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Abstract

In this article, we review the anatomical inputs and outputs to the mouse primary visual cortex,
area V1. Our survey of data from the Allen Institute Mouse Connectivity project indicates that
mouse V1 is highly interconnected with both cortical and subcortical brain areas. This pattern of
innervation allows for computations that depend on the state of the animal and on behavioral
goals, which contrasts with simple feedforward, hierarchical models of visual processing. Thus, to
have an accurate description of the function of VV1 during mouse behavior, its involvement with the
rest of the brain circuitry has to be considered. Finally, it remains an open question whether the
primary visual cortex of higher mammals displays the same degree of sensorimotor integration in
the early visual system.
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1. INTRODUCTION

As early as 1929, Karl Lashley (1929) realized that removal of the visual cortex of rodents
induced very different deficits than those resulting from retinal blindness. In the absence of a
visual cortex, rodents were more severely affected on tasks that required the utilization of
multiple senses. Based on the transcortical afferents of the mouse, it is apparent that primary
visual cortex, area V1, is more than a duplicated retina, as large portions of the sensorimotor
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cortex innervate V1 (Figure 1) (Oh et al. 2014; http://connectivity.brain-map.org/). Lesions
confined to the rodent visual cortex (but spanning beyond the V1 border) are known to
disrupt visual behaviors such as visual acuity, pattern discrimination, motion parallax, and
running toward and orienting to both stationary and moving visual stimuli (Dean 1981,
Ellard et al. 1986, Ingle et al. 1979, Mlinar & Goodale 1984, Petruno et al. 2013, Schneider
1969). Lesions of V1 abolish the direction tuning of neurons in the superior colliculus (SC)
(Rhoades & Chalupa 1978), thereby causing animals to undershoot the position of moving
targets (Ingle 1981, Ingle et al. 1979). In mice, V1 lesions also shift the balance of bistable
plaid perception, as judged by optokinetic nystagmus (OKN) (Palagina et al. 2017).
Additionally, damage to cortical regions outside of V1 including the parietal, temporal, and
frontal cortices produces long-term deficits in various visual tasks such as attention,
recognition, and discrimination (Aggleton et al. 1997, Bussey et al. 1997, Kahn et al. 2012,
Muir et al. 1996).

The results above suggest that information exchange between V1 and other areas of the
brain is important for various sensorimotor tasks that involve vision, and this involvement
must be reflected in its connections with the rest of the brain. Our anatomical analysis
(Figures; see Figure 1 for details) utilizing the Allen Mouse Brain Atlas (Oh et al. 2014;
http://connectivity.brain-map.org/) suggests that area V1 of the mouse is highly
interconnected with the neocortex, so that it has access to information regarding the
sensorimotor state of an animal: multimodal, spatial, motor, and even attentional states. In
addition, the corticofugal projections of V1 innervate the major oculomotor centers involved
in the execution of eye movements and orienting responses to and from visual stimuli.

2. AFFERENT PROJECTIONS TO V1

When we exclude the visuo-cortical areas, the strongest input to V1 originates from the
lateral geniculate nucleus (LGN) (Figure 1). LGN relays a large diversity of feature coding
by mouse retinal ganglion cells to the cortex (Baden et al. 2016, Roson et al. 2019), and for a
long time, neurons in V1 were thought to linearly combine this information from the LGN.
Studies of V1 have typically concentrated on neural responses to unimodal stimuli, and until
recently, such experiments were often performed on anesthetized animals. It was the
experimental work of Niell & Stryker (2010) that began to move the field away from this
tradition. In their study, head-fixed mice were allowed to run on a spherical treadmill. Visual
responses of the neurons were markedly enhanced, often doubling in frequency, and this
augmentation was dependent on locomotor velocity. While Niell & Stryker found that the
enhancement of activity was not evident in the LGN, subsequent work did find state-
dependent modulation in the LGN (Erisken et al. 2014), indicating that some forms of state-
dependent modulation do have effects upstream of V1.

Two other thalamic nuclei that project to V1 are the lateral posterior (LP) and the lateral
dorsal (LD) nuclei (Figure 1). The LP nucleus is considered as the pulvinar nucleus homolog
(Zhou et al. 2017a). It receives strong input from the SC and can greatly impact the activity
and tuning of the cells in higher-order visual areas (Beltramo & Scanziani 2019, Tohmi et al.
2014). Projections from the LP nucleus are believed to contribute to the residual visual
performance after V1 lesioning (Dean 1981), but their functional significance has not been
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established. Ahmadlou et al. (2018) used optogenetics to silence the SC, and they observed a
reduction in V1 activity. They hypothesized that this effect was through the LP nucleus but
interestingly, in these experiments, the SC modulated the activity in V1 even when the
activity in the LP nucleus was suppressed, most likely through the tectogeniculate pathway.
Contrary to the locomotion signals that come from LGN, axons from the LP nucleus convey
information about the discrepancies between self-motion and external motion (Roth et al.
2016), and when compared to the axons from the LGN, they have distinct spatial
localization within V1 (Bista et al. 2019). Based on connectivity and functional properties,
the LP nucleus can be separated into three subregions and it can offer access of frontal areas
to visual cortex (Bennett et al. 2019). This suggests that afferent inputs to V1 from
sensorimotor areas other than visual ones may be critical for modulating the activity of the
neurons during ongoing behavior. For example, mice show visual selective attention (\Wang
& Krauzlis 2018), and it will be interesting to test if LP could also play a role in attentional
modulation as has been shown in monkeys (Zhou et al. 2016).

