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In the neocortex, neurons with similar functional properties are clustered together. While
incompletely understood, this feature of cortical organization is conserved across a variety of
species and sensory systems. In the visual cortex, neurons with similar receptive field properties

lie close by in cortical space.

The mouse has become an increasingly popular model organism to study vision. While mice
lack the visual acuity of primates, there are unparalleled genetic tools available in mice that
allow us to dissect the functional properties and connectivity of specific cell types. Mice use
vision perform complex behavioral tasks, like hunt, and, like primates, their visual areas are
organized hierarchically. While it is likely that mouse visual areas specialized to aid mice in
performing visual tasks, there is also evidence that visual computation is different in mice and
primates. In particular, visual tuning properties are mapped differently in primates and mice and

this likely has relevant functional consequences.



A hallmark of primate vision is the specialization of visual areas. The primate visual system is
organized hierarchically such that receptive fields of neurons in higher visual areas become
increasingly complex and specific. It is unknown to what extent a similar organization exists in
mice. The functional role of mouse higher visual areas, and their homology to primate visual
areas, is an active area of investigation. Understanding the differences and similarities between
mice and primates is crucial to establishing the mouse as a relevant model organism for primate

vision.

Five previous studies have revealed that mouse higher visual areas have distinct spatial and
temporal frequency tuning properties than primary visual area, V1. However, their findings have
varied widely. Similarly, previous studies have also revealed that functional properties, mainly
spatial frequency tuning and coherent motion tuning, change across the visual field, but this is
under-characterized. The primary aim of my thesis was to study how receptive field properties
are mapped across the mouse visual cortex and how tuning properties change across the visual
field. The next is to understand how experimental conditions and experimental design choices

can lead to different tuning measurements between studies.

In my first project, | used a combination of widefield and 2-photon (2P) calcium imaging to
investigate how spatial frequency (SF) and temporal frequency (TF) tuning properties are
mapped in the mouse visual cortex. | found evidence of functional specialization at different
receptive field altitude locations in V1 and higher visual areas. Neurons in anterior V1 (lower
visual field of view) have lower average TF and SF tuning than posterior V1 (upper visual field of
view). | measured whether tuning gradients, gradual changes in tuning properties across a
visual area or areas, in V1 and higher visual areas were consistent across cortical layers and in

thalamic (ALGN) axons. In most visual areas, gradients had the same slope with respect to



altitude. Interestingly, | found TF gradients that did not change abruptly across areal borders.
While TF tuning differed across cortical layers, the relationship between TF and altitude was
consistent across laminar populations and in dLGN axons. Therefore, gradients in V1 and some

higher visual areas likely result from input from dLGN axons.

In my second project, | examined how different inclusion criteria can impact reported tuning
properties. Neurophysiology studies require the use of inclusion criteria to identify neurons
responsive to the experimental stimuli. Five recent studies used calcium imaging to measure the
preferred tuning properties of layer 2/3 pyramidal neurons in mouse visual areas. These five
studies used different experimental designs that employed different inclusion criteria and report
different, sometimes conflicting results. Experimental design choices and inclusion criteria both
affect the subpopulation of neurons that are selected for. Here, | examined how different
inclusion criteria can impact reported tuning properties, modifying inclusion criteria to select
different sub-populations from the same dataset of almost 17,000 layer 2/3 neurons from the
Allen Brain Observatory. The choice of inclusion criteria greatly affected the mean tuning
properties of the resulting sub-populations; indeed, the differences in mean tuning due to
inclusion criteria were often of comparable magnitude to the differences between studies. In
particular, the mean preferred TFs of visual areas changed markedly with inclusion criteria, such
that the rank ordering of visual areas based on their TF preferences changed with the
percentage of neurons included. These results demonstrate that the current understanding of
the functional organization of the mouse visual cortex obtained from previous experiments

critically depends on the inclusion criteria used.

Collectively, my research has advanced our understanding of visual processing in the mouse.



To my family and friends
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1. INTRODUCTION

An organizing principle of the neocortex is that cells with similar response properties are
clustered together in cortical space. While incompletely understood, these maps likely serve
some role in processing sensory information. The goal of my thesis is to characterize functional

maps in the mouse visual cortex.

