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Abstract

Radial cell columns are a hallmark feature of cortical architecture in many
mammalian species. It has long been held, based on the lack of orientation
columns, that such functional units are absent in rodent primary visual cor-
tex (V1). These observations led to the view that rodent visual cortex has
a fundamentally different network architecture than that of carnivores and
primates. While columns may be lacking in rodent V1, we describe in this
review that modular clusters of inputs to layer 1 and projection neurons in
the layers below are prominent features of the mouse visual cortex. We pro-
pose that modules organize thalamocortical inputs, intracortical processing
streams, and transthalamic communications that underlie distinct sensory
and sensorimotor functions.
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INTRODUCTION

Radial cell columns are a hallmark feature of cortical architecture in many mammalian species
(Molnir & Rockland 2020). The modular design of periodically arranged columns and cell clusters
in the tangential plane minimizes axon length and saves space (Chklovskii & Koulakov 2004).
While this modular design optimizes networks, columns and modules are unexpectedly absent in
primary visual cortex (V1) of some primate species (Adams & Horton 2009). Thus, the function
of columns remains controversial (Horton & Adams 2005). There is, however, agreement that
columnar and modular cell clusters group similar response properties and subdivide the network
for routing information into different processing streams (Horton & Adams 2005). It has long
been held, based on the lack of orientation columns (Girman et al. 1999, Ohki & Reid 2007, Ohki
et al. 2005, Scholl et al. 2013, Van Hooser et al. 2005), that such functional units are absent in
rodent V1. This belief led to the view that rodent visual cortex, and presumably all of neocortex,
has a different architecture than that of carnivores and primates. This difference raises the question
of whether mice are suitable models for deciphering the synaptic basis of human cortical brain
disorders (Loomba et al. 2022).

While columns may be lacking in mouse V1, modularity may exist in the organization of the
extended cortical network. Clustering of neurons is a key feature of the primate visual system
(Vanni et al. 2020) and a fundamental property of population coding, by which stimuli of the out-
side world are represented by the correlated activity of nearby neurons (Berry & Tkacik 2020).
Recently, clustered correlated activity was found to play a role in the assembly of the visual system
in mice (Murakami et al. 2022). Wide-field calcium imaging in 5-14-day-old pups showed that
spontaneous retinal activity drives inputs to the dorsal lateral geniculate nucleus (dLGN) and the
posterior and anterior lateral posterior nucleus (pLP and aL.P) and sculpts the hierarchical net-
work, including the diverse processing streams of visual cortex (D’Souza et al. 2022, Murakami
etal. 2022, Wang et al. 2012). Although the modularity of these bottom-up pathways is critical for
development and the construction of basic visual representations in lower and higher cortical areas
(Roelfsema 2006), feedforward (FF) connections are insufficient for visual perception. For exam-
ple, figure-ground segregation, filling in surfaces, selecting parts of the image for spatial attention,
integrating sensory modalities, computing distance from optic flow and running speed during spa-
tial navigation, and detecting visuomotor mismatch to distinguish external visual motion from that
produced by the body’s own motion all depend on top-down processing (Chaplin & Margrie 2020,
Khan & Hofer 2018, Keller & Mrsic-Flogel 2018, Roelfsema & de Lange 2016, Saleem 2020,
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Saleem et al. 2013). The diverse signals are generated by communications between the cortex
and thalamus, interactions within recurrent cortical networks that involve inputs from horizontal
intra-areal connections, and interareal feedback (FB) pathways from hierarchically higher areas,
which in monkeys and mice are modular (Bennett et al. 2019, D’Souza et al. 2019, Federer et al.
2021, Jietal. 2015, Siu et al. 2021). The physiological effects of these interactions can be modula-
tory (attention), enhancing (mental imagery), or strong enough to cancel external sensory inputs
(hollow face illusion) (Vezoli et al. 2021). This diversity of top-down effects may be due to the mod-
ular organization of the network and/or module-specific synaptic mechanisms. Understanding
such networks in mice seems relevant to human perception and cognition.

Recent findings of clustered M2 muscarinic acetylcholine receptor (M2) expression in layer
1 (L1) suggest that some form of modularity is expressed in the synaptic organization of mouse
V1 (Ji etal. 2015) (Figures 1a—c and 2b). The modular motif of M2-positive patches (Py4) and
M2-negative interpatches (IPyp,_) extends to spatially segregated inputs from the dLGN and in-
terdigitating projections from the LP to L1 of V1 (D’Souza et al. 2019, Ji et al. 2015) (Figure 2¢,d).
Importantly, the modularity includes clustered reciprocal long-range connections between V1 and
higher cortical areas (D’Souza et al. 2019, 2022; Ji et al. 2015; Meier et al. 2021).

Here we review anatomical and physiological evidence for a modular architecture of the mouse
visual system. We propose, based on M2 clustering and the patchy connectivity of V1 L1, that
bottom-up thalamocortical inputs and intracortical FB are selective for Py or IPy;—. The mod-
ular organization is widespread but not present throughout visual cortex (Meier et al. 2021). It
includes auditory cortex and extends to parahippocampal areas whose cognitive functions are
controlled by the amygdala (Burgess et al. 2016, Ramesh et al. 2018). The modularity further
subdivides the ventral (what) processing stream specialized for object recognition and the dorsal
(where) stream for processing visual motion information (Wang et al. 2011, 2012) into a ventral
P2+ and two dorsal subnetworks designated as the posterior-parietal Py and medial TPy
substreams. The dorsal Pyp;4 substream receives optic flow information generated in the retina
(Marques et al. 2018, Sit & Goard 2020), encoded in an eye-centered reference frame, while
the IPyp- substream computes the direction of optic flow more centrally in a body-centered
frame (Meyer et al. 2020). The dorsal Py, substream linked through cortico-thalamo-cortical
(transthalamic) (Sherman & Guillery 2011) connections plays a role in the discrimination of ex-
ternal cues from self-generated visual FB, while the transthalamic connections of the dorsal IPy;;—
substream process high-spatial-frequency visuomotor signals (Blot et al. 2021). Thus, the mouse
visual cortical hierarchy is a network comprising distinct processing streams and modules of cells
with dissimilar synaptic connections.