Indeed, after the afferent inputs from the thalamus (i.e., the LGN and LP nuclei), the most
robust input to V1 of the mouse comes from the anteromedial cortex (AMC) (Figure 1),
which includes the secondary motor cortex (MOs) and the anterior cingulate area (ACA).
Lesions in AMC result in attentional deficits in rodents (Kahn et al. 2012, Muir et al. 1996).
It has been shown that this area sends direct projections to V1 such that optogenetic
activation of these fibers increases the firing of V1 neurons that are tuned to bar orientation
(Zhang et al. 2014), a pathway that might act as a gain modulator during locomotion (Niell
& Stryker 2010). It is well established that electrical activation of the anteromedial region of
rodents evokes lateral head and body movements, as well as forward locomotion (Sinnamon
& Galer 1984, Tehovnik & Yeomans 1987, Yeomans & Tehovnik 1988), and ablations of
this region produce deficits in orienting to visual stimuli (Barth et al. 1982). Recordings
from neurons in the frontal orienting fields in rats performing a memory-guided task show a
selectivity for future-orienting movements (Erlich et al. 2011). This part of the brain in
rodents might encompass a homolog of the primate medial eye field (see the sidebar titled
From Primate to Rodent Brain), since electrical stimulation within this area in head-fixed
mice evokes eye movements and eye and whisker movements in anesthetized, head-fixed
rats (Barthas & Kwan 2017, Itokazu et al. 2018, Neafsey et al. 1986). The details of the
projection systems from the AMC of the rodent to V1 remain to be dissected given that this
region includes a significant proportion of the neocortex, spanning much of the frontal
cortex (minus M1).

The remaining significant afferent projections to mouse V1 (in order of declining robustness
as described in Figure 1) include the retrosplenial areas (RSP), the orbital areas (ORB), the
temporal areas with access to the hippocampal complex (TMP), the auditory cortex (AUD),
and the somatosensory cortex including the whisker representation (SS). In rodents, the RSP
encompass the posterior cingulate cortex (Sugar et al. 2011) and contain neurons that are
responsive to vestibular and/or visual flow-field stimuli (Alexander & Nitz 2015, Rancz et
al. 2015). Through direct connections to V1, these motion signals are passed to layer 6
neurons (Vélez-Fort et al. 2014, 2018). Head-direction cells have been found in the RSP
(Chen et al. 1994), and the activity of the cells correlates with running speed, location, and
angular head velocity (Cho & Sharp 2001). Rodents with large lesions of the RSC are
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deficient at responding to large aerial visual threat objects (i.e., those subtending
approximately 20° of visual angle) (Ellard & Chapman 1991), which would require
information about visual flow as well as about self-orientation via the vestibular sense so as
to plan the most efficient escape route. The RSC has access to visual and head-direction
information from the thalamus and spatial information from the hippocampus (Mitchell et al.
2017, Sugar et al. 2011, Taube 2007). Furthermore, the RSP have been implicated in spatial
memory functions (Alexander & Nitz 2015, Milczarek et al. 2018, Nelson et al. 2015), as
well as being bidirectionally connected to the anteromedial cortex (Yamawaki et al. 2016).

ORB (Figure 1) show strong connections to the amygdala, have been associated with
olfactory and gustatory functions, and they are where olfactory and gustatory inputs
converge (Ongur 2000, Rolls & Baylis 1994). Rodents have a significant portion of the brain
devoted to olfaction, as well as taste, given the prominent size of their olfactory bulbs. In
mice, the ORB have been shown to be involved in decision making through interactions with
the amygdala (Malvaez et al. 2019, Zimmermann et al. 2017). Moreover, distinct
subpopulations of neurons exist within ORB that control feeding or social behavior
(Jennings et al. 2019). The ORB are required for assessment of the quality and reward value
of food items and they have been related to interoception and emotionality (Ongur 2000).
Activity within the ORB has been shown to be important for allowing this information to
influence attention and the decision processes (Ward et al. 2015).

TMP, which include areas of the hippocampal complex (see Figure 1 for details), have been
associated with object vision and memory processing (Murray et al. 2007). TMP show
extensive connectivity throughout the cortex (Agster & Burwell 2009, Burwell & Amaral
1998) and they also receive projections from many visual areas (Wang et al. 2012). This part
of the rodent brain acts as an interface between the visual cortex and the hippocampal
formation and provides access to the grid cells (in the entorhinal cortex) which have been
implicated in specifying locations in space for the purpose of navigation (Eichenbaum &
Lipton 2008, Murray et al. 2007). In rodents, damage to this region produces deficits in
visual discrimination tasks involving complex visual stimuli based on more than one feature
(Eacott et al. 2001).

AUD contains neurons that are responsive to a range of sound frequencies and arranged
according to tonotopic maps (Brewer & Barton 2016). Like primates, rodents have ordered
tonotopic maps in the auditory cortex, but rodents are responsive to much higher frequencies
surpassing 30 kHz (the limit of macaques and humans) and reaching levels as high as 100
kHz, a characteristic of the mouse (Bakin & Weinberger 1996, Heffner 2004, Reynolds et al.
2010, Tsukano et al. 2017). Auditory input has been shown to modulate the responses of
neurons in the early visual cortex in mice (Deneux et al. 2019, lbrahim et al. 2016, lurilli et
al. 2012, Meijer et al. 2017, Song et al. 2017), and anatomical connections have also been
found in rats and gerbils (Henschke et al. 2015, Stehberg et al. 2014). When audio-visual
stimuli coincide, the responses of neurons in primary visual cortex are stronger (Deneux et
al. 2019) and multisensory stimulation has been shown to affect the orientation tuning of V1
cells (Ibrahim et al. 2016, Meijer et al. 2018). This process is believed to facilitate
perception.
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The final region to be considered for sending projections to the V1 in the mouse is the SS.
The SS contains neurons that mediate the sense of touch and proprioception for the entire
body (Kaas 1993). In the rodent, this region is composed of two divisions, an anterolateral
division that codes for tactile and proprioceptive sensations from the whiskers and an
anteromedial division that represents tactile and proprioceptive input from the rest of the
body. Much work has been done on the somatosensory cortex that mediates input from the
whiskers, largely because this representation is very large in rodents (Petersen 2007).
Whisker responses in the SS can be modulated by bimodal stimulation with visual stimuli
(Sieben et al. 2013), and V1 neurons show contextual responses to somatosensory
stimulation (Kandler et al. 2018).

