983. An intracellular analysis of geniculo-cortical connectivity in area 17 of
the cat. J. Physiol 342:181-215 [PubMed: 6631731]

Ferster D, Lindstrom S. 1985. Augmenting responses evoked in area 17 of the cat by intracortical axon
collaterals of cortico-geniculate cells. J. Physiol 367:217-32 [PubMed: 4057097]

Field GD, Chichilnisky EJ. 2007. Information processing in the primate retina: circuitry and coding.
Annu. Rev. Neurosci 30:1-30 [PubMed: 17335403]

Fitzpatrick D, Usrey WM, Schofield BR, Einstein G. 1994. The sublaminar organization of
corticogeniculate neurons in layer 6 of macaque striate cortex. Vis. Neurosci 11:307-15 [PubMed:
7516176]

Freund TF, Martin KAC, Soltesz I, Somogyi P, Whitteridge D. 1989. Arborization pattern and
postsynaptic targets of physiologically identified thalamocortical afferents in striate cortex of the
macaque monkey. J. Comp. Neurol 289:315-36 [PubMed: 2808770]

Freund TF, Martin KAC, Whitteridge D. 1985. Innervation of cat visual areas 17 and 18 by
physiologically identified X- and Y-type thalamic affrents. I. Arborization patterns and quantitative
distribution of postsynaptic elements. J. Comp. Neurol 242:263-74 [PubMed: 4086666]

Fuentealba P, Steriade M. 2005. The reticular nucleus revisited: intrinsic and network properties of a
thalamic pacemaker. Prog. Neurobiol 75:125-41 [PubMed: 15784303]

Funke K, Nelle E, Li B, Worgotter F. 1996. Corticofugal feedback improves the timing of retino-
geniculate signal transmission. NeuroReports 7:2130-34

Garg AK, Li P, Rashid MS, Callaway EM. 2019. Color and orientation are jointly coded and spatially
organized in primate primary visual cortex. Science 364:1275-79 [PubMed: 31249057]

Geisert EE, Langsetmo A, Spear PD. 1981. Influence of the cortico-geniculate pathway on response
properties of cat lateral geniulate nucleus. Brain Res. 208:409-15 [PubMed: 6260290]

Gilbert CD, Kelly JP 1975. The projections of cells in different layers of the cat’s visual cortex. J.
Comp. Neurol 163:81-106 [PubMed: 1159112]

Girard P, Hupe JM, Bullier J. 2001. Feedforward and feedback connections between areas V1 and V2
of the monkey have similar rapid conduction velocities. J. Neurophysiol 85:1328-31 [PubMed:
11248002]

Gregoriou GG, Gotts SJ, Zhou H, Desimone R. 2009. High-frequency, long-range coupling between
prefrontal and visual cortex during attention. Science 324:1207-10 [PubMed: 19478185]

Grieve KL, Sillito AM. 1995. Differential properties of cells in the feline primary visual cortex
providing the corticofugal feedback to the lateral geniculate nucleus and visual claustrum. J.
Neurosci 15:4868-74 [PubMed: 7623117]

Guillery RW. 1969. A quantitative study of synaptic interconnections in the dorsal lateral geniculate
nucleus of the cat. Z. Zellforsch. Mikrosk. Anat 96:39-48

Gulyas B, Lagae L, Eysel UT, Orban GA. 1990. Corticofugal feedback influences the responses of
geniculate neurons to moving stimuli. Exp. Brain Res 79:441-46 [PubMed: 2323390]

Guo W, Clause AR, Barth-Maron A, Polley DB. 2017. A corticothalamic circuit for dynamic switching
between feature detection and discrimination. Neuron 95:180-98 [PubMed: 28625486]

Gur M, Kagan I, Snodderly DM. 2005. Orientation and direction selectivity of neurons in V1 of alert
monkeys: functional relationships and laminar distributions. Cereb. Cortex 15:1207-21 [PubMed:
15616136]

Annu Rev Vis Sci. Author manuscript; available in PMC 2023 March 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Briggs

Page 19

Harvey AR. 1978. Characteristics of corticothalamic neurons in area 17 of the cat. Neurosci. Lett
7:177-81 [PubMed: 19605109]

Hasse JM, Bragg EM, Murphy AJ, Briggs F. 2019. Morphological heterogeneity among
corticogeniculate neurons in ferrets: quantification and comparison with a previous report in
macaque monkeys. J. Comp. Neurol 527:546-57 [PubMed: 29664120]