NONRANDOM ARCHITECTURE OF MOUSE VISUAL CORTEX

The proposed modular architecture of M2 expression in L1 of mouse V1 (Ji etal. 2015) is not en-
tirely unexpected. A comparable modularity was observed almost 20 years ago in rat V1 (Ichinohe
et al. 2003). In looking at vesicular glutamate transporter 2 (VGluT2)- and parvalbumin (PV)-
immunostained tangential sections through L.1/2, Ichinohe et al. (2003) found that the patterns
of putative thalamocortical input and subtypes of inhibitory neurons were clustered, periodic, and
distributed in interdigitating patches with a center-to-center spacing of 50-120 wm (Figure 24).
Similar images were obtained later from L1 of mouse V1, where the PV+ neuropil alternated with
a mutually exclusive pattern of M2 expression (D’Souza et al. 2019). Pathway tracing experiments
showed that Py, pyy received input from the LP, whereas Py py- were targeted by axons
from the dLGN (D’Souza et al. 2019, Ji et al. 2015) (Figure 2¢,d). Although the focus here is on
L1, we should point out that the dLGN also projects to L.2/3, 4, and 5B and LP to L5A (Zhou
et al. 2018). Notably, the M2 pattern is observed as early as postnatal day 4, one week before eye
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Figure 1

Modular tangential architecture of mouse visual cortex. (#) To reveal the patchy organization in layer 1 of mouse visual cortex, the brain
is first lightly fixed. Next, the cerebral cortex is separated from the caudoputamen, nucleus accumbens, hypothalamus, and the thalamus.
The cortex is then physically unfolded to reveal all buried parts and display the tissue as a single sheet. Finally, the flat-mounted tissue is
postfixed and cut on a freezing microtome at 40 pm in the tangential plane. (5) The diagram of a tangential section through left
cerebral cortex shows areas identified by immunostaining with antibodies against the M2 muscarinic acetylcholine receptor. Panel &
adapted from Gimainut et al. (2018). (¢) The fluorescent image of a tangential section through layer 1 stained with an antibody against
M2 muscarinic acetylcholine receptor shows patchy M2 expression in primary visual cortex (V1), select areas of surrounding higher
visual cortex, and auditory and retrosplenial cortex. The image was taken at a location outlined by the red box in panel 4. (d) The image
shows uniform M2 staining of visual cortex in layer 4. Panels ¢ and 4 adapted from Meier et al. (2021).

opening (D’Souza et al. 2019) (Figure 34—c). The pattern is not unique to mice and is present
in rat and macaque monkey V1, where the Py modules in L1 were aligned with cytochrome
oxidase (CO)-poor interblobs of L.2/3 (Ji et al. 2015) (Figure 3d—f). Whether this arrangement
is of any functional significance is unclear and awaits the determination of the spatial relationships
between M2, CO, and thalamocortical inputs to rodent V1.

L1 is cell sparse but contains axons and dendritic tufts of pyramidal cells (PCs), whose cell bod-
ies lie in L.2-6. To identify the cellular elements that express M2, Mrzljak et al. (1996) and Disney
et al. (2006) analyzed immunostained tissues from 1.2/3, L4A, and L4CB of macaque V1 under
the electron microscope. They found that M2 is associated with presynaptic geniculocortical and
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Figure 2

Modular vertical architecture and patchy thalamocortical input to layer 1 of mouse primary visual cortex (V1). (#) Graphical depiction
of coronal section through layers 1-5 of rat V1. The scheme shows ~80-pwm-wide patches of parvalbumin (PV)-expressing cells and
axon terminals (Jarge and small white dots) alternating periodically with PV-negative clusters (zn). The PV-positive patches are
colocalized with glutamate receptor 2/3 (GluR2/3)- and N-methyl-p-aspartate receptor 1 (NMDARI1)-expressing pyramidal cell
bodies (red) surrounded by zinc-labeled axon terminals of putative intracortical connections (grazy). The PV-negative patches contain
apical dendrites of pyramidal cells, which express GABAaal receptors (GABAaal-Rs) (fan) and are surrounded by vesicular glutamate
transporter 2 (VGluT2) immunoreactive putative geniculocortical axon terminals (tzz). Panel # adapted with permission from Ichinohe
etal. (2003). (b)) Laminar distribution of M2 muscarinic acetylcholine receptor (M2) expression in coronal section of mouse V1. In layer
1, M2 shows a nonuniform patchy tangential pattern (white arrow heads) reminiscent of apical dendritic tufts ascending from pyramidal
cells in deeper layers. M2 expression in layers 4 and 5B is uniform. The white matter (WM) shows no detectable M2 staining. Panel &
adapted from Ji et al. 2015). (c) Tangential section through layer 1 of mouse V1 showing M2 expression in M2-positive patches
(magenta) interdigitating with axonal projections from the thalamic lateral posterior nucleus (LP) labeled by anterograde tracing with
AAVs (green). (d) Tangential section through layer 1 of mouse V1 showing interdigitating patchy patterns of inputs from the dorsal
lateral geniculate nucleus (dLGN) (green) and the LP (magenta) labeled by anterograde tracing with AAVs. Panels ¢ and 4 adapted from
D’Souza et al. (2019).
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Figure 3

Development and expression of M2 muscarinic acetylcholine receptor (M2) in rat and monkey primary
visual cortex (V1). () Tangential sections through V1 show patchy expression of M2 in layer 1 (L1) of
4-day-old Chrm2tdT mouse. (b) At higher magnification, membrane-bound M2 expression in L2/3 shows
rings of cross-sectioned dendritic bundles (#770ws) occupying spaces between unlabeled cell bodies. () A
patchy pattern of M2 immunolabeling in L1 of a 10-day-old C57BL/6 mouse is shown. (4) Tangential
section through L1 of adult rat visual cortex stained with an antibody against M2 shows patchy expression in
V1, lateromedial (LM), anterolateral (AL), laterointermediate (LI), and postrhinal (POR) cortex. M2
expression is also shown in medial entorhinal cortex (ENTm) and primary somatosensory barrel cortex
(SSp). Scale bar: 1 mm. (¢) Tangential section through L1 of macaque monkey V1 stained with an antibody
against M2 shows patchy immunolabeling. Arrows indicate matching locations in panels e and f.

(f) Complementary patterns of M2+ patches (red) in L1 and cytochrome oxidase blobs in L.2/3 (green). Scale
bar: 1 mm. Panels 4— adapted from D’Souza et al. (2019), and panels d—f adapted from Ji et al. (2015).