In this introduction, | will first provide a brief overview of the mammalian visual system and
visual cortex (section 1). Then, | will describe the functional maps in visual cortex (section 2),
address how these maps come about (section 3) and their purpose (section 4), before

introducing my aims (section 5).

1.1 VISUAL INFORMATION IS PROCESSED IN THE VISUAL SYSTEM

1.1.1 DEFINITION OF ‘VISUAL AREA’; RETINOGENICULATE AND RETINOCOLLICULAR
PATHWAYS.

The mammalian visual system is responsible for encoding, synthesizing, and distributing visual
information. In most mammals, information travels from the retina to early visual cortical areas
via two routes. In the retinogeniculate pathway, the retina converts light into electrical signals,
which travel to the lateral geniculate nucleus (LGN) of the thalamus, then to the primary visual
cortical area, V1, then to the extrastriate visual areas (Merrigan & Maunsell, 1990). In the
retinocollicular pathway cells in the retinal signal to the superior colliculus in the tectum, which
then signal to the lateral pulvinar (LP) nucleus of the thalamus (Abrahamson & Chalupa, 1988).
In primates, this information is then passed via a disynaptic pathway to some extrastriate visual
areas: MT and V3 (Lyon et al., 2010). Similarly, in mice, only extrastriate visual areas receive

pulvinar projections (Tohmi et al., 2010).

10



Historically, researchers have used a combination of lesioning, electrical stimulation, and
electrophysiological recording experiments to describe which cortical regions are visually
responsive. Brain areas are considered visual areas if they: (1) contain cells that respond to
light and (2) produce the sensation of light if they are stimulated. Researchers first observed
that lesions in the caudal part of the brain, in the occipital lobe, resulted in visual deficits (Munk,
1881; Henschen, 1890), leading them to the conclusion that the occipital lobe is necessary for
processing visual information. Later, electrical stimulation and electrical recording of visual
activity in primary visual cortex areas and extrastriate visual areas lead researchers to map the
representation of the visual field in various parts of cortex (Bard, 1938; Daniel and Whitteridge,

1961). This led to the discovery that visual space is topographically organized in the cortex.

The visual cortex is divided into several visual areas, defined as groups of retinotopographically
organized somata (Van Essen, 1970), meaning that cells that are physically close together
receive input from regions close by in the visual field. Neurons are also organized functionally,
such that neurons with similar functional properties are clustered together in space (Van Essen

& Felleman, 1997; Desimone & Gross, 1979).

1.1.2 HISTORICAL DEVELOPMENT AND BASIS OF VISUAL AREAS

Most of what is known about vision comes from studies in primates and domesticated cats. In
primates, the first maps delineating visual areas were based on section drawings published by
Brodmann (1905). Further studies divided the visual cortex based on connectivity patterns and
myeloarchitecture (Van Essen & Felleman, 1991). A combination of architecture
(chemoarchitecture, cytoarchitecture, and myeloarchitecture), topographic organization,
connectivity, and visual responsiveness (Van Essen et al., 1986; Roland et al., 1997; Saad et
al., 2001) has advanced the contemporary understanding of visual area borders in cats and

primates. Human cortical areas are broadly thought to be similar to non-human primate cortical
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areas, but since scientists are limited in the methods that are typically used to describe these
areas, they are typically defined using fMRI. Considerable homologies have been found

between human and primate areas (Orban et al., 2004).

Olavarria & Wang &
Caviness (1975) Wagor et al. (1980) Montero (1989) Burkhalter (2007) Garrett et al. (2014)
V
Vm “C
L LI

Cytoarchitecture Electrophysiology Anterograde tracing Three-color tracing Intrinsic imaging

Figure 1. Schematic of landmarks in the parcellation of the mouse higher-order visual areas.
Author(s), year, and method used to define the map are noted for each map. Abbreviations: A,
anterior; AL, anterolateral; AM, anteromedial; LI, laterointermediate; LL, laterolateral;LLA,
laterolateral anterior; LM, lateromedial; M, medial; P, posterior; PL, posterolateral; PM,
posteromedial; POR, postrhinal; RL,rostrolateral; V1, primary visual cortex; V2, visual area 2;
V3, visual area 3; Vm-c, medial visual area, caudal subdivision; Vm-r, medialvisual area, rostral
subdivision. From Glickfeld & Olsen (2017).