Hasse JM, Briggs F. 2017a. Corticogeniculate feedback sharpens the temporal precision and spatial
resolution of visual signals in the ferret. PNAS 114:E6222-30 [PubMed: 28698363]

Hasse JM, Briggs F. 2017b. A cross-species comparison of corticogeniculate structure and function.
Vis. Neurosci 34:E016 [PubMed: 30034107]

Hei X, Stoelzel CR, Zhuang J, Bereshpolova Y, Huff JM, et al. 2014. Directional selective neurons in
the awake LGN: response properties and modulation by brain state. J. Neurophysiol 112:362-73
[PubMed: 24790175]

Hendrickson AE, Wilson JR, Ogren MP. 1978. The neuroanatomical organization of pathways between
the dorsal lateral geniculate nucleus and visual cortex in the old world and new world primates. J.
Comp. Neurol 182:123-36 [PubMed: 100530]

Hendry S, Reid RC. 2000. The koniocellular pathway in primate vision. Annu. Rev. Neurosci 23:127—
53 [PubMed: 10845061]

Hendry SH, Yoshioka T. 1994. A neurochemically distinct third channel in the macaque dorsal lateral
geniculate nucleus. Science 264:575-77 [PubMed: 8160015]

Hilgetag CC, Grant S. 2010. Cytoarchitectural differences are a key determinant of laminar projection
origins in the visual cortex. Neuroimage 51:1006—-17 [PubMed: 20211270]

Hirsch JA, Martinez LM, Alonso J-M, Desai K, Pillai C, Pierre C. 2002. Synaptic physiology of the
flow of information in the cat’s visual cortex in vivo. J. Physiol 540:335-50 [PubMed: 11927691]

Hoffmann K-P, Stone J, Sherman SM. 1972. Relay of receptive-field properties in dorsal lateral
geniculate nucleus of the cat. J. Neurophysiol 35:518-31 [PubMed: 4338566]

Hubel D 1960. Single unit activity in lateral geniculate body and optic tract of unrestrained cats. J.
Physiol 150:91-104 [PubMed: 14403680]

Hubel DH, Wiesel TN. 1962. Receptive fields, binocular interaction and functional architecture in the
cat’s visual system. J. Physiol 160:106-54 [PubMed: 14449617]

Hubel DH, Wiesel TN. 1968. Receptive fields and functional architecture of monkey striate cortex. J.
Physiol 195:215-43 [PubMed: 4966457]

Hubel DH, Wiesel TN. 1972. Laminar and columnar distribution of geniculo-cortical fibers in the
macaque monkey. J. Comp. Neurol 146:421-50 [PubMed: 4117368]

Humphrey AL, Sur M, Uhlrich DJ, Sherman SM. 1985. Projection patterns of individual X- and
Y-cell axons from the lateral geniculate nucleus to cortical area 17 in the cat. J. Comp. Neurol
233:159-89 [PubMed: 3973100]

Hupe J-M, James AC, Girard P, Lomber SG, Payne BR, Bullier J. 2001. Feedback connections act
on the early part of the response in monkey visual cortex. J. Neurophysiol 85:134-45 [PubMed:
11152714]

Ichida JM, Casagrande VA. 2002. Organization of the feedback pathway from striate cortex (V1)
to the lateral geniculate nucleus (LGN) in the owl monkey (Aotus trivirgatus). J. Comp. Neurol
454:272-83 [PubMed: 12442318]

Ichida JM, Mavity-Hudson JA, Casagrande VVA. 2014. Distinct patterns of corticogeniculate feedback
to different layers of the lateral geniculate nucleus. Eye Brain 6:57-73

Iwai L, Ohashi Y, van der List D, Usrey WM, Miyashita Y, Kawasaki H. 2013. FoxP2 is a
parvocellular-specific transcription factor in the visual thalamus of monkeys and ferrets. Cereb.
Cortex 23:2204-12 [PubMed: 22791804]

Jiang Z, Johnson R, Burkhalter A. 1993. Visualization of dendritic morphology of cortical projection
neurons by retrograde axonal tracing. J. Neurosci. Methods 50:45-60 [PubMed: 7506340]

Johnson EN, Hawken MJ, Shapley R. 2001. The spatial transformation of color in the primary visual
cortex of the macaque monkey. Nat. Neurosci 4:409-16 [PubMed: 11276232]