Accordingly, V1 in mouse receives inputs from all of the sensory modalities, i.e., vestibular,
auditory, somatosensory, gustatory, and olfactory, as coded by the neocortex. Moreover, V1
has access to spatial and navigational information via the TE, and it receives inputs about
locomotor state from the AMC. To understand what motor structures V1 can influence, we
describe the corticofugal projections of mouse V1.

3. SUBCORTICAL EFFERENT PROJECTIONS FROM V1

The major subcortical projections of V1 according to the Allen Mouse Brain Atlas (Oh et al.
2014; http://connectivity.brain-map.org/) are illustrated in Figure 2. These, in order of
declining robustness, include innervations of the LGN, the pretectal nuclei (PT), the LP
nucleus, the LD nucleus, the SC and the terminal nuclei (TN). Of these projections, two
innervate sensory targets (i.e., the LGN and LP nucleus), and the remainder have been
associated with various aspects of visuomotor processing. The efferent fibers to the LGN are
believed to modify incoming sensory responses from the retina (Grieve & Sillito 1995,
Sherman & Guillery 1998, Swadlow 1983) by enhancing the signal-to-noise ratio of V1
activity during attentional tasks (Briggs et al. 2013). In the mouse, the retinal inputs to the
LGN are similar to those of other mammals (Tang et al. 2016) and have been shown to be
critical during development (Murata & Colonnese 2016, Thompson et al. 2016). Feedback
axons project to both LGN relay neurons and inhibitory neurons of the thalamic reticular
nucleus, and in slices, there is facilitation of neuronal responses upon corticothalamic
terminal stimulation (Jurgens et al. 2012). Interestingly, optogenetic suppression of input
from layer 6 elicited a wide range of responses from increases to decreases of LGN activity,
whereas optogenetic stimulation led to suppression (Denman & Contreras 2015). This is in
contrast to the spatiotemporal enhancements in other species, but this might be due to the
complexity of the circuit and the lack of more refined in vivo stimulation.

The next two structures that receive input from V1 are two other thalamic nuclei: the LP
nucleus and the LD nucleus. As mentioned earlier, LP is considered to be the pulvinar
nucleus homolog of the rodents (Zhou et al. 2017a). Layer 5 V1 neurons provide strong
input to LP (Li et al. 2003) and is believed to play a role in relaying the information through
the corticothala-mocortical pathway (Sherman & Guillery 2011). In rodents, the LP nucleus
is part of the pathway for processing looming stimuli (Beltramo & Scanziani 2019, Wei et
al. 2015). The LP nucleus has been shown to respond to both global motion and object
motion, but when V1 activity was optogenetically suppressed, responses shifted to object
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motion providing evidence for a cortical computation of global motion (Bennett et al. 2019).
Lastly, the LP nucleus is connected to the striatum, amygdala, and AMC, which may provide
V1 with access to these areas (Bennett et al. 2019, Zhou et al. 2017b). As for the V1
projections to the LD nucleus of the thalamus, much less is known about their functionality.
The LD nucleus has extensive connections to the limbic system including the cingulate, the
subicular, and the hippocampal formations (Spiro et al. 1980). Based on recordings of
neurons located in the LD nucleus from behaving rats, it has been suggested that the LD
nucleus is utilizing the visual input for spatial learning and navigation (Enkhjargal et al.
2014, Mizumori & Williams 1993).

The remaining structures receiving corticofugal projections from VV1—the PT, the SC, and
the TN—have all been studied within the context of visuomotor control. The PT is well
known for being part of the brainstem circuitry that mediates the pupillary reflex via the
pretectal olivary nucleus, which contains luminance detectors (Lucas et al. 2001, Petruno et
al. 2013, Young & Lund 1994). The nucleus of the optic tract is involved in coordination of
eye movements such as OKN. Projections from V1 can modulate the gain of this reflex and
to an even greater extent after reduced vestibular input (Liu et al. 2016).

The SC is a well-studied structure (Basso & May 2017, Cang et al. 2018, Ito & Feldheim
2018). In rodents, it has at least two functions: approaching appetitive stimuli and avoiding
visual threat objects (Cang et al. 2018, Dean et al. 1989, Ellard & Goodale 1988, Schneider
1969, Shang et al. 2019). The crossed pathway from the SC mediates orienting responses to
punctate targets whereas the uncrossed pathway subserves the avoidance of large visual
looming targets (Ellard & Goodale 1988). The function of the SC in mice is shifted from
controlling eye movements to controlling eye and head movements (Ito & Feldheim 2018)
and projections from V1 can change the gain of collicular responses to looming stimuli in
awake animals (Zhao et al. 2014) and even drive freezing behavior (Zingg et al. 2017).
Interestingly, cells in the SC of the mouse have similar orientation preferences that resemble
the orientation columns found in V1 of large mammals (Feinberg & Meister 2015), in
contrast to the presumed random distribution that is observed in V1 of rodents (Ohki et al.
2005).

The TN, which are part of the accessory optic tract system, control optokinetic nystagmus
by stabilizing an image on the retina as the visual surround moves (Simpson 1984, Sun et al.
2015). These nuclei receive direct retinal input (Hayhow et al. 1960, Morin & Studholme
2014), and the neurons in TN have much larger receptive fields than the ganglion cells (van
der Togt et al. 1993). They respond to movement of large visual patterns, with neurons in the
medial and lateral TN being responsive to vertical motion and neurons in the dorsal TN to
the horizontal motion (Hoffmann et al. 1992, Mustari & Fuchs 1989, Simpson 1984,
Yonehara et al. 2009). While the connection between TN and the visuo-cortical areas has not
been studied in the mouse, input from cortical areas has a modulatory effect on eye
movements in monkeys (Distler & Hoffmann 2001) and could possibly carry the same
function in rodents.