Early on, mouse higher visual areas were defined cytoarchitectonically (See Figure 1). This
technique parcellated cortex coarsely into ~5 visual areas (Caviness et al., 1975; Paxinos &
Franklin, 2000). Later, electrophysiological recordings and tracer injections were used to further
describe the map of visual areas. Multi-color tracer injections in multiple parts of V1 revealed the
retinotopic organization of V1, the way in which this map reversed at the border of V1 and
extrastriate or higher visual areas (HVAs), the retinotopically organized connectivity between V1
and higher visual areas, and the retinotopic organization of eight higher visual areas (Wang et
al., 2011, Wang et al., 2012, Olivarria and Montero, 1989). Higher visual areas are visual areas
outside of V1 that contain maps of retinotopic space. Recently, mesoscale imaging techniques,

such as widefield calcium imaging and intrinsic imaging, have afforded researchers higher

signal and resolution and therefore the ability to sample all visual space, allowing them to more
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accurately describe borders between visual areas. Currently, 12 mouse visual areas, each with

a map of the retinotopic field, have been described.

1.1.3 RECEPTIVE FIELD PROPERTIES ARE MAPPED IN CORTEX

Neurons with similar functional properties are clustered in the mammalian visual cortex. Spatial
frequency (SF), temporal frequency (TF), and orientation are fundamental stimulus features that
are often used to classify response properties of neurons. For periodic stimuli, SF, measured in
cycles per degree, is a measure of the spatial period. TF, measured in cycles/second, describes
the time taken for a stimulus to move through one complete cycle (Robson, 1966). Orientation
selectivity is the preference for where a stimulus is radially oriented in space, typically measured
in degrees from 0 to 360 degrees. Neurons in V1 are thought to be specialized to detect these
features, but these features have also been useful for interrogating the function of extrastriate
visual areas in primates and mice (Forster et al., 1985). Therefore, | will focus the majority of
this introduction on how SF, TF, and orientation change across and between cortical visual

areas.

Maps in the visual cortex can be characterized into two types: those which respect retinotopic
borders, wherein tuning changes abruptly at the border between areas, and those that exist
independent of retinotopic borders, such as local maps or tuning properties that change
gradually across the visual cortex. | will describe each type of map in this context further in this

introduction.
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1.2 MAPS OF FUNCTIONAL PROPERTIES

1.2.1 NEURONS WITH DIFFERENT FUNCTIONAL PROPERTIES ORGANIZED BY
STREAMS IN PRIMATES

How are functional properties, such as SF, TF, and orientation mapped across cortex in
primates and other higher mammals? Neurons encode information that is related to the stream
they belong to. The ventral stream areas function primarily to detect and encode form and color
information, while dorsal stream areas function primarily to detect and encode motion
(Ungerleider and Mishkin, 1992). For example, area V4, a ventral stream area, is primarily
thought to detect contour and shape (Popovkina et al., 2019), while MT, a dorsal stream area, is
primarily thought to detect speed and has a large number of direction-selective neurons (Born &
Bradley, 2005). Dorsal stream areas tend to have a higher TF tuning, and less SF and TF
separability (Priebe et al., 2006; Perrone & Thiele, 2001). This means the preferred TF of the
stimulus changes depending on SF of the stimulus, and the preferred speed decreases as a
function of SF. The SF-TF combinations that elicit an equal response in this case fall along a
tilted axis where speed remains constant. There is a higher number of pattern selective cells in
dorsal stream area MT (Rust et al., 2006). | go into the parallel structure of the primate visual

cortex in detail in section 1.2.2.

In the ventral stream, mapping the SF tuning preferences of neurons is more involved. Since the
visual receptive field properties of these neurons are more complex, simple sine wave static
grating stimuli may not readily drive robust responses in these neurons. The complex images
that drive responses in ventral stream cells contain a combination of SFs. Nevertheless, human
fMRI recordings of ventral stream visual areas reveal that visual areas have unique SF
preferences that can be correlated to their purported function. This group presented images
such as faces and trees with the high and low SF information filtered out and found that face

and body selective regions show a preference for low SFs while general object selective regions
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show a preference for high SFs (Canario et al., 2016). Macaque laminar recordings have shown
that in V4, high SF information is preserved, and there exist high SF functional domains which
violate the inverse relationship between retinal eccentricity and SF, indicating that high SF

information is preserved in V4, and that these cells are clustered together (Lu et al., 2018).