Annu Rev Vis Sci. Author manuscript; available in PMC 2023 March 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Briggs

Page 20

Jones HE, Andolina IM, Ahmed B, Shipp S, Clements JTC, et al. 2012. Differential feedback
modulation of center and surround mechanisms in parvocellular cells in the visual thalamus. J.
Neurosci 32:15946-51 [PubMed: 23136432]

Jones HE, Andolina IM, Oakely NM, Murphy PC, Sillito AM. 2000. Spatial summation in lateral
geniculate nucleus and visual cortex. Exp. Brain Res 135:279-84 [PubMed: 11131514]

Kaas JH, Lyon DC. 2007. Pulvinar contributions to the dorsal and ventral streams of visual processing
in primates. Brain Res. Rev 55:285-96 [PubMed: 17433837]

Kaplan E 2004. The M, P, and K pathways of the primate visual system. In The Visual Neurosciences,
ed. Chalupa L, Werner J, pp. 481-93. Cambridge, MA: MIT Press

Kaplan E, Shapley R. 1982. X and Y cells in the lateral geniculate nucleus of macaque monkeys. J.
Physiol 330:125-43 [PubMed: 7175738]

Katz LC. 1987. Local circuitry of identified projection neurons in cat visual cortex brain slices. J.

Neurosci 7:1223-49 [PubMed: 3553446]

Kawasaki H, Crowley JC, Livesey FJ, Katz LC. 2004. Molecular organization of the ferret visual
thalamus. J. Neurosci 24:9962-70 [PubMed: 15525781]

Kim J, Matney CJ, Blankenship A, Hestrin S, Brown SP. 2014. Layer 6 corticothalamic neurons
activate a cortical output layer, layer 5a. J. Neurosci 34:9656—64 [PubMed: 25031405]

Klink PC, Dagnino B, Gariel-Mathis M-A, Roelfsema PR. 2017. Distinct feedforward and feedback
effects of microstimulation in visual cortex reveal neural mechanisms of texture segregation.
Neuron 95:209-20 [PubMed: 28625487]

Kuffler SW. 1953. Discharge patterns and functional organization of mammalianretina. J.
Neurophysiol 16:37-68 [PubMed: 13035466]

Lam Y-W, Sherman SM. 2010. Functional organization of the somatosensory cortical layer 6 feedback
to the thalamus. Cereb. Cortex 20:13-24 [PubMed: 19447861]

Lamme VAF, Super H, Spekreijse H. 1998. Feedforward, horizontal, and feedback processing in the
visual cortex. Curr. Opin. Neurobiol 8:529-35 [PubMed: 9751656]

Li G, Ye X, Song T, Yang Y, Zhou Y. 2011. Contrast adaptation in cat lateral geniculate nucleus and
influence of corticothalamic feedback. Eur. J. Neurosci 34:622—31 [PubMed: 21749496]

Liang H, Gong X, Chen M, Yan Y, Li W, Gilbert CD. 2017. Interactions between feedback and lateral
connections in the primary visual cortex. PNAS 114:8637-42 [PubMed: 28739915]

Lin CS, Kaas JH. 1977. Projections from cortical visual areas 17, 18, and MT onto the dorsal lateral
geniculate nucleus in owl monkeys. J. Comp. Neurol 173:457-74 [PubMed: 404339]

Ling S, Pratte M, Tong F. 2015. Attention alters orientation processing in the human lateral geniculate
nucleus. Nat. Neurosci 18:496-98 [PubMed: 25730671]

Lund JS, Boothe RG. 1975. Interlaminar connections and pyramidal neuron organization in the visual
cortex, area 17, of the macaque monkey. J. Comp. Neurol 159:305-34

Lund JS, Lund RD, Hendrickson AE, Bunt AH, Fuchs AF. 1975. The origin of efferent pathways from
the primary visual cortex, area 17, of the macaque monkey as shown by retrograde transport of
horseradish peroxidase. J. Comp. Neurol 164:287-303

Markov NT, Ercsey-Ravasz MM, Ribeiro Gomes AR, Lamy C, Magrou L, et al. 2014. A weighted
and directed interareal connectivity matrix for macaque cerebral cortex. Cereb. Cortex 24:17-36
[PubMed: 23010748]

Marques T, Nguyen J, Fioreze G, Petreanu L. 2018. The functional organization of cortical feedback
inputs to primary visual cortex. Nat. Neurosci 21:757-64 [PubMed: 29662217]