GABAergic terminals, boutons of cholinergic axons, dendritic spines of PCs, and thin dendrites of
interneurons. From these studies we assume that M2 in L1 of mouse V1 labels similar elements of
the neuropil. Thus, it appears that Py, and IPy,— are innervated by axons from different path-
ways, which contact the apical dendrites of distinct types of PCs and inhibitory neurons (Karimi
et al. 2020).

Orderly maps in which different neuronal response properties are grouped into modules that
are arranged periodically in the tangential plane are well-known features of the visual cortex of
many nonrodent mammalian species (Molndr & Rockland 2020). Such maps include the represen-
tation of the eyes in separate domains of L4, pinwheel representations of orientation preferences
in 1.2 /3, and luminance polarity (responsivity to light and dark stimuli) in patches of L4 (Kremkow
et al. 2016, Ohki et al. 2006, Scholl et al. 2013). Central players in setting up such maps are
retinotopic projections from the thalamus (Kremkow et al. 2016, Nauhaus & Nielsen 2014). Why
orderly maps are less common in rodents has been a puzzle. In the absence of answers, many
researchers accepted that the architecture of the rodent visual cortex is random; however, recent
findings began to challenge this idea. One example comes from observations in rat that intraocular
injections of an anterograde transneuronal tracer label approximately 250-pm-wide eye-specific
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domains in L4 of the binocular zone of ipsilateral V1 (Laing et al. 2015). The clusters are recipro-
cally connected through the corpus callosum and may integrate interhemispheric and ipsilateral
inputs from the binocular visual field.

In carnivores and primates, the functional architecture of V1 is governed by the convergence of
thalamocortical inputs with distinct response properties at specific locations of the cortical sheet.
The diverse afferent signals are precisely matched in retinotopy, eye preference, and sensitivity to
the onset (ON) and offset (OFF) of light. Studies in several mammalian species have shown that
RFs of simple cells are generated by the alignment of ON and OFF geniculocortical inputs. In-
puts to V1 of different strengths and topographic alignment are combined in partially overlapping
subregions of opposite polarity (Smith & Hiusser 2010), which make RFs sensitive to oriented
edges (Bonin et al. 2011, Jin et al. 2011, Lien & Scanziani 2013). The topology of ON and OFF
inputs predicts the columnar architecture of orientation-selective neurons in monkey, cat, ferret,
and tree shrew V1 (Lee et al. 2016, Paik & Ringach 2011). Thus, in mice, which lack orientation
maps (Ohki & Reid 2007), one expects (for alternative expectation, see Pattadkal et al. 2018) ON
and OFF responses to be distributed in a salt-and-pepper organization, but the evidence tells a
different story. Mapping calcium responses of L2/3-4 PC somata in awake TRE-GCaMP6s x
CaMKII-tTA mice, Tring et al. (2022) found that ON and OFF responses in V1 were distributed
in distinct 60-pm-wide clusters. ON and OFF domains showed an interdigitating tangential pat-
tern, which mirrored shifts in the densities of ON/OFF inputs in the visual field. Notably, the
size, spacing, and overall distribution of ON/OFF domains showed a striking similarity to the
M2+/M2— pattern in L1 (Ji et al. 2015), suggesting that apical dendrites of ON and OFF cells
in L.2—4 target distinct compartments of L1. Why then are the orderly ON/OFF maps not trans-
lated into orderly orientation maps? A possible answer comes from a model of Nyquist sampling
of topographic information contained in the retinal mosaic and the cortex (Jang et al. 2020). The
comparison showed that if the sampling ratio between the number of retinal ganglion cells (GCs)
and cortical neurons is small, as in rabbits, squirrels, rats, and mice, orientation preferences are
intermingled like salt and pepper. In contrast, larger ratios, as in the ferret, tree shrew, cat, and
macaque, result in orderly orientation maps.

The notion of the noncolumnar architecture of mouse V1 originated from unit recordings on
tracks perpendicular to the pial surface, which showed that neurons with similar orientation pref-
erences were rare (Driger 1975, Mangini & Pearlman 1980). However, columns could easily be
missed if recordings veered off track. To address this, calcium recordings showed that L2 /3 and L5
cells with similar orientation preferences were often aligned in 10-40-pum-wide cylinders (Kondo
et al. 2016, Maruoka et al. 2017, Ringach et al. 2016). Apical dendrites of similarly tuned cells
aggregated to <10-pm-wide bundles, which were joined by neighboring bundles with different
orientation preferences, before they branched into 100-200-pm-wide tufts in L1 (Kondo et al.
2016). Bundling of dendrites and exchange between bundles matched descriptions of microtubule
associated protein 2 (MAP2) immunostained microcolumns in mouse barrel cortex and rat V1
(Escobar et al. 1986, Peters & Kara 1987). Thus, dendritic clusters in L1 presumably represent
multiple orientations, suggesting that they are not vestiges of orientation columns.

In the tangential plane, orientation-selective neurons in L5 are organized in multiple overlap-
ping, spatially offset hexagonal lattices with a grid size of approximately 30 pm (Maruoka et al.
2017). Each grid represents different projection neurons with distinct connections. For instance,
one such population has recently been identified as T/x3 (T cell leukemia homeobox 3)-expressing
intracortically projecting and another as subcortically projecting to the superior colliculus (SC)
and the pons (Maruoka et al. 2017). It is possible that the spatially clustered domains in 1.2/3—
4, which are biased for ON and OFF responses (Tring et al. 2022), are aligned with the grid in
L5 (Maruoka et al. 2017). If so, OFF responses, which are often stronger, faster, and more salient
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than ON responses (Williams et al. 2021), may be distributed preferentially across the M2 scaffold
and confer differential sensitivities to intracortical and subcortically projecting neurons (Maruoka
et al. 2017). Each grid may contain neurons that project spatially expanding (from 30 pm in L5
to 80 pm in 1) bouquets of apical dendrites preferentially to Py and IPy— in L1 (Meier et al.
2021). V1 inputs from the dLGN shell, the superficial part of the nucleus that targets L1 (Cruz-
Martin et al. 2014), may influence cells projecting to the higher visual areas LM (lateromedial)
and AL (anterolateral) through dendrites in Py, whereas inputs from the LP may contact cells
that project to the higher-area PM (posteromedial) with dendrites in IPy;;— (D’Souza et al. 2019,
Jietal. 2015) (Figure 15). Thus, Py and IPy,— may group cells with distinct ON/OFF biases
into distinct output units (Innocenti & Vercelli 2010).

