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(VERY) BRIEF OVERVIEW OF THE ANATOMICAL ORGANIZATION OF MOUSE
VISUAL CORTEX

What is mouse V1 made of, and how does it connect? The amount of available data on cell types,
including morphology, electrophysiological properties, molecular identity, local and long range
connectivity pattern exceeds that of any other area of mammalian cortex. This list of parts and
their wiring provides the basis for understanding the cellular mechanisms of cortical computations
and constraining models. Below we briefly discuss the large-scale organization of mouse V1 and
the general principles of circuit connectivity at the level of cell types and layers. This will provide
a context for the specific microcircuitry and cellular connectivity pattern discussed in the main text
and the specific computations they implement. We also refer the reader to recent reviews focused

on this topic (Harris & Mrsic-Flogel 2013, Harris & Shepherd 2015, Tremblay et al. 2016).

Large-scale Organization

Mouse V1 is roughly 1 mm thick, covers an area of ~2.5mm on the posterior dorsal surface of the
brain (Figure 1A, main text) and contains 2.5x10° neurons in each hemisphere. The area of mouse
V1 is nearly 3 orders of magnitude smaller than macaque; notably, though, the area of V1 across
species scales according to visual acuity (Srinivasan et al. 2015). Thus, the small area of mouse
V1 does not necessarily represent reduced computational capacity relative to effective pixels in
the visual input. Furthermore, primate V1 is only two times thicker, suggesting that the local
circuitry in mouse may be closer in complexity than suggested by the total difference in area. As
in all other mammalian species, mouse V1 has a retinotopic map, in that neighboring points across

its surface correspond to neighboring locations in visual space.
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Mouse V1 is also subdivided into six cytoarchitectonically distinct layers, though its
lamination and sub-lamination is not as distinct as in cats or primates. This difference may
represent fewer distinct parallel pathways carrying different types of information from the retina.
Alternatively, neurons in different pathways may simply be intermingled anatomically in the
mouse, rather than segregated into sub-laminae as in the primate. As in other species, the intrinsic
connectivity of mouse V1 is primarily a vertical organization, as neurons extend their axons and
dendrites across layers, with more limited horizontal connectivity (typically <200-300um)

consistent with the presence of a topographic map in register across layers.

Cell Types and Circuit Organization

Cortical neurons fall into two broad classes - excitatory and inhibitory. Within each of these two
broad classes there is a large morphological, electrophysiological, and molecular diversity. A
tremendous advance over the past decade has been the ability to perform large-scale quantitative
surveys, and in particular to characterize the same neurons with multiple approaches to determine
how these classes align. According to recent surveys there are approximately 42 distinct molecular
subtypes (Tasic et al. 2016) and at least 46 distinct “morpho-electric” types (Gouwens et al. 2019)
of excitatory and inhibitory neurons in mouse V1. While this detailed information is enabling the
emergence of a “standard model” for the census of cell types in mouse visual cortex, the matching
of molecularly distinct types to known morphological and electrophysiological categories and how
they connect within the local cortical circuit is still not clear. Nevertheless, these categorizations
represent “parts lists” of the cortex and thus provide a basis for exploring the contribution of each

part in computation.

Excitatory circuitry

Excitatory neurons communicate by contributing to spiking activity in downstream neurons, and
thus, by synapsing among each other, they provide the basis for the flow of activity through the
cortical circuit. While cortical excitatory neurons can be categorized according to distinct
molecular, morphological and electro-physiologically categories (Tasic et al. 2016), these distinct
types of cortical excitatory neurons are largely organized by layers (L) and by where they project.
A simplified version of the canonical excitatory pathway through cortex (Figure 1B, main text)

begins with visually evoked activity from the dorsal lateral geniculate nucleus (ALGN) of thalamus
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entering V1 in L4, distributed to L2/3 and then down to layers 5 and 6. In fact, however all layers
receive dLGN input, and there is a significant projection from L4 to LS5, bypassing L2/3. Below
we provide a brief general description of the excitatory neurons of V1, following the order of the
classical canonical circuit organization.

Layer 4 is the primary (though not only) target of dLGN input to V1 (Ji et al. 2016). L4
excitatory neurons (Scala et al. 2019) receive relatively little input from other layers of cortex, and
therefore any transformation in the representation of the visual stimulus from dLGN to cortical L4
represents computation performed within L4. L4 excitatory neurons provide their primary output
locally, within V1, to other L4 neurons (Seeman et al. 2018) as well as to L.2/3 and L5 neurons
(Olivas et al. 2012), though they also send long range projections to other cortical targets (Harris
et al. 2019). Thus, L4 neurons serve largely as an input to the rest of the cortical circuit.

Layer 2/3 excitatory neurons receive dLGN input, although to a lesser extent than L4 (Ji et
al. 2016). Instead, the primary local excitatory inputs are feedforward connections originating from
L4 (Olivas et al. 2012) and recurrent connections within L.2/3 (Seeman et al. 2018). In addition,
L2/3 are reciprocally connected with L5 excitatory neurons (Jiang et al. 2015, Olivas et al. 2012).
L2/3 are also a major source of feedforward output to other visual and non-visual cortical areas
(Harris et al. 2019, Kim et al. 2020).