Marrocco RT, McClurkin JW, Alkire MT. 1996. The influence of the visual cortex on the
spatiotemporal response properties of lateral geniculate nucleus cells. Brain Res. 737:110-18
[PubMed: 8930357]

McAlonan K, Cavanaugh JR, Wurtz RH. 2006. Attentional modulation of thalamic reticular neurons. J.
Neurosci 26:4444-50 [PubMed: 16624964]

McAlonan K, Cavanaugh JR, Wurtz RH. 2008. Guarding the gateway to cortex with attention in visual
thalamus. Nature 456:391-94 [PubMed: 18849967]

Annu Rev Vis Sci. Author manuscript; available in PMC 2023 March 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Briggs

Page 21

McClurkin JW, Optican LM, Richmond BJ. 1994. Cortical feedback increases visual information
transmitted by monkey parvlcellular lateral geniculate nucleus neurons. Vis. Neurosci 11:601-17
[PubMed: 8038131]

Michalareas G, Vezoli J, van Pelt S, Schoffelen J-M, Kennedy H, Fries P. 2016. Alpha-beta and
gamma rhythms subserve feedback and feedforward influences among human visual cortical
areas. Neuron 89:384-97 [PubMed: 26777277]

Mock VL, Luke KL, Hembrook-Short JR, Briggs F. 2018. Dynamic communication of attention
signals between the LGN and V1. J. Neurophysiol 120:1625-39 [PubMed: 29975169]

Murphy PC, Sillito AM. 1987. Corticofugal feedback influences the generation of length tuning in the
visual pathway. Nature 329:727-29 [PubMed: 3670375]

Murphy PC, Sillito AM. 1996. Functional morphology of the feedback pathway from area 17 of the cat
visual cortex to the lateral geniculate nucleus. J. Neurosci 16:1180-92 [PubMed: 8558247]

Nassi JJ, Callaway EM. 2007. Specialized circuits from primary visual cortex to V2 and area MT.
Neuron 55:799-808 [PubMed: 17785186]

Nassi JJ, Callaway EM. 2009. Parallel processing strategies of the primate visual system. Nat. Rev.
Neurosci 10:360-72 [PubMed: 19352403]

Nassi JJ, Lomber SG, Born RT. 2013. Corticocortical feedback contributes to surround suppression in
V1 of the alert primate. J. Neurosci 33:8504-17 [PubMed: 23658187]

Niell C 2015. Cell types, circuits, and receptive fields in the mouse visual cortex. Annu. Rev. Neurosci
38:413-31 [PubMed: 25938727]

Niell C, Stryker MP. 2010. Modulation of visual responses by behavioral state in mouse visual cortex.
Neuron 65:472-79 [PubMed: 20188652]

Noudoost B, Chang MH, Steinmetz NA, Moore T. 2010. Top-down control of visual attention. Curr
Opin. Neurobiol 20:183-90 [PubMed: 20303256]

Nurminen L, Merlin S, Bijanzadeh M, Federer F, Angelucci A. 2018. Top-down feedback controls
spatial summation and response amplitude in primate visual cortex. Nat. Commun 9:2281
[PubMed: 29892057]

O’Connor DH, Fukui MM, Pinsk MA, Kastner S. 2002. Attention modulates responses in the human
lateral geniculate nucleus. Nat. Neurosci 5:1203-9 [PubMed: 12379861]

Olsen SR, Bortone DS, Adesnik H, Scanziani M. 2012. Gain control by layer six in cortical circuits of
vision. Nature 483:47-52 [PubMed: 22367547]

Pennartz CMA, Dora S, Muckli L, Lorteije JAM. 2019. Towards a unified view on pathways and
functions of neural recurrent processing. Trends Neurosci. 42:589-603 [PubMed: 31399289]

Poltoratski S, Maier A, Newton AT, Tong F. 2019. Figure-ground modulation in the human lateral
geniculate nucleus is distinguishable from top-down attention. Curr. Biol 29:2051-57 [PubMed:
31178323]

Przybyszewski AW, Gaska JP, Foote W, Pollen DA. 2000. Striate cortex increases contrast gain of
macaque LGN neurons. Vis. Neurosci 17:485-94 [PubMed: 11016570]

Rao RPN, Ballard DH. 1999. Predictive coding in the visual cortex: a functional interpretation of some
extra-classical receptive-field effects. Nat. Neurosci 2:79-87 [PubMed: 10195184]