SUBCORTICAL CONNECTIONS WITH V1 MODULES

The knowledge that image-forming visual information reaches the cortex through two visual sys-
tems goes back to studies in hamster, which showed that discriminative vision is linked to the
geniculocortical (retina—dLGN—V1) pathway whereas visually guided orienting of body, head,
and eyes is associated with the colliculo-thalamo-cortical channel (Schneider 1969) (Figure 4).
The more indirect colliculo-thalamo-cortical pathway ascends via the SC and the higher-order
LP, which is richly interconnected with the striatum and the amygdala (Tohmi et al. 2014, Zhou
et al. 2018). Although introduced here as parallel pathways, it is important to note that they are
linked through SC—dLGN connections, which have a functional impact on the spatial integration
of V1 neurons (Ahmadlou et al. 2018, Bickford et al. 2015).

Geniculocortical Network

The notion that visual features are extracted in modular circuits with columnar architecture orig-
inated with the identification of interdigitating eye-specific geniculocortical projections to L4 of
cat and primate V1 (da Costa & Martin 2010). No such eye-dominance bands have been observed
in mice, where monocular transneuronal pathway tracing produced uniform labeling in L4 of
V1, even though inputs from the ipsi- and contralateral retina are segregated in distinct domains
of the dLGN core (Driger 1974, Morin & Studholme 2014). Evidently, modular maps in mouse
V1 (D’Souza et al. 2019, Ji et al. 2015) are unlikely to be a simple recapitulation of the laminar
organization of retinal inputs to the dLGN, its projections to L4, and downstream connections
to L2 /3 (Nauhaus & Nielsen 2014). While L4 is the main target of dLGN input to V1, geniculo-
cortical projections also terminate in L1, 2/3, 5, and 6 (Roth et al. 2016, Zhou et al. 2018). Inputs
to L2/3-6 originate in the dLGN core and are uniformly distributed in the tangential plane.
In contrast, inputs to L1 arise from the dLGN shell (Cruz-Martin et al. 2014) and terminate
in distinct patches (Ji et al. 2015) (Figure 2d). Projections to L1 are not unique to mouse V1;
they also exist in primates, where they originate from koniocellular layers of the magnocellular
dLGN and terminate in a nonuniform pattern in L1 (Casagrande et al. 2007, Fitzpatrick et al.
1983). Unlike dLGN core inputs to L4, which in mouse V1 synapse onto basal dendrites of
PCs (Scala et al. 2019), inputs to L1 contact apical dendrites of PCs (Karimi et al. 2020) and
interneurons (Cohen-Kashi Malina et al. 2021, Jiang et al. 2013, Pardi et al. 2020). Inputs at
this location play little role in the generation of stimulus-selective responses (Park et al. 2019).
Rather, L1 inputs gate the pattern and firing frequency and decrease response variability of select
groups of intratelencephalic- and pyramidal tract—projecting neurons in mouse primary visual
and somatosensory cortex (Cohen-Kashi Malina et al. 2021, Doron et al. 2020, Egger et al. 2015).

The central projections of the mouse retina originate in more than 40 different types of GCs
(Goetz et al. 2022), which terminate in 59 targets with the strongest inputs to the dLGN and
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Figure 4

Circuit diagram of the integration of feedforward and feedback information streams in the modular architecture of the mouse visual
system. The diagram is derived from the clustered inputs of Pyr24+ and IPpz— to L1 of V1, LM, LI, P, and, POR. It draws from evidence
that apical dendrites of pyramidal cells in the layers below often overlap with patchy inputs to L1, indicating looped like-to-like
reciprocal circuits. While suggestive, it is important to note that synaptic connectivity has not been established, except for a few specific
cases discussed in the text. The diagram highlights the mesoscopic organization and oversimplifies connection preferences as
unambiguous target-specific connections. Importantly, the diagram provides no explicit information about the synaptic network
organization between pyramidal cells, contacts between pyramidal cells, and different types of inhibitory neurons or connections
between interneurons. Note that the list of retinal ganglion cells is incomplete and limited to the most common subtypes. The diagram
shows module-selective thalamic and cortical input to L1, like-to-like intracortical loops, segregation of cortical streams, segregation of
retina- and more centrally generated optic flow signals, transthalamic loops to distinguish optic flow from self-generated movements
and other visuomotor signals, and interactions with the amygdala and the ENTm. The connecting lines with arrows at both ends
indicate validated reciprocal connections. Lines with a single arrow indicate that reciprocity is unknown. Abbreviations: ACA, anterior
cingulate area; AL, anterolateral; aL.P, anterior LP; AM, anteromedial; BLA, basolateral amygdala; dLGN, dorsal lateral geniculate
nucleus; DSGC J, direction-selective ganglion cell enriched in junctional adhesion molecule JAM-B; ENTm, medial entorhinal cortex;
FB, feedback; Fmini ON/Fmini OFF, direction-selective retinal ganglion cells expressing transcription factor Foxp2; Py,
M2-negative interpatch; L, layer; LI, laterointermediate; LM, lateromedial; LP, lateral posterior nucleus; M2, M2 muscarinic
acetylcholine receptor; mLP, medial LP; ON-OFF DSGC, ON-OFF direction-selective ganglion cell; ORB, orbitofrontal; P, posterior
area; pLP, posterior LP; PM, posteromedial; Py, M2-positive patch; POR, postrhinal; RL, rostrolateral; SbC, suppressed by contrast;
SC, superior colliculus; sONa, sOFFa, tOFFaq, sustained (s), transient (t) large, non-direction-selective ganglion cells; V1, primary
visual cortex; W3, retinal ganglion cells sensitive to small moving objects on featureless background.
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SC (Martersteck et al. 2017). More than 80% of dLGN-projecting GCs send axon collaterals to
the SC (Ellis et al. 2016). Most types of GCs project to the dLGN, where inputs are sorted and
combined in the core and shell in cell type—specific fashion. Considering the vast functional di-
versity of GCs, dLGN responses reflect inputs from an unexpectedly small number of GC types,
likely two to five, each responding to the presence and absence of light and showing regular tiling
across the retina (Baden et al. 2016, Goetz et al. 2022, Kerschensteiner 2022, Roman Rosén et al.
2019, Rompani et al. 2017). Thus, the main image-forming pathway in mice consists of a hand-
ful of parallel channels, comparable to the number found in primates (Nassi & Callaway 2009).
However, unlike the parvo-, magno- and koniocellular channels in primates, only dLGN core and
dLGN shell subchannels have been identified in mice (Kirschensteiner & Guido 2017) (Figure 4).
While inputs to the dLGN core originate from multiple different types of GCs, most inputs to the
dLGN shell come from ON-OFF direction—selective ganglion cells (ON-OFF DSGCs) located
in the contralateral retina (Dhande et al. 2015, Okigawa et al. 2021). ON-OFF DSGCs account
for a large, 15% stake of GCs specialized for processing image motion in all cardinal directions
(Cruz-Martin et al. 2014, Ellis et al. 2016, Kay et al. 2011). Outputs from the dLGN shell are car-
ried forward to V1, where they terminate in Py of L1 (Cruz-Martin et al. 2014, Ji et al. 2015)
(Figure 2d). It is important to stress, however, that the geniculocortical pathway, even the sub-
stream via the dLGN shell, is functionally not a labeled line but combines synaptic inputs from
different GC types converging onto single dendrites (Liang et al. 2018).