The discussion above suggests that mouse V1 is directly connected to subcortical structures
that mediate oculomotor behaviors that can range from orienting to visual stimuli to
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performing OKN. Therefore, the role of V1 in modulating the behavior of the animal has to
be expanded, since it can bypass the motor and premotor cortical areas. The next section
discusses the connectivity of V1 and the higher-order visual areas.

4. VISUO-CORTICAL EFFERENT PROJECTIONS FROM V1

V1 of the mouse is reciprocally connected to at least nine distinct visual areas in the
neocortex, which are illustrated in Figure 3 in order of progressively diminishing strength of
connectivity. They are (&) the anterolateral visual area (V1Sal), (&) the lateromedial visual
area (VISIm), (¢) the rostrolateral visual area (VISrl), (d) the lateral intermediate visual area
(VISIi), () the posteromedial visual area (VISpm), (#) the posterior visual area (VISp), (9)
the anteromedial visual area (V1Sam), (/) the postrhinal visual area (V1Spor), and (/) the
anterior visual area (V1Sa). According to Garrett et al. (2014), the first six visual areas—the
VISal, the VISIm, the VISrl, the VISIi, the VISpm, and the VISp—have complete visuo-
topographic maps with representations out to 80° of eccentricity. The remaining areas have
partial maps (i.e., the VISam and VISpor) or no reported map (i.e., the VISa designated as a
parietal area).

Areas VISal and VISIm are strongly connected to V1 (Figure 3), and like the neurons in V1,
they contain cells that are orientation tuned with a direction of motion preference
(Andermann et al. 2011, Juavinett & Callaway 2015, Marshel et al. 2011). The neurons in
the VISrl code for the nasal visual field, possibly for the purpose of representing the area
covered by whisking (Figure 3) (Garrett et al. 2014, Olcese et al. 2013), and this area
contains cells that respond to moving, textured flow-fields (Juavinett & Callaway 2015).
VISli area has neurons that have a preference for high spatial frequencies (Andermann et al.
2011, Marshel et al. 2011). Their tuning properties together with the connections to areas in
TMP suggest that it is part of the rodent ventral stream (Wang et al. 2012).

The VISpm, along with the VISam, which is discussed further below (Figure 3), shows
strong connectivity with the RSP (Wang et al. 2012). The VISpm has large receptive fields
with minimal surround suppression (Murgas et al. 2019) and a preference for high spatial
frequencies (Marshel et al. 2011, Roth et al. 2012). This connectivity and functional pattern
make it likely to be important for extracting visual information (such as global motion
signals) that might be used for spatial navigation (Burkhalter 2016, Murgas et al. 2019, Roth
et al. 2016). Areas VISp and VISpor have strong connections to areas in TMP (Wang et al.
2012). Area VISpor and target areas in TMP show similar response properties to moving
objects that are distinct from V1 responses (Nishio et al. 2018). In a recent study by
Beltramo & Scanziani (2019), it was found that the VISpor of the mouse is better than V1 at
representing moving dots, and the motion selectivity originates from LP nucleus and not
from the V1. This additional colliculocortical pathway might be important for processing
moving stimuli in rodents (Beltramo & Scanziani 2019, Bennett et al. 2019, Tohmi et al.
2014).

Area VISam contains retinotopic mapping that includes only the peripheral visual field out
to 80° with no representation of the central 20° (Garrett et al. 2014, Zhuang et al. 2017). The
VISam and VISa areas are considered to be components of the dorsal stream of visual
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processing that mediate visuomotor guidance via connections with the posterior parietal
cortex (PPC) but also with the AMC (Wang et al. 2012). Itokazu et al. (2018) showed AMC
inputs to these areas that were involved in an eye movement task. Interestingly, there appears
to be a large overlap of the anterior visual areas VISa and VISam with the PPC (Lyamzin &
Benucci 2019). Anterograde tracer injections have shown that area VISa has extensive
overlap with lateral PPC whereas the anterior of VVISam overlaps with medial PPC (Hovde et
al. 2019). PPC is believed to play an important role in the processing and accumulation of
the visual information that then drives decision making (Goard et al. 2016, Licata et al.
2017, Odoemene et al. 2018).

Through these widespread visuo-cortical connections to four major output pathways, the
temporal cortex (areas VISp, VISpor, and VISIi), PPC (areas VISam and VISa), RSP (areas
VISpm and VISam), and AMC (areas VISam, VISa, and VISpm), visual information from
V1 can spread to cortical areas that take part in the behavior of the animal.

5. INTERPRETING V1 CIRCUITS

As mentioned above, the visual activity in V1 is augmented in mice that are required to walk
or run (Niell & Stryker 2010). Moreover, it has been shown that the processing of natural
stimuli in the visual cortex can improve during behaviorally active periods (i.e., whisking,
running) (Froudarakis et al. 2014), and the activity of cells can be continuously modulated at
an even faster timescale of 1-2 s (Reimer et al. 2014, Vinck et al. 2015). Consequently, an
important question arises: How do anatomical connections relate to the functional properties
of cells in the primary visual cortex?