Reid RC, Alonso J-M. 1995. Specificity of monosynaptic connections from thalamus to visual cortex.
Nature 378:281-84 [PubMed: 7477347]

Robson JA. 1983. The morphology of corticofugal axons to the dorsal lateral geniculate nucleus in the
cat. J. Comp. Neurol 216:89-103 [PubMed: 6863597]

Rockland KS. 1997. Elements of cortical architecture: hierarchy revisited. In Cerebral Cortex, ed.
Rockland KS, Kaas JH, Peters A, pp. 243-93. New York: Plenum Press

Rockland KS, Knutson T. 2000. Feedback connections from area MT of the squirrel monkey to areas
V1and V2. J. Comp. Neurol 425:345-68 [PubMed: 10972937]

Rockland KS, Virga A. 1989. Terminal arbors of individual “feedback” axons projecting from area V2
to V1 in the macaque monkey: a study using immunohistochemistry of anterogradely transported
Phaseolus vulgaris-leucoagglutinin. J. Comp. Neurol 285:54-72 [PubMed: 2754047]

Scholl B, Tan AYY, Corey J, Priebe NJ. 2013. Emergence of orientation selectivity in the mammalian
visual pathway. J. Neurosci 33:10616-24 [PubMed: 23804085]

Annu Rev Vis Sci. Author manuscript; available in PMC 2023 March 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Briggs

Page 22

Seabrook TA, Burbridge TJ, Crair MC, Huberman AD. 2017. Architecture, function, and assembly of
the mouse visual system. Annu. Rev. Neurosci 40:499-538 [PubMed: 28772103]

Sherman SM, Guillery RW. 1998. On the actions that one nerve cell can have on another:
distinguishing “drivers” from “modulators.” PNAS 95:7121-26 [PubMed: 9618549]

Sherman SM, Guillery RW. 2006. Exploring the Thalamus and Its Role in Cortical Function.
Cambridge, MA: MIT Press

Shmuel A, Korman M, Sterkin A, Harel M, Ullman S, et al. 2005. Retinotopic axis specificity and
selective clustering of feedback projections from V2 to V1 in the owl monkey. J. Neurosci
25:2117-31 [PubMed: 15728852]

Sillito AM, Cudeiro J, Murphy PC. 1993. Orientation sensitive elements in the corticofugal influence
on centre-surround interactions in the dorsal lateral geniculate nucleus. Exp. Brain Res 93:6-16
[PubMed: 8467892]

Sillito AM, Jones HE, Gerstein GL, West DC. 1994. Feature-linked synchronization of thalamic relay
cell firing induced by feedback from the visual cortex. Nature 369:479-82 [PubMed: 8202137]

Sincich LC, Horton JC. 2005. The circuitry of V1 and V2: integration of color, form, and motion.
Annu. Rev. Neurosci 28:303-26 [PubMed: 16022598]

Soto-Sanchez C, Wang X, Vaingankar V, Sommer FT, Hirsch JA. 2017. Spatial scale of receptive
fields in the visual sector of the cat thalamic reticular nucleus. Nat. Commun 8:800 [PubMed:
28986534]

Steriade M 2003. The corticothalamic system in sleep. Front. Biosci 8:d878-99 [PubMed: 12700074]

Stettler DD, Das A, Bennett J, Gilbert CD. 2002. Lateral connectivity and contextual interactions in
macaque primary visual cortex. Neuron 36:739-50 [PubMed: 12441061]

Stoelzel CR, Bereshpolova Y, Alonso J-M, Swadlow HA. 2017. Axonal conduction delays, brain state,
and corticogeniculate communication. J. Neurosci 37:6342-58 [PubMed: 28559382]

Sur M, Sherman SM. 1982. Retinogeniculate terminations in cats: morphological differences between
X and Y cell axons. Science 218:389-91 [PubMed: 7123239]

Swadlow HA, Weyand TG. 1981. Efferent systems of the rabbit visual cortex: laminar distribution
of cells of origin, axonal conduction velocities, and identification of axonal branches. J. Comp.
Neurol 203:799-822 [PubMed: 6173404]

Swadlow HA, Weyand TG. 1987. Corticogeniculate neurons, corticotectal neurons, and suspected
interneurons in visual cortex of awake rabbits: receptive-field properties, axonal properties, and
effects of EEG arousal. J. Neurophysiol 57:977-1001 [PubMed: 3585466]