Colliculo-Thalamo-Cortical Network

Alongside the retino-geniculocortical pathway, visual information reaches cortex through a par-
allel route via the SC and the LP. Direct retinal inputs to LP are sparse and largely derive
from nonimage-forming, melanopsin-expressing GCs (Allen etal. 2016). Transsynaptic retrograde
tracing of retinal GCs from the LP in NzsrI-GN209Cre mice, which selects for LP-projecting
wide-field neurons in the SC (Gale & Murphey 2014, 2018), labeled small ON, OFF and tran-
sient ON-alpha GCs (Goetz et al. 2022, Reinhard et al. 2019). Notably, cell types distinct from
ON-OFF DSGCs innervate the dLGN shell (Okigawa et al. 2021).

Similar to carnivores and primates, the LP is divided into anatomically and functionally discrete
parts (Baldwin et al. 2017). In mice, the subdivisions are distinguished as retinotopically distinct
maps in the posterior, anterior, and medial lateral posterior nucleus (pLP, aLP, and mLP) with
strong, sparse, and no detectable input from the SC, respectively (Bennett et al. 2019) (Figure 4).
LP’ most prominent connections are with higher areas of visual cortex. They are all reciprocal,
feeding forward to L1 and L4—6 and returning to LP from L5 and L6 in loops biased to the
main source of the thalamocortical projection (Bennett et al. 2019, Juavinett et al. 2020, Roth
et al. 2016). The SC-recipient pLP preferentially connects with the laterointermediate (LI) and
postrhinal (POR) ventral stream areas (Bennett et al. 2019). Projections from the aLLP are biased
to the anterolateral (AL), rostrolateral (RL), posteromedial (PM), and anteromedial (AM) dorsal
stream areas while the mLP is connected with the anterior cingulate area and orbitofrontal area
(Bennett et al. 2019) (Figures 15 and 4). Retinal inputs from the colliculo-thalamo-cortical path-
way to V1 are not only indirect but conveyed by projections of the aLLP to L1 and L5 (Bennett
etal. 2019, Roth et al. 2016, Zhou et al. 2018). Inputs to V1 L1 are strikingly clustered, but unlike
inputs from the dLGN shell, they are targeted to IPy;;_ (D’Souza etal. 2019) (Figures 2¢,d and 4).
LP inputs to L1 have functional properties aligned with feedback signals from self-motion (Roth
et al. 2016). Clustered LP inputs are not unique to alLP and V1. They also exist in the projec-
tions from pLP to L1 of the higher ventral visual areas LM, LI, and POR, where they terminate
in Py (Meier et al. 2021). Thus, clustered projections to Py and IPy;— modules of V1 and
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higher visual areas are superimposed onto retinotopic maps of colliculo-thalamo-cortical inputs
(Garrett et al. 2014, Roth et al. 2016, Wang & Burkhalter 2007).

CORTICAL CONNECTIONS WITH V1 MODULES
Modular Dorsal and Ventral Cortico-Cortical Networks

Reciprocal connectivity is a characteristic feature of intracortical networks. Channelrhodopsin-2-
assisted mapping of synaptic connections (SCRACM) in V1<«<LM and V1<«<PM circuits showed
that monosynaptic connections, which loop back to the source, are presentin .2 /3, 5, and 6 (Young
et al. 2021); are module-specific; and are stronger for FB from LM to Py than to IPy- of V1
(D’Souza et al. 2019). This provides physiological support for the selective innervation of Py by
FB connections from LM to V1 (D’Souza et al. 2019). Graph theoretical analyses of connections
between areas have shown that LM, LI, and POR are interconnected in a ventral stream network,
while projections between AL, RL, AM, and PM belong to a dorsal network (Wang et al. 2012).
How does the M2 modularity fit into this organization? Similar to the association of the ventral
stream area LM with Pypy, FB from the dorsal stream area AL to V1 shows a preference for
P2+ (Ji et al. 2015). In contrast, FB from the dorsal area PM to V1 is strongly biased to IPy;—
(D’Souza et al. 2019). The selectivity for modules reveals that LM belongs to a ventral Py,
network, while the dorsal network is divided into a dorsal-anterior Pyj, substream represented by
AL and RL and a dorsal-medial IPyj,_ substream represented by PM (D’Souza et al. 2021, Ji et al.
2015). The two proposed dorsal substreams are consistent with the functional target specificity
(Glickfeld et al. 2013) and the scarcity of connections between AL- and PM-projecting neurons
in L2/3 of V1 (Kim et al. 2018). The importance of M2 modules in the network organization
is mirrored by the role of the ventral and dorsal Py, streams in sensory perception, which is
distinct from the involvement of the dorsal IPy;;— subnetwork in sensory integration and decision-
making (Jin & Glickfeld 2020). Additional support derives from cluster analyses of responses to
spatiotemporal frequency, speed, and orientation across eight areas, demonstrating that mouse
visual cortex is parcellated into at least three distinct functional streams (Han et al. 2022). Multiple
dorsal processing streams also exist in primate visual cortex (Kravitz et al. 2011), suggesting that
the network architecture is evolutionarily conserved.