1.2.2 HOW PARALLEL AND HIERARCHICAL ORGANIZATION ARISES IN PRIMATES

In primates, the parallel organization begins at the retina. In the primate retina, there are 15-20
RGC types (Rodieck & Watanabe, 1993; Dacey et al., 2003) that communicate parallel
representations of the visual field to the brain via the LGN of the thalamus. The most
numerically dominant types are retinal ganglion cell types (RGC) are midget retinal ganglion
cells (also known as P cells), parasol cells (also known as M cells), and small bistratified cells.
Less than half the morphologically-identified cells in the primate retina have been characterized
physiologically, but constitute only a small fraction (1-4% of all primate retinal ganglion cells
[Dacey et al., 2004]). Midget cells are the basis of the parvocellular pathway and synapse
primarily onto neurons in the parvocellular layers of the thalamus (layers one through four)
(Jusuf et al., 2006). Parasol cells are the basis for the magnocellular pathway and synapse
primarily onto neurons in the magnocellular layers of the thalamus (layers five and six) (Dacey &
Peterson, 1992). Small bistratisfied cells synapse onto koniocellular neurons in the LGN, onto
the intercalated layers of the LGN. The parvocellular pathway is hypothesized to primarily
innervate ventral stream areas while the magnocellular pathway is hypothesized to primarily
innervate the dorsal stream areas (Maunsell et al., 1990). Cats are thought to have a similar
magnocellular/parvocellular distinction, where the magnocellular-like Y cells and parvocellular-
like X cells carry parallel representations of the visual field to the cat visual cortex, although

homology between the two species remains contentious (Shapley, 1986).
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Parasol cells tend to have larger dendritic field sizes and larger responses to luminance
changes than midget ganglion cells (Dacey & Peterson, 1992; Watanabe & Rodieck, 1989).
Midget ganglion also get more input from fewer-color sensitive cones in the retina (and at the
fovea, only one cone), while individual parasol cells get more input from comparably more
cones (Dacey, 1993; Maunsell et al., 1990). Further, midget cells sum linearly over their
receptive fields, while some parasol cells sum nonlinearly over their receptive fields. It is
hypothesized that midget cells contain form and red-green color information (Schiller et al.,
2010), while parasol cells contain more precise temporal information to aid in the processing of

motion signals (Manookin et al., 2018).

Koniocellular cells of the LGN are thought to receive more heterogeneous input and have
heterogenenous receptive field properties than parvocellular or magnocellular cells, including
color-coding blue-on and blue-off cells, suppressed by contrast cells, and orientation selective

cells, and on/off cells (Szamajda et al., 2005; Solomon et al., 2010).

Magnocellular and parvocellular pathways have different response properties and remain
functionally segregated throughout multiple stages of cortical processing. Magnocellular cells
have a higher cutoff TF and lower SF preferences than parvocellular neurons (Skottun et al.,
2016; Skottun et al. 2000, 2015; Skottun & Skyles, 2007), which has led researchers to believe
that Layer 4B and downstream projections are specialized to detect motion. Layer 4B projects to
CO interblobs and thick stripes, both of which are characterized by the presence of cytochrome
oxidase, in V2, while Layer 2/3 projects to largely thin stripes in area V2, which are thought to
be specialized to detect color and form information. The segregation continues as thick stripes
of area V2 project to dorsal stream areas such as MT and MST, and thin Stripes of area V2

project to ventral stream areas, mainly V4, and IT cortex.
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There is thought to be a similar parallel organization in the cat. The magnocellular and
parvocellular retinal ganglion cells of the primate have been likened to X and Y cells in the cat,
due to their morphology and some similarities between their receptive field properties. X cells
are comparably smaller than Y cells and sum linearly over their receptive fields, while in Y cells
the summation is largely nonlinear (Shapley, 1981). However, whether X and Y cells are

homologous to M and P cells remains contentious.