5.1. Modulation by Feedback

It is believed that feedback can dynamically modulate the effective connectivity within V1,
allowing neurons to change their functional properties depending on the behavioral context
(Gilbert & Li 2013). That can be achieved with a differential recruitment of interneurons:
feedback connections both from cortical areas VISIm and VISpm and from the LP nucleus
show a balanced input to excitatory and inhibitory cells in V1, whereas feedforward
connections from the LGN preferentially recruit parvalbumin (PV) interneurons (Bista et al.
2019, D’Souza et al. 2016). When activity in the area VISIm is suppressed, it has been
shown to selectively decrease the responses of V1 neurons at their prefer orientation
(Pafundo et al. 2016). Feedback connections reflect a similarity in the spatial frequency
tuning: Layer 5 neurons from VISal that prefer low spatial frequencies target V1 neurons
with a preference for low spatial frequencies. Likewise, VISpm neurons that prefer high
spatial frequencies target V1 neurons with similar tuning preferences (Huh et al. 2018).
Notably, when VISal or VISpm was silenced, there was a reduction in activity of neurons
preferring low or high spatial frequencies respectively.

Rodent V1 can disambiguate complex visual stimuli from the surround (Ingle 1981, Ingle et
al. 1979, Schnabel et al. 2018, Schneider 1969), but in general figure-ground segregation
includes regions beyond V1. In a study by Schnabel et al. (2018), it was shown that figure-
ground enhancement is prevalent throughout the visual cortex, as assessed with two-photon
imaging. The regions exhibiting figure-ground enhancement included the majority of visual
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areas: V1, the VISal, the VISIm, the VISrl, the VISpm, the VISam, and the VISa (as
illustrated in Figure 3), as well as the RSC (as illustrated in Figure 1). When mice performed
a discrimination based on line configuration, all the visual areas noted above exhibited an
augmentation of activity during the figure-ground period (i.e., 100 to 400 ms after target
onset) except for the RSC [all comparisons were made with passive viewing (see Schnabel et
al. 2018, figure 3d)]. It has been presumed that figure-ground potentiation in V1 is due to
feedback from higher cortical areas (Lamme 1995, Lamme & Roelfsema 2000, Zipser et al.
1996). To test this idea, Schnabel et al. (2018) silenced optogenetically large cortical regions
within the VISal, the VISIm, the VISpm, and the VVISam while recording the activity of
neurons in V1 using two-photon imaging. It was found that such manipulation reduced the
figure-ground potentiation in a task difficulty—dependent manner.

Direct projections from AMC to V1 are believed to play a big part in shaping neural
responses. When AMC neurons were optogenetically activated as drifting gratings were
presented to the retina of mice (Zhang et al. 2014), it was found that the activity of V1 cells
was enhanced by the activation only when the gratings were at their preferred orientation.
Additionally, when mice were required to perform a visual discrimination, optogenetic
activation improved the performance of the animals. It is noteworthy that the optogenetic
stimulation employed in the experiments never evoked eye movements, but at higher
magnitudes of laser intensity, eye movements were induced that exhibited saccade-like
properties. Similarly, electrical stimulation of a small region of MQOs in the AMC also
induced eye movements (Itokazu et al. 2018), which is in keeping with the notion that the
AMC is a frontal-lobe center subserving orienting responses (Yeomans & Tehovnik 1988).

To deduce the circuit responsible for the results discussed above, optogenetic activation of
the AMC was performed as intracellular recordings were made of pyramidal neurons in
layer 2/3 of V1 (Zhang et al. 2014). Both excitatory post synaptic potentials (EPSPs) and
inhibitory post synaptic potentials (IPSPs) could be evoked in the pyramidal cells by
stimulation of the axons originating from the ACA of the AMC. Since the IPSPs occurred at
a longer latency than the EPSPs, and since the IPSPs could be blocked by silencing
inhibitory circuits, it was presumed that the ACA has direct access to the pyramidal cells for
their excitation but indirect access via a disynaptic GABAergic circuit for their inhibition.
Furthermore, optogenetic activation of the axons was shown to directly excite all three major
interneurons in V1—i.e., PV, somatostatin-positive (SST), and vasoactive intestinal peptide
(VIP) interneurons. These interneuron types were found to be directly connected by axons
originating from the ACA, with the VIP interneurons receiving the strongest connections,
thereby indicating that this input could be used to potentiate the activity of pyramidal cells
for optimally oriented stimuli through disinhibition. Indeed, inactivation of the VIP
interneurons abolished the augmentation of the preferred orientation response induced by
activation of axons from the ACA (Zhang et al. 2014).

5.2. Motor Signals in V1

It has been postulated that the feedback signals to V1 may be more coupled to the motor
system than originally thought (Kaneko et al. 2017, Lee et al. 2014, Monaco et al. 2018,
Zhang et al. 2014). Visuomotor experience has been shown to be important for the
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development of the visual system in both mice and cats (Attinger et al. 2017, Held & Hein
1963). Mice that had their self-generated motion decoupled from their visual experience had
fewer neurons that responded to mismatch between self-movement and visual flow (Attinger
et al. 2017). In the experiments of Lee et al. (2014), glutamatergic brainstem sites mediating
locomotion (i.e., the area of pedunculo-pontine tegmental and cuneiform nuclei) were
activated optogenetically in mice as visual stimuli were presented to the retina and as single-
unit recordings were made from V1. All activations were done subthreshold so as not to
elicit motor responses. Stimulation in the brainstem increased the activity of cells in V1
tuned to specific orientations of drifting gratings, similar to what had been reported in mice
running on a spherical treadmill (Niell & Stryker 2010). To that extent, maximal brain
plasticity also ensues when animals move during task performance thereby engaging
multiple sensory systems to induce rapid adaption (Held & Hein 1963, Kaneko et al. 2017).

By imaging a large part of the neocortex of head-fixed yet mobile mice, Musall et al. (2019)
found that, while sensory stimuli modulated distinct regions of the cortex, body movements
activated massive sections of the cortex irrespective of the cognitive condition driving the
behavior. When the sensory stimulus was visual, the visual cortex was activated, and when
the sensory stimulus was auditory, the auditory cortex was activated. During movement
execution, much of the parietal and motor cortices (primary motor cortex and MOs of the
AMC) were activated. Since the realization of many behaviors requires learning, from the
ability to walk to discrimination between different predators to mate selection, wide-field
imaging will now be able to deduce how the neocortex is shaped to sculpt behavior.