Functional Architecture of Dorsal and Ventral Intracortical Networks

Connectomic analyses of intracortical connections have shown that the cortical network is subdi-
vided into ventral and dorsal streams (Wang et al. 2011, 2012). Next, we discuss how these streams
intersect with the M2 modularity in V1.

Ventral network. Although we have focused on the clustering of M2 expression in L1 of V1,
similar nonuniformities exist in higher visual areas and in auditory and retrosplenial cortex (Meier
et al. 2021). Evidently, modularity is a general feature of the cortical architecture in mice and
includes areas involved in nonvisual and cognitive functions. Clustered M2 expression is most
striking in the ventral areas LM, LI, P, POR, and PORa and less notable in the areas AL and
RL of the dorsal Py substream (Figure 15-d). M2 is undetectable in areas A, AM, and PM of
the dorsal IPy;_ substream, leaving open whether modules may be revealed by other markers
(Figure 1c).

Studies in rats have shown that lesions of lateral extrastriate cortex impair visual pattern
discrimination, while injury of the posterior parietal cortex diminishes visuospatial perception
(Aggleton et al. 1997, Gallardo et al. 1979, McDaniel et al. 1982, Sinchez et al. 1997, Tees 1999).
Recordings in mice support this organization and the ventral network’s involvement in invariant
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representations of static images (Han et al. 2022, Piasini et al. 2021). Recent studies further
suggest that the shape of M2-postive patches in ventral cortex corresponds to representations of
visual space. Surveys in ventral visual cortex have shown that the shape of Py is correlated with
anisotropies of the retinotopic maps in V1, LM, LI, and POR (Ji et al. 2015, Meier et al. 2021).
While module size remains roughly constant across areas, the number of modules per square
degree of visual space decreases up the V1—-LM—LI—-POR hierarchy (D’Souza et al. 2022,
Meier et al. 2021). This demonstrates that individual Py, are integrating increasingly larger
portions of the visual field and are presumably linked to visual processing.

Similar to V1, Py in LM, LI, and POR receive input from the dLGN, which for projections
to POR originates in the dLGN shell (Meier et al. 2021). Unlike V1, Py, of LM, LI, and POR
also receive input from the LP. However, in contrast to V1, inputs derive from the pLP, not the
aLLP, which projects to IPy— of V1 (Bennett et al. 2019, D’Souza et al. 2019) (Figure 4). Record-
ings in pLP have shown that these inputs provide sensitivity for the direction and speed of small
spots moving over a stationary background (Bennett et al. 2019). Notably, the pLP inputs were
shown to provide direction selectivity (DS) to neurons in POR, which are unaffected by blocking
intracortical input from V1 (Beltramo & Scanziani 2019). Thus, the connectivity suggests that
Pz in POR are specialized for the processing of small moving and looming objects.

Ventral areas differ from dorsal areas in their strong reciprocal connectivity with the amygdala
(Burgess et al. 2016, Meier et al. 2021), the structure responsible for associating visual stimuli with
fear and reward. While similar observations have been made in rat (McDonald & Mascagni 1996),
it is unexpected that the connectivity is modular. Unlike dLGN and pLP inputs to Py, connec-
tions from the basolateral amygdala terminate in L1 TPy, of LM, LI, P, and POR. Inputs from
the amygdala overlap with apical dendrites of L5 amygdala-projecting cells in IPy»_ and form
module-specific loops, which in POR were shown to carry reward-related information (Burgess
et al. 2016, Meier et al. 2021). Although ventral and dorsal areas belong to different streams, the
networks are highly interconnected (Gimanug et al. 2018). For example, dorsal stream inputs to
IPy;— of POR may associate information about objects and locations, providing the spatial con-
text in which objects appear (Furtak et al. 2012). As contexts change in the proportion of threat
and reward, POR can be modulated by inputs from the amygdala, which receives input from pLP
(Bennett etal. 2019, Wei et al. 2015) (Figure 4). The same circuit may also influence IPy;;_- POR
cells that project to medial entorhinal cortex, which enhances the salience of landmark information
and alerts to unexpected objects.

Dorsal network. To navigate through the environment, an important task is to compute the direc-
tion of global motion from local motion signals and to discriminate external from self-generated
visual motion. Powerful cues come from the eyes, which provide optic flow signals from the
retina. Extraretinal cues derive from the body and include inputs from muscles, joints, and the
vestibular system. Combining these inputs involves communications between geniculocortical,
colliculo-thalamo-cortical, intracortical, and cortico-thalamo-cortical networks. Here, we focus
on the modular architecture in which visual motion signals are represented in different substreams.

The modular architecture of the dorsal stream can be most effectively linked to visual motion
processing. Recordings in Frmd7 mice, in which DS is disrupted by eliminating asymmetric inhi-
bition of ON-OFF DSGCs by starburst amacrine cells in the retina (Yonehara et al. 2016), have
shown that DS for posterior motion is abolished in .2 /3 of V1 (Hillier et al. 2017). Retina-derived
DS is conveyed to V1 via the dLGN shell, which projects to Py, of L1 (Cruz-Martin et al. 2014,
Jietal. 2015, Roth et al. 2016). From here, DS is transmitted to apical dendrites of L2/3 neurons,
inputs are pooled to enlarge the aperture of RFs, and cells become sensitive for the true direc-
tion of coherent motion that underlies perception of the direction of optic flow (Marques et al.
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2018). Retina-derived DS is acquired preferentially by RL-projecting neurons (Rasmussen et al.
2020), which reside in Py modules of V1 (D’Souza et al. 2021) (Figure 4). DS of neighboring
PM-projecting V1 neurons (Rasmussen et al. 2020) in IPy;_ (D’Souza et al. 2021) is independent
of ON-OFF DSRGs and emerges from computations within interlaminar circuits of V1 (Lien &
Scanziani 2018). Alternatively, DS of PM-projecting cells may be inherited from aL.P, whose cells
are tuned to global motion in the direction opposite to the animal’s heading direction (Bennett
etal. 2019). Visual responses to coherent motion of random dot kinematograms are similar in RL
and PM and strongly biased to optic flow in the frontal quadrant of the lower visual field (Sit &
Goard 2020). While the sensory representations in RL and PM may be similar, they originate
from different sources. In RL, DS originates in the retina, whereas in PM, DS comes from aL.P
and/or V1. The different networks may provide for diverse temporal patterns of DS. But perhaps
the real reason for the segregation into distinct modules of V1 is that optic flow signals from Py
that are sent to RL may be tied to the movements of the eyes, while those from IPys;_ addressed to
PM are not. Because eye movements rarely occur in the absence of head movements (Meyer et al.
2020), optic flow is encoded in an eye/head-centered reference frame. In contrast, optic flow sig-
nals in PM are linked to translations/rotations of the visual scene while bending the trunk during
self-motion and are encoded in a body-centered reference frame. In agreement with this proposal,
recordings in freely moving rats have shown that neurons that encode head/neck posture are found
in lateral posterior parietal cortex, where RL is located. In contrast, cells tuned to the posture of
the trunk are clustered more medially in putative PM or AM, where spatiotemporal frequency
tuning is matched to the frequencies known to elicit turning of the head and body (Andermann
et al. 2011, Mimica et al. 2018). Both of these areas receive input from aL.P (Figure 4), whose
activity in the dark is modulated by eye movements and self-motion (Bennett et al. 2019). RL and
PM not only receive input from Py and IPyp- in V1, respectively, but also feed back to the
source in a like-to-like fashion (D’Souza et al. 2019, 2021). In this way, Pypi24+ V1 neurons combine
dLGN shell>Pyp; + FF and aLP—RL— Py, dorsal Py substream FB inputs (Figure 4) to
encode conjunctive eye/head and body postures. This conversion may be used to update the reg-
istration of eye-centered and body-centered frames during visually guided navigation and extract
spatial position and heading information that is not available from dLGN inputs alone (Diamanti
etal. 2021). In contrast, IPy;;— V1 neurons integrate FF input from alLP— 1Py, and dorsal IPyy,—
substream FB signals from aLP—PM—IPy,_ to predict optic flow based on active motor output
during spatial navigation that depends on areas of the posterior parietal cortex (Leinweber et al.
2017, Minderer et al. 2019).