1.2.3 SF AND TF TUNING DIFFERS BETWEEN AND ACROSS MOUSE VISUAL AREAS
There are five studies that have established that spatiotemporal frequency tuning properties of
neurons in higher visual areas are different than those of neurons in V1. The tuning properties

of HVAs also differ between one another.

Five studies have sampled the center of gaze of up to seven visual areas, though most studies
have sampled three or less. All studies used 2-photon (2P) calcium imaging and measured
responses to drifting gratings (Tohmi et al., 2014; Roth et al., 2012; Marshel et al., 2011;

Andermann et al., 2011; Glickfeld et al., 2013).

There are some consistencies across studies. All studies that measured the tuning of higher
visual areas AL and RL found that neurons in these areas prefer higher average TF and a lower
SF than those in V1. TF values in AL range from 1.2-fold (3 Hz vs 4 Hz) to roughly 3-fold (1.2
Hz vs 3 Hz) higher than V1 (Tohmi et al., 2014; Roth et al., 2012; Marshel et al., 2011;

Andermann et al., 2011; Glickfeld et al., 2013).
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Area PM, for example, has a similar spatiotemporal tuning to V1 in two studies: 0.25 and 0.69
Hz V1 versus 0.5 and 0.8 Hz in PM, respectively, and two-fold higher TF tuning than V1 in one
study. PM has been found to have similar SF tuning to V1. There is a putative hierarchy in TF
and SF tuning, where V1 and PM have low TF tuning, and higher visual areas AL, RL, and LM

have higher TF tuning.

However, the reported values of the average TF tuning in a visual area differ by up to six-fold
across studies; for example, the mean TF tuning in V1 ranges from 0.5 to 3 Hz. This may be
because of a combination of the different anesthesia states, calcium indicators, and stimulus
parameters, and inclusion criteria used in these studies. The topic of inter-study differences is

addressed at length in CHAPTER 3 of this thesis.

The distinct spatiotemporal tuning properties of mouse visual areas might suggest that
extrastriate areas are functionally specialized. For instance, areas may be specialized to detect
stimuli which move faster across the visual space (high TF) or larger, more coarse stimuli (low

SF).

There are maps of SF tuning across elevation in the mouse. The upper portion of the visual field
has higher SF tuning than the lower portion of the visual field (Rhim et al., 2017). It is not
currently known whether different portions of the mouse visual fields are tuned to different

temporal frequencies or speeds, or whether they exhibit larger degrees of speed tuning.

There is an implicit assumption that different visual areas have different functional tuning, and
therefore that functional properties change across areal borders (Tohmi et al., 2014; Roth et al.,
2012; Marshel et al., 2011; Andermann et al., 2011; Glickfeld et al., 2013). This assumption is

consistent with primate studies.
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Although the primate visual cortex has not been sampled uniformly for SF and TF properties,
the central and peripheral portions of V1 perform similar hierarchical computations (Levy et al.,
2001). In addition, retinotopy and receptive field size change abruptly in area borders in both

primates and mice (Pettett & Gilbert, 1992; Pinon et al., 1998).

1.2.4 IN MICE, PARALLEL STRUCTURE HAS NOT BEEN FOUND

In the mouse retina, no clear magnocellular/parvocellular distinction has been observed. There
are 38 classes of retinal ganglion cells. Many mouse RGC types have not been observed in the
primate, including direction selective, local edge detectors, and orientation selective cells. There
are also chromatically sensitive in the mouse retina and cells center-surround opponent
structure commonly observed in primates, cats, rabbits, and several other species: alpha and
beta retinal ganglion cells (O’Brien et al., 2002; Coombs et al., 2006). These cell types were first
observed in the cat, but the homology between cat and mouse alpha and beta ganglion cells in
unclear. In the mouse, currently alpha RGC are classified into four types based on morphology
and physiological properties (Pang et al., 2003): sustained ON, sustained OFF, transient ON,
and transient OFF RGCs (Krieger et al., 2017). So far, it is unclear whether these two
morphological types, alpha and beta retinal ganglion cells, perform similar functions of the other

species, and whether they have any substantial effect on the visual properties downstream.