The complete list of network structures mediating the locomotor effect is far from being
finalized, given that activation of the AMC also modulates the firing of V1 cells (Zhang et
al. 2014). The AMC vis-a-vis V1 has become the focus of much research on the effect of
behavioral context and vision (Fiser et al. 2016, Leinweber et al. 2017, Zhang et al. 2014).
Projections connecting the AMC to V1 of mice convey information not only about
locomaotion, but also about the visual surround as mice move through a virtual flow field
(Leinweber et al. 2017). The axons from the AMC projecting to V1 of head-fixed mice were
found to start firing at the onset of locomotion as visual flow fields were presented to the
retina and the rate of firing varied with locomotor speed. This discharge was greatly
decreased when mice were required to run in total darkness, and it was also reduced by
inactivation or lesions of the AMC. The firing of the axons from the anteromedial cortex to
V1 were topographically ordered such that they were activated the most in the presence of
the strongest flow-fields (right or left) and activation of the axons in right V1 evoked
leftward “virtual” turns and activation of the axons of left V1 evoked rightward “virtual”
turns (Leinweber et al. 2017, figure 5). On this point, it was found that the AMC innervates
V1 topographically such that anterior sites innervate lateral V1 (central-field representation),
posterior sites innervate medial V1 (peripheral-field representation), lateral sites innervate
posterior V1 (upper-field representation), and medial sites innervate anterior V1 (lower-field
representation) (Leinweber et al. 2017, figure 2). Whether a similar representation exists in
higher mammals is unclear (but see Lee & Tehovnik 1995).

In another study, head-fixed mice were required to locomote for reward through a virtual
tunnel such that oriented gratings (45° or 135°) were presented in a sequence as recordings
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were made of V1 neurons using two-photon imaging to study neurons in layer 2/3 (Fiser et
al. 2016). It was found that 6% of 899 neurons in V1 responded in anticipation of an
upcoming grating orientation positioned in a specific location of the visual field. This
occurred once the mice were exposed to repeated daily presentations of a stimulus sequence.
A subset of the cells increased their response when the expected stimulus was omitted.
Axons originating in the AMC and terminating in V1 similarly exhibited anticipatory
activity, but they never produced an increase in response to omitted stimuli. This suggests
that stimulus comparisons are registered in V1 rather than in the AMC. The topographic
correspondence between V1 and the AMC may keep the two regions spatially connected for
the transmission of newly learned information (Leinweber et al. 2017). The dependency of
V1 on frontal lobe circuits for transferring learned information within the V1 map could be
assessed in the mouse.

Vélez-Fort et al. (2018) have found that layer 6 neurons of mouse V1 receive vestibular and
visuomotion input from the RSC, which is strongly connected to V1 (Figure 1). Head-fixed
mice had their heads rotated passively in the horizontal dimension as extracellular or whole-
cell recordings were made from all layers of left V1. The maximal rotation velocity was
80°/s, and movements were either rightward or leftward with the head marking the center of
rotation. Half of the cells in layer 6 discharged best to either rightward or leftward rotation
as an animal was kept in total darkness. The remaining cells responded to either direction of
head motion. The responsivity of the cells (based on membrane potential changes) covaried
with the angular velocity of the head. Bilateral lesions of the vestibular canals abolished the
discharge. In addition to vestibular modulation, the neurons were also responsive to visual
motion with some being direction selective. It was found that the vestibular and motion
inputs were summed arithmetically by layer 6 neurons. Thus, vestibular information has the
potential to heavily influence V1 activity.

5.3. Neuromodulatory Context: Brain State and Reward

Behavioral state in mammals is regulated by four prominent neuromodulators:
norepinephrine from the locus coeruleus, acetylcholine from the nucleus basalis Meynert
complex, dopamine from the ventral tegmental area/substantia nigra compacta, and
serotonin from the raphe nucleus. The first two modulators—norepinephrine and
acetylcholine—play a role within the contexts of wakefulness (Reimer et al. 2014, 2016) and
learning (Liu et al. 2015). Dopamine is known for its role in reward, which drives operant
behavior (Olds & Milner 1954, Pascoli et al. 2015, Wise & Rompre 1989), and serotonin
affects sensory saliency (Jacob & Nienborh 2018). It is noteworthy that all four modulators
have a weak presence in V1 according to the Allen Mouse Brain Atlas (Oh et al. 2014;
http://connectivity.brain-map.org/). This paucity of innervation throughout the neocortex
may be due to the fact that these modulators have few neurons to support the distribution
across such a large projection area (Bigl et al. 1982, Menegas et al. 2015, Schwarz & Luo
2015). Nevertheless, the weak innervation is sufficient for control of different behavioral
states, such as wakefulness, as mediated by the locus coeruleus, for example (Aston-Jones &
Bloom 1981, Aston-Jones & Cohen 2005, Aston-Jones et al. 1996). How different
neurotransmitter systems regulate behavioral states within the different functional divisions
of the neocortex, including V1, is still not clear, but recent work has demonstrated
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differences between the specificity of neuromodulators: The cholinergic system can have
selective projections that give rise to modality-specific effects while the noradrenergic
system has more broad effects on different modalities (Kim et al. 2016, Zaborszky et al.
2015). In addition, neurotransmitter systems modulate thalamic nuclei that are reciprocally
connected to V1 and that are believed to participate in executive gain control (Varela 2014).