Tsumoto T, Creutzfeldt OD, Legendy CR. 1978. Functional organization of the corticofugal system
from visual cortex to lateral geniculate nucleus in the cat. Exp. Brain Res 32:345-64 [PubMed:
210031]

Tsumoto T, Suda K. 1980. Three groups of cortico-geniculate neurons and their distribution in
binocular and monocular segments of cat striate cortex. J. Comp. Neurol 193:223-36 [PubMed:
7430428]

Usrey WM, Alonso J-M, Reid RC. 2000. Synaptic interactions between thalamic inputs to simple cells
in cat visual cortex. J. Neurosci 20:5461-67 [PubMed: 10884329]

Usrey WM, Fitzpatrick D. 1996. Specificity in the axonal connections of layer 6 neurons in tree shrew
striate cortex: evidence for distinct granular and supragranular systems. J. Neurosci 16:1203-18
[PubMed: 8558249]

Usrey WM, Sherman SM. 2018. Corticofugal circuits: communication lines from the cortex to the rest
of the brain. J. Comp. Neurol 527:640-50 [PubMed: 29524229]

van Kerkoerle T, Self MW, Dagnino B, Gariel-Mathis M-A, Poort J, et al. 2014. Alpha and gamma
oscillations characterize feedback and feedforward processing in monkey visual cortex. PNAS
111:14332-41 [PubMed: 25205811]

Vanduffel W, Tootell RBH, Orban G. 2000. Attention-dependent suppression of metabolic activity in
the early stages of the macaque visual system. Cereb. Cortex 10:109-26 [PubMed: 10667980]

Wang W, Andolina IM, Lu Y, Jones HE, Sillito AM. 2018. Focal gain control of thalamic visual
receptive fields by layer 6 corticothalamic feedback. Cereb. Cortex 28:267-80 [PubMed:
27988493]

Annu Rev Vis Sci. Author manuscript; available in PMC 2023 March 07.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Briggs

Page 23

Wang W, Jones HE, Andolina IM, Salt TE, Sillito AM. 2006. Functional alignment of feedback effects
from visual cortex to thalamus. Nat. Neurosci 9:1330-36 [PubMed: 16980966]

Webb BS, Tinsley CJ, Barraclough NE, Easton A, Parker A, Derrington AM. 2002. Feedback from V1
and inhibition from beyond the classical receptive field modulates the response of neurons in the
primate lateral geniculate nucleus. Vis. Neurosci 19:583-92 [PubMed: 12507325]

Wiser AK, Callaway EM. 1996. Contributions of individual layer 6 pyramidal neurons to local
circuitry in macaque primary visual cortex. J. Neurosci 16:2724-39 [PubMed: 8786448]

Wolfart J, Debay D, Le Masson G, Destexhe A, Bal T. 2005. Synaptic background activity controls
spike transfer from thalamus to cortex. Nat. Neurosci 8:1760-67 [PubMed: 16261132]

Yukie M, lwai E. 1985. Laminar origin of direct projection from cortex area V1 to V4 in rhesus
monkey. Brain Res. 346:383-86 [PubMed: 4052788]

Zarrinpar A, Callaway EM. 2006. Local connections to specific types of layer 6 neurons in the rat
visual cortex. J. Neurophysiol 95:1751-61 [PubMed: 16319201]

Zhang Q-F, Li H, Chen M, Guo A, Wen Y, Poo M. 2018. Functional organization of intrinsic
and feedback presynaptic inputs in the primary visual cortex. PNAS 115:E5174-82 [PubMed:
29760100]

RELATED RESOURCES

Briggs F, Usrey WM. 2011. Corticogeniculate feedback and parallel processing in the primate visual
system. J. Physiol 589:33-40 [PubMed: 20724361]

Briggs F, Usrey WM. 2013. Functional properties of cortical feedback to the primate lateral geniculate
nucleus. In The New Visual Neurosciences, ed. Werner JS, Chalupa LM, pp. 315-22. Cambridge,
MA: MIT Press

Usrey WM, Alitto HJ. 2015. Visual functions of the thalamus. Annu. Rev. Vis. Sci 1:351-71 [PubMed:
28217740]

Annu Rev Vis Sci. Author manuscript; available in PMC 2023 March 07.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Briggs

Page 24

SUMMARY POINTS

Cortical feedback in the visual system is anatomically robust but does not
drive physiological responses of target neurons.