Layer 5 excitatory neurons receive strong feedforward input from L4 and L.2/3 (Jiang et al.
2015, Olivas et al. 2012), as well from the dLGN (Ji et al. 2016). L5 neurons also excite each other
through local recurrent connections (Seeman et al. 2018). Neurons in L5 also form major output
pathways out of V1. They can be divided into two distinct groups depending on whether these
output projections target cortical or subcortical structures (Kim et al. 2015, 2020; Lur et al. 2016).
Furthermore, L5 neurons that project to subcortical structures form distinct subgroups depending
on the specific subcortical targets they project to (e.g. the superior colliculus, the basal ganglia,
the higher visual thalamus (pulvinar)) (Kim et al. 2015, Liang et al. 2015, Lur et al. 2016).

Layer 6 is generally associated with feedback to thalamus (Alitto & Usrey 2003), but in
fact contains two broad excitatory cell classes that differ strikingly in their morphology and
connectivity - neurons that project to thalamus and neurons that project to other cortical targets,
both within V1 and distally (Harris et al. 2019, Kim et al. 2014, Vélez-Fort et al. 2014).

Finally, Layer 1 consists primarily of neuronal processes, both the apical tufts of local

cortical neurons and long-range axonal inputs from other areas (Ibrahim et al. 2020). It therefore
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represents more of a switchboard for connectivity than a processing layer. However, it does contain
a sparse population of inhibitory neurons (Schuman et al. 2019) that encode a range of visual and

non-visual signals consistent with long-range inputs (Ibrahim et al. 2016).

Inhibitory circuitry

To understand how inhibitory neurons impact cortical computation, we need to determine how
they are integrated into the cortical circuit, that is, who excites them, who inhibits them, and who
they inhibit. Given their great molecular, morphological and electrophysiological diversity
(Markram et al. 2004, Tremblay et al. 2016), this may seem a daunting task. However, in the
mouse, the large spectrum of inhibitory neurons can be subdivided into three primary classes
(Rudy et al. 2011), based on expression of molecular markers parvalbumin (PV), somatostatin
(SOM), and the ionotropic serotonin receptor (5S-HTR3A) (Figure 1C, main text). Even such a
broad subdivision has been extremely helpful in revealing the general connectivity pattern and
broad functional distinctions of inhibitory neurons in V1. Below we summarize the properties and
circuit organization of these three categories of inhibitory neurons. Each of these categories has a
distinct circuit motif that can be engaged for different computations, which we discuss in the main
text.

PV neurons are excited by ascending afferent inputs as well as by local recurrent inputs
(e.g. PV neurons in L4 are excited by dLGN afferents and by L4 excitatory neurons) (Ji et al. 2016,
Jiang et al. 2015); they inhibit excitatory neurons by forming synapses on their soma, proximal
dendrites and axon initial segment. As such, they are well poised to control the output of excitatory
neurons. PV neurons also inhibit one another. PV neurons have narrow action potentials and, thus,
are often referred to as “’fast spiking” (McCormick et al. 1985). This electrophysiological signature
allows one to identify them even with extracellular recording in vivo. They mainly fall into two
morphological classes, basket and chandelier cells.

SOM neurons are excited by local inputs and much less by ascending afferents (e.g. SOM
neurons in L4 are not excited by dLGN afferents (Ji et al. 2016) and SOM neurons in L2/3 are
excited by L2/3 but not L4 neurons (Adesnik et al. 2012)); They provide inhibition to all other cell
types, both excitatory and inhibitory, but, in contrast to PV neurons, don’t inhibit one another
(Jiang et al. 2015, Karnani et al. 2016, Pfeffer et al. 2013). Thus, they serve as “master regulators”

of inhibition across the local population. Because their synapses target the dendrites of excitatory
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neurons, they provide inhibition at the input stage. A large fraction of SOM inhibitory neurons fall
into a morphological class known as Martinotti cell.

Among 5-HT3A neurons, the best studied sub-class are the vasoactive intestinal peptide-
expressing (VIP) neurons due to existence of a VIP-cre transgenic line (Taniguchi et al. 2011). In
contrast to PV and SOM neurons, VIP neurons specifically target other inhibitory neurons, while
mostly avoiding excitatory neurons (Ayzenshtat et al. 2016, Jiang et al. 2015, Pfeffer et al. 2013).
By inhibiting inhibitory neurons VIP neurons are thus a key element of the canonical
“disinhibitory” circuit in cortex. These neurons receive local input as well as long-range cortical
input and neuromodulatory input. VIP neurons correspond morphologically to double bouquet
cells. The remaining non-VIP expressing 5-HTR3 A neurons are mainly neurogliaform cells, which

provide broad inhibition, but very little is known about how they impact V1 processing.

dLGN input

The dLGN of thalamus provides the direct pathway for ascending information from the retina to
V1. This input has exquisite laminar and cell-type specificity. dLGN afferents excite V1 neurons
across all layers, yet neurons located in L4 receive the strongest excitation, consistent with the fact
that the highest density of dLGN axonal arbors resides in this layer (Ji et al. 2016) (Figure 1B,
main text). In addition to their laminar preference, dLGN afferents are also highly selective
relative to the cortical neuron types they impinge on: excitatory neurons and PV neurons are their
main cellular targets, while VIP and SOM neurons, the two other main classes of cortical inhibitory
neurons receive little or no excitation from the dLGN (Ji et al. 2016) (Figure 1D, main text).
Furthermore, PV neurons receive stronger excitation from dLGN afferents as compared to

excitatory neurons (Ji et al. 2016).
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