Serotonin affects the LGN (Vertes et al. 2010) and V1 with its afferents primarily targeting
the input layer 4 (Paspalas & Papadopoulos 2001). The innervation of serotonin is more
homogeneous across the cortex and has dense projections in the input layer 4 of the primary
sensory areas when compared to other neuromodulators (Jacob & Nienborg 2018). It can
lower the gain of the V1 response in macaques and rats, thereby reducing visual saliency
(Seillier et al. 2017, Waterhouse et al. 1990). Serotonin appears to be involved in the
plasticity of visual circuits. In the rat, serotonin levels increase during monocular
deprivation, and blockage of the serotonin release interferes with the ocular dominance shift
that normally follows deprivation (Baroncelli et al. 2010). This effect of serotonin appears to
be mediated through reduced inhibition and increased levels of brain-derived neurotrophic
factor. However, dopaminergic terminals are much sparser in the primary visual cortex. In
the rat, afferents from the ventral tegmental area project mainly in layers 5 and 6, but any
effect on the neural activity is much less studied than other neuromodulatory inputs, and is
hypothesized to be mediated through indirect feedback from other areas (Jacob & Nienborg
2018).

Reward is a very important aspect of behavioral state, and it has been shown that rewarded
visual stimuli can lead to sharper spatial tuning in V1 (Goltstein et al. 2018). Rodents will
self-stimulate when electrodes are positioned near the nucleus basalis (Olds & Milner 1954).
When head-fixed, water-deprived mice were presented with a flash of light followed by a
water reward (Liu et al. 2015), neurons in V1 changed their responsivity in anticipation of
reward delivery after repeated exposures to a flash reward combination. Next, instead of
delivering a water reward, a fictive reward signal was elicited by optogenetic activation of
cholinergic axons in V1 originating from the nucleus basalis of the diagonal band, and
interestingly, it was found that neurons within V1 exhibited the same responsivity profiles
following repeated exposures to the fictive reward as compared to the water reward after
subjecting mice to repeated flash-fictive-reward trials. In a similar manner, in a task where
rats had to discriminate between visual stimuli with different temporal structure, blocking
cholinergic input to the visual cortex resulted in impaired learning without affecting
previously learned associations (Minces et al. 2013). In addition to promoting plastic
changes, cholinergic input has also been shown to have direct effects on the processing of
local information (Goard & Dan 2009, Pinto et al. 2013). When nucleus basalis was
stimulated responses to natural stimuli became less correlated and more reliable.

Reimer et al. (2014) studied the responsivity of V1 neurons in head-fixed, non-locomoting
mice while measuring pupil size. The pupillary response is used as an index of an animal’s
state of arousal, which is believed to be mediated by the noradrenergic fibers of the locus
coeruleus (Aston-Jones & Bloom 1981, Aston-Jones & Cohen 2005, Aston-Jones et al.
1996, Liu et al. 2017, McGinley et al. 2015, Shimaoka et al. 2018). It was found that, during
periods of pupil dilation, the layer 2/3 direction-tuned cells of V1 (as studied with two-
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photon imaging) were more responsive to the presentation of the preferred direction of
drifting gratings with the nonpreferred direction having no effect. A similar result was
obtained when natural scenes were presented to the animals. In these experiments, trials that
contained eye movements were excluded, and there is evidence to suggest that these state
transitions are different from the ones during running (Larsen et al. 2018, Vinck et al. 2015).
Also, during periods of immobility and pupil dilation, the VIP interneurons were
depolarized, and the SOM interneurons were hyperpolarized (as assessed with whole-cell
recording), which would have released pyramidal cells from inhibition. Imaging cholinergic
and noradrenergic axons has shown that both neurotransmitters are active during periods of
pupil dilation and running (Larsen et al. 2018, Reimer et al. 2016).

6. DISCUSSION

With the advent of two-photon imaging and optogenetic recording and activation (Boyden et
al. 2005, Kerr & Denk 2008), many circuits are being studied, with most of the work
concentrating on the functions of the posterior visuo-cortical areas and on how locomotion
(including head displacements) and responses to moving visual stimuli are integrated by
networks spanning large portions of both the posterior and the anterior neocortices (e.g.
Leinweber et al. 2017, Musall et al. 2019, Shimaoka et al. 2018, Vélez-Fort et al. 2018),
something that a decade ago had remained mostly within the realm of speculation due to
limited methodologies (e.g. Schiller & Tehovnik 2001, 2005). The functions of the posterior
visual areas have been assessed mainly with the use of oriented bars, with less work having
been done using visual stimuli customized ethologically for the mouse brain (Froudarakis et
al. 2014), or stimuli that are optimally driving their responses (Walker et al. 2018).
Moreover, given the extensive V1 innervation by neocortical areas mediating the entire
sensory space (Figure 1), there is little information on how the non-visual senses are
integrated at the level of VV1; yet the vestibular sense is receiving attention.

Furthermore, although investigators are determining the subcortical channels utilized by V1
for sensorimotor processing (e.g., Lee et al. 2014, Zhou et al. 2017b), much less work is
being done in this regard. This is somewhat surprising given the plethora of work available
on regions such as the PT, SC, and TN in lower mammals (as reviewed above). This
negligence might be related to the prominence given the neocortex in systems neuroscience
(e.g., Felleman & Van Essen 1991), with less regard being paid to subcortical channels,
which are within the domain of oculomotor neurophysiology (Schiller & Tehovnik 2015). In
addition, the preponderance of projections between V1 and the LGN and the LP and LD
nuclei of thalamus highlights the importance of these projections (Sherman & Guillery
1996; Zhou et al. 2017a,b). There are many hypotheses that could be revisited on the
functions of the subcortical substrates, from performing something as apparently mundane
are regulating pupil size to something as important as negotiating barriers and avoiding
predators (e.g. Ingle 1973, Jampel 1960, Schneider 1969, Teuber 1970, Yeomans &
Frankland 1995). For example, how motion information is transmitted from the visual cortex
to the SC or LP nucleus as rodents anticipate moving targets (Ingle et al. 1979, Rhoades &
Chalupa 1978, Zhou et al. 2017a) has yet to be resolved at the circuit level.
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In conclusion, it is clear that different behavioral contexts have significant impact on the
responsivity and functionality of area V1. The most robust effects, not surprisingly, occur
when animals are required to move around (Musall et al. 2019, Niell & Stryker 2010). The
tight sensorimotor integration may be a universal property of all neocortical primary sensory
systems, which coincides with the original thinking of Lashley that information contained
within the neocortex is distributed. This may provide mammals with the most efficient
exchange of multisensory information to thereby select appropriate behaviors by which to
accelerate the adaptive process. Given the recent advances in technologies that allow
recording from large numbers of neurons across multiple areas, precise control of the neural
activity, and fine mapping of the connectivity, we might finally be able to understand the
function of the primary sensory cortex in context.
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FROM PRIMATE TO RODENT BRAIN