Visual cortical feedback pathways are made up of multiple distinct neuronal
subtypes, each of which projects to unique target neuronal populations.

Corticogeniculate subtypes in highly visual mammals have visual
physiological response properties that match those of neurons in the
feedforward parallel retino-geniculocortical streams.

Corticogeniculate subtypes operate on timescales that can differ by an order
of magnitude from very fast (approximately 1 ms conduction time) to very
slow (approximately 30 ms conduction time).

Visual cortical feedback has a subtle impact on spatial receptive field
properties of target neurons, including some modulation of center and
extraclassical surround interactions.

Corticogeniculate feedback regulates the timing and precision of LGN
responses, perhaps to synchronize specific ensembles of feature-selective
neurons.

Cortical feedback circuits may multiplex visual and extra-visual information
including signals related to arousal state, context, or task goals.
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FUTURE ISSUES

Are all visual cortical feedback pathways comprised of distinct neuronal
subtypes, each processing unique information about visual features?

What is the precise connectivity of visual cortical feedback neurons with their
neuronal targets, how many neurons are contacted, and are they all of the
same physiological type? In other words, if visual cortical feedback pathways
are comprised of distinct neuronal subtypes as a rule, then how precisely
feature matched are these feedback circuits at the level of individual neurons?

What is the purpose of branching axon collaterals of cortical feedback
neurons that synapse onto local neurons within the cortex and/or subcortical
structures?

How many visual brain areas are typically targeted by cortical feedback axon
collaterals in different species?

Do corticocortical feedback circuits regulate the timing and precision of target
neuronal responses to visual stimuli in a manner similar to the action of
corticogeniculate circuits?

How do visual cortical feedback circuits multiplex visual and extra-visual
information?
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Figurel.
Feedforward and feedback parallel pathways in the early visual system of primates.

Retinal ganglion cells conveying visual information to the dorsal lateral geniculate nucleus
(LGN) of the thalamus are separated into three major parallel processing streams: the
parvocellular (red), magnocellular (b/ack), and koniocellular (b/ue) streams. These retinal
ganglion cells (filled colored circles at bottom) project axons to separated parvocellular
(pink), magnocellular (gray), and intercalated koniocellular (b/ue) layers of the LGN. LGN
relay neurons (filled colored circles in LGN) display distinctive receptive field properties
driven by their retinal inputs: red—green center—surround organization among parvocellular
LGN neurons, On-Off (black—white) center—surround organization among magnocellular
LGN neurons, and blue—yellow opponent organization among koniocellular neurons. The
geniculocortical axons of LGN relay neurons target segregated layers within the primary
visual cortex (\VV1): Parvocellular geniculocortical axons (red thin line) mainly target layer
ACP (pink); magnocellular geniculocortical axons (b/ack thin line) mainly target layer
4Ca (gray); and koniocellular geniculocortical axons (b/ue thin line) target layer 1, the
blobs in layer 2/3, and layer 4A. Geniculocortical recipient neurons in these V1 layers
also display distinctive receptive field properties driven by their geniculocortical inputs:
Parvocellular-recipient V1 neurons are simple cells with separable red—green receptive
field subregions, magnocellular-recipient V1 neurons are simple and complex cells with
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orientation tuning and direction selectivity, and koniocellular-recipient V1 neurons are
responsive to blue color. Corticogeniculate neurons located in layer 6 of V1 provide
feedback from V1 to the LGN. Corticogeniculate neurons are also separated into the same
parallel streams, and their receptive field properties reflect their feedforward stream-specific
inputs. There are parvocellular-projecting corticogeniculate neurons (red pyramidal cell in
upper layer 6 of V1), magnocellular-projecting corticogeniculate neurons (black pyramidal
cell in lower layer 6), and koniocellular-projecting corticogeniculate neurons (b/ue tilted
cell at the bottom of layer 6). The distributions of corticogeniculate axon terminals in the
LGN (red, black, and blue downward cones) are broader compared to the distributions of
retinogeniculate axon terminals in the LGN (red, black, blue upward cones). Similarly, the
distribution of terminals from corticocortical feedback axons (fop black cone) are also more
broadly distributed relative to feedforward and local axon terminal distributions within V1.
Corticocortical feedback originates in extrastriate visual areas such as the secondary visual
cortex (V2) and the middle temporal area (MT), in which neurons are responsive to more
complex visual features including texture and stimulus motion.
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