TRANSTHALAMIC NETWORK

Up to this point, the discussion has followed the classic scheme of distributed hierarchical
processing (Felleman & Van Essen 1991). Contextual processing of course involves reciprocal
communications between lower and higher areas through direct intracortical connections as well
as through transthalamic loops via the LP (Sherman 2016).

Recent studies have shed light on how modular and stream-like architectures intersect with
transthalamic and intracortical networks that link V1 with higher visual areas. The data are limited
to circuits involving AL and PM (Blot et al. 2021). Because AL and RL belong to the dorsal Py
substream while PM and AM are part of the dorsal IPyj,_ substream, we assume that similar circuit
architectures apply to all members of the dorsal network. Intracortical connections between V1
and AL (and V1 and RL) are reciprocal, originate from cells in Pyp,., and return FB projections to
Pai2+ (D’Souza et al. 2019, 2021). Reciprocal interareal connections between V1 and PM (and V1
and AM) involve IPyp— (D’Souza et al. 2019). Tracings of transthalamic connections have shown
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that AL and PM are reciprocally connected with distinct types of LP neurons and receive input
from largely overlapping sets of visual and nonvisual cortical areas (Blot et al. 2021).

DS in RL was shown to derive from the retina and is conveyed via the dLGN shell and Py, of
V1 to the higher visual area in the posterior parietal cortex (Rasmussen et al. 2020). A similar path-
way has been shown to carry optic flow information from V1 to L1 of AL (Blot et al. 2021). This
intracortical dorsal Py stream of information is purely visual and is unaffected by the animal’s
running speed (Blot et al. 2021). In parallel with this intracortical stream, a transthalamic pathway
originating from IPy;_ in V1 may descend subcortically to alL.P, which in turn projects back up
the hierarchy to AL (Figure 4). Unlike intracortical connections, this transthalamic pathway car-
ries optic flow signals, which are modulated by running speed (Blot et al. 2021). This organization
suggests that the transthalamic loop may signal “discrepancies between the expected optic flow
based on the animal’s own movement and the actual visual motion in the environment” and thus
“distinguish external visual stimuli from self-generated visual feedback” (Blot et al. 2021, p. 2005).
In contrast, transthalamic projections to PM carry a wide range of visuomotor signals, which are
more relevant to processing high-spatial-frequency information (Andermann etal. 2011, Han et al.
2022, Marshel et al. 2011).

CORTICAL HIERARCHY

So far we have discussed how the M2 scaffolding in L1 of V1 imposes rules for organizing thalam-
ocortical, corticocortical, and cortico-thalamo-cortical networks. Evidence suggests that the Py
and IPy;;_ modules appear to route FF and FB information into three cortical streams/substreams:
Puizy ventral, Py dorsal posterior parietal, and IPy,— dorsomedial. A model of the connectivity
of visual areas in monkeys suggests that processing in ventral and dorsal streams is hierarchical
(Markov et al. 2014b). For this reason, the following discussion focuses on whether a similar orga-
nization exists in mouse visual cortex and whether the generative networks associated with Pyp
and IPyp,_ exhibit hierarchical and nonhierarchical features (Felleman & Van Essen 1991).

Vision emerges from a constructive process in which feature-selective responses of retinal GCs
converge onto image-forming afferent channels, which in the cortex feed into an areal hierarchy
thatintegrates contours, fields of motion, and surfaces in progressively larger RFs. Hierarchical or-
der can be derived from the laminar distribution of cell bodies and axons of interareal connections
in primate visual cortex (Felleman & Van Essen 1991). FF pathways were defined as projections
originating from PCs in L.2/3 and terminating in L4. FB projections originate from deep layers;
terminate in L1-2/3, 5, and 6; and avoid L4. Lateral pathways originate in superficial and deep
layers and terminate in L1-6. While a structural hierarchy provides a framework for explaining
response complexification, binary criteria are insufficient to derive an unambiguous processing hi-
erarchy. The reason for this is the high density of area-to-area connections and the large number
of equally valid sequences with the minimal number of violations of FF/FB relationships between
reciprocally connected pairs (Hilgetag et al. 1996). To solve this problem, Markov et al. (2014a)
used projection weights, expressed as the ratio of retrogradely labeled supragranular cells to all
labeled cells in the source area, as an index of hierarchical distance.