Some of the discussion in this review uses the primate brain as a guide to how the mouse
brain may be configured for visuomotor control. The visual system of the primate is
somewhat different from that of the rodent, however. The primate has forward-looking
eyes, and the movements of the eyes are conjugate, allowing for stereovison, and
disjunctive when changing depth planes (Carpenter 1988, Schiller & Tehovnik 2015,
Zhou & King 1998). In the rodent, however, the laterally placed eyes offer extended
coverage of the visual field, which is important for predator avoidance (De Franceschi et
al. 2016, Ellard & Chapman 1991, Meister & Cox 2013, Wallace et al. 2013, Yilmaz &
Meister 2013). Their eyes, more often than not, move independently of one another, and
while this can limit stereovision, it does optimize the coverage of the binocular field,
which is located in front of the animal (Meister & Cox 2013, Wallace et al. 2013).
Rodents show predatory activity (Hoy et al. 2016, Scholl et al. 2017, Shang et al. 2019),
and neurons in V1 are tuned for binocular disparities (Scholl et al. 2013), but the
dependency of depth estimation with binocular vision during these behaviors has yet to
be established. Rodents lack a capacity for significant accommodation (Hughes 1977),
but they can deduce depth from monocular cues, such as motion cues and motion parallax
(Ellard et al. 1986, Legg & Lambert 1990). While rodents do not exhibit vergence or
pursuit eye movements given that they are afoveal animals (Euler & Wéssle 1995,
Wallace et al. 2013), they can produce saccadic-like movements (ltokazu et al. 2018,
Palagina et al. 2017, Sakatani & Isa 2007, Zhang et al. 2014). Despite the differences,
rodents exhibit a vestibular ocular reflex and optokinetic nystagmus, and they have eye
movements surpassing 20° in the horizontal, vertical, and torsional dimensions when the
head is free; when the head is immobilized (a common condition in many of the studies
evaluated in this review), eye movements become infrequent (van Alphen et al. 2010,
Wallace et al. 2013). Evolutionarily, the visuomotor behavior of the rodent may be
considered to be midway between those of the frog and the primate (Ingle 1973a,b;
Schneider 1969; Teuber 1970).
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Figure 1.

Afferent projections to V1. Shown is a top view of the mouse neocortex based on the Allen
common coordinate framework v.3 plus the thalamic nuclei that project to V1. Robustness of
afferent projections outside of the visual cortex to V1 is shown rank ordered according to the
density of projections adjusted for injection size. The inputs from most robust to least robust
were: (1) the dorsal and ventral part of the lateral geniculate nucleus (LGN), lateral posterior
(LP) and lateral dorsal nuclei (LD) of the thalamus (TH); (2) the secondary motor and
anterior cingulate areas (AMC); (3) the retrosplenial areas and postsubiculum (RSP); (4) the
orbital areas (ORB) (note that, for visibility reasons, only the area just anterior to AMC is
indicated as part of the orbital areas); (5) the temporal, ectorhinal, perirhinal, entorhinal,
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postrhinal, subiculum, and CA1 areas (TMP) (note that only parts of the areas are visible);
(6) the auditory areas (AUD); and (7) the somatosensory areas, including the whisker
representation (SS). Details regarding the injections: We examined recombinant adeno-
associated virus injections into wild-type mice from the Allen dataset into visual and non-
visual areas and used a combination of projection pixel density and intensity (weighted by
injection volume) to develop a qualitative ranking of projection strength (robustness)
between areas. For V1 afferent connectivity, injections that also infected visual areas were
discarded.
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Figure 2.
Efferent subcortical projections from V1. Coronal view of the mouse brain. Based on the

Allen common coordinate framework v.3 to include the lateral dorsal nucleus of the
thalamus (LD) plus efferent projection zones of V1 (area 17). Robustness of efferent
projections outside of the visual cortex is shown for the wild-type mouse, rank ordered
according to the density of projections adjusted for injection size. The inputs from most
robust to least robust were: (1) the lateral geniculate nucleus (LGN), (2) the pretectal nuclei
(PT), (3) the lateral posterior nucleus of thalamus (LP), (4) the LD, (5) the superior
colliculus (SC), and (6) the terminal nuclei (TN).
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Figure 3.
Efferent cortico-visual projections from V1. Shown is a top view of mouse neocortex based

on the Allen common coordinate framework v.3. Robustness of efferent projections to and
from V1 is illustrated for the wild-type mouse, rank ordered according to the density of
projections of visual cortex adjusted for injection size. The inputs from most robust to least
robust were: (1) the anterolateral visual area (VISal/AL), (2) the lateromedial visual area
(VISIm/LM), (3) the rostrolateral visual area (VISrl/RL), (4) the lateral intermediate visual
area (VISIi/L1), (5) the posteromedial visual area (VISpm/PM), (6) the posterior visual area
(VISp/P), (7) the anteromedial visual area (VISam/AM), (8) the postrhinal visual area
(VISpor/POR), and (9) the anterior visual area (V1Sa/A).
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