Cortical hierarchies have also been identified in rodent visual cortex. Anterograde tracings in
rat showed that most interareal pathways labeled axons in L.1-6, resembling lateral connections
of primates (Coogan & Burkhalter 1993). Nevertheless, connections showed preferences for L4
and L1, signatures for FF and FB projections, respectively. In a quantitative study, Harris et al.
(2019) examined the laminar patterns of axonal projections originating in each of 43 cortical areas
of mouse neocortex. Using a clustering analysis, they identified nine termination patterns, each
representing either a FF or FB connection. A hierarchy was generated by minimizing the number

Burkhbalter et al.



of violations of the rule that a FF pathway must be reciprocated by a FB pathway and assigning
a hierarchy score to each area, which accounts for the number of outgoing FF and incoming FB
pathways from a given area. While the scheme implies directed FF and FB information flow, the
analysis omitted lateral connections, which may have contributed to a shallow hierarchy.

A recent analysis of the mouse visual cortical network included FF, FB, and lateral connections
to derive an index for hierarchical distance (D’Souza et al. 2022). The authors reasoned that if
axonal projections from area A to areas C and D provide information about the hierarchical dis-
tance between C and D, then projections from another area, B, must return the same distance
value between C and D (D’Souza et al. 2022, Vezoli et al. 2021). The ratio of the optical density
of axonal terminations in L.2—4 to the total axonal density in L1-4 was used for quantification.
This approach provides a graded metric, avoids defining connections based on termination pat-
terns of individual pathways, and uses a binary measure to construct the hierarchy. The analysis
showed that for reciprocally connected pairs, the more FF a connection is in one direction, the
more FB it is in the return pathway. Furthermore, a beta regression model used to obtain hier-
archical level values for each of ten visual areas showed that the hierarchical distance, calculated
as the difference between the hierarchical levels of any two areas, was predictive of the laminar
projection patterns between the two areas. Moreover, interareal pathways could be identified as
FE, FB, or lateral based on the hierarchical levels of the corresponding areas. Thus, the cortical
network includes multiple hierarchies between select groups of areas. Importantly, it contains var-
ious lateral connections that implement a nonhierarchical flow of information. Recordings in mice
have shown that RF size grows larger and response onset is more delayed at increasingly higher
levels of the hierarchy (D’Souza et al. 2022, Murgas et al. 2020, Siegle et al. 2021), indicating that
the anatomical hierarchy is consistent with a physiological hierarchy.

Cellular- and circuit-level properties are constrained by hierarchical rules. SCRACM studies in
ex vivo slices of mouse visual cortex showed that the relative synaptic excitation of PV+ interneu-
rons and neighboring PCs by interareal pathways depends on the hierarchical position of areas
(D’Souza et al. 2016, Yang et al. 2013). Excitatory interareal input to L2/3 PV+ cells normalized
to the activation of a neighboring PC increased with increasing hierarchical distance in the FF
direction and decreased in the FB direction. This finding implicates PV+ cells in counterbalanc-
ing excitation and differential scaling of the gain in FF and FB pathways in relation to the total
excitatory input to PCs at a given stage of the hierarchy (D’Souza & Burkhalter 2017).

In rodents, L1 is not the proverbial cortical FB layer, but it receives assorted inputs from FF,
FB, and lateral interareal connections (D’Souza et al. 2022). The reason for its magnetism comes
from its role in dendritic integration shaped by local interneurons and muscarinic acetylcholine
receptors in apical dendrites of PCs (Larkum 2013, Schuman et al. 2021, Williams & Fletcher
2019). L1 inputs to apical dendrites can generate spikes whose firing patterns can be modified
by coincident input to proximal dendrites, a cellular mechanism correlated with alterations in
sensory perception and learning (Doron et al. 2020, Manita et al. 2015, Takahashi et al. 2016). As
thalamocortical and FB inputs are often clustered, the activity of subpopulations of V1 neurons
can be preferentially influenced and information selectively routed through the ventral Py, and
dorsal Pypp and 1Py substreams (Figure 4). The ventral Py stream comprising LM, P, LI,
and POR traverses ten hierarchical levels, while only eight levels are crossed by the Py (AL, RL,
A) and IPy;— (PM, AM) dorsal substreams, whose areas are strongly linked by a larger number of
lateral connections (D’Souza et al. 2022) (Figure 5). This organization suggests that, in the dorsal
stream, low-dimensional representations are achieved in fewer steps than in the ventral stream.
Interactions between ventral and dorsal streams likely occur through lateral connections from
Py and may play a role in updating the registration of eye-centered and body-centered frames
during visually guided navigation (Figures 4 and 5).
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Figure 5

Hierarchical organization of mouse visual cortex, with hierarchical levels estimated using a beta regression
model and areas separated into ventral Py, dorsal Py, and dorsal IPyp;— streams based on connection
weights and preferences for targeting M2+ and M2— modules. Hierarchical levels were determined such
that V1 was set to 0, and the difference between the level values of any two areas best predicted the optical
density ratio of termination patterns of interareal projections between the areas. Black lines interconnect
areas with significantly different hierarchical levels and are therefore interpreted as FF/FB connections; blue
lines interconnect areas that lack a significant difference in their level values and are therefore considered to
be lateral connections. Note that the Pp24 module in V1 is linked to areas in both dorsal and ventral
streams, whereas IPyp— communicates preferentially with the dorsal stream. Abbreviations: A, anterior area;
AL, anterolateral; AM, anteromedial; FB, feedback; FF, feedforward; IPy,—, M2-negative interpatch; LI,
laterointermediate; LM, lateromedial; M2, M2 muscarinic acetylcholine receptor; P, posterior area; PM,
posteromedial; P12, M2-positive patch; POR, postrhinal; RL, rostrolateral; V1, primary visual cortex.

The ubiquity of L1 terminations indicates that the mouse cortical network does not com-
prise a strict sequence of areas in which an unambiguous FF pathway carrying retinal signals
is reciprocated by a FB connection providing top-down control; instead, most areal pairs are
linked by pathways carrying signals in both directions. This view is consistent with the proposal
that a strict areal hierarchy is not required for predictive processing. In other words, predictions
and prediction errors can be exchanged in both directions, depending on the sensory modality
being engaged (Keller & Mrsic-Flogel 2018). In mouse visual cortex, multiple hierarchies are
embedded within the densely interconnected lateral network. For example, the hierarchical net-
works V1< LM«P<POR, VI<AL<POR, and V1<RL<AM are connected to each other
via numerous lateral connections (D’Souza et al. 2022) (Figure 5). Such an organization raises
the possibility of a system by which specific functional hierarchies can be dynamically associated
through lateral nonhierarchical connections.
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