There is some evidence of parallel information flow in the mouse dLGN. As in the optic nerves
of cats and primates, mice have multiple conduction velocity groups after optic chiasm
stimulation. There is a subpopulation of mouse dLGN neurons that exhibit nonlinear spatial
summation, like parasol cells/Y cells, while most show linear spatial summation, like midget
cells/X cells (Piscopo et al., 2013; Gao et al., 2010). However, these two groups do not show

differences in stimulus selectivity, and linearity of spatial summation does not correlate with
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spatial or temporal selectivity or contrast sensitivity as it does in primates and cats
(distinguishing this way requires controlling for receptive field eccentricity, which is difficult to do

afoveate animals such as mice).

Initial evidence for parallel organization of the mouse cortex comes from architectonic studies.
Wang et al. (2012) examined the network connectivity of the HVAs and their downstream
projections across the cortex. By clustering the connectivity profiles of the HVAs, the authors
identified two major submodules. One module, analogized to the ventral stream, includes areas
LM, LI, P, and POR. In addition to being strongly interconnected, these areas provide strong
output to ventral regions of the cortex, including temporal association areas and the entorhinal
cortex, implicated in memory and object identification functions. The other, dorsal module
includes areas AL, RL, PM, AM, and A and provides outputs to areas involved in navigation,
spatial processing, and movement, including the retrosplenial, anterior cingulate, and secondary

motor cortices.

Recent work on connectivity and timing differences has refined this hierarchy. The most
comprehensive study to date (Harris et al. 2019) used data from the Allen mouse connectivity
Atlas, which involved a thousand experiments in cortex and thalamus in conjunction with Cre
driver lines to comprehensively and selectively label brain wide connections by the layer and
cross of the project in neuron. This study assigned a hierarchy score using an optimization
algorithm that considers the set of distinct axonal termination patterns of connectivity between
areas, assigns interconnection as either feedforward or feedback, finding the most self —
consistent network architecture. Unsurprisingly, LGN is at the bottom of this hierarchy, followed
by its major target structure, V1. Higher-order visual areas LM, RL LP and AL are intermediate

in the hierarchy. Areas PM and AM occupy the top level of the hierarchy. Still, Harris at all went
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on to say that this was a relatively shallow hierarchy where the lowest and highest levels are
separated only by a few rungs., A similar data intensive study (Siegel et al., 2021)) sought to
confirm the existence of the functional hierarchy using dense multiunit recordings and eight
cortical and subcortical visual areas, using a combination of response metrics traditionally used
design hierarchy and primates (latency of responses, receptive field size, modulation index, and
temporal scales the response) to assign hierarchy. This analysis indicated distinct hierarchical
levels starting with LGN in V1, followed by LM and RL, then LP, AL, and finally PM and AM at
the highest level, agreeing somewhat the results from Harris et al. 2019. Siegel et al. (2021)
found functional evidence of a hierarchy, there is still substantial overlap in the distribution of

response properties across areas: some neurons in LGN spiked after those in AM for example.

Though there is evidence for a hierarchy of visual areas in mouse visual cortex, it is clearly
different from the parallel and hierarchical processing performed in primate visual cortex.
Instead, the mouse visual cortex is a highly interconnected structure with relatively ‘shallow’
hierarchy compared to primates, wherein V1 projects to all HVAs, which in turn are all
interconnected (Harris et al., 2019). The shallowness of this hierarchy might be due to
incomplete information in the mouse. Researchers have failed to find physiological evidence
that certain areas in mouse visual cortex are specialized to make the types of hierarchical
computations found in the ventral stream such as form and color processing. There is currently
evidence that mouse visual cortex does make some hierarchical computations akin to those
found in the dorsal stream, this processing seems to be distributed across multiple visual areas
(Juavinett & Callaway, 2015). As such, there are two options: either functional hierarchy exists |
have not interrogated with current methods, or hierarchical computations are processed in a

distributed manner.
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1.2.5 FUNCTIONAL SPECIALIZATION OF MOUSE VISUAL AREAS COULD BE DUE TO
FUNCTIONALLY SPECIFIC PROJECTIONS FROM V1, OR FROM COLLICULAR INPUT

TF tuning provides an example of functional specialization of mouse visual areas. Currently,
there are two competing theories for how mouse higher visual areas develop their unique TF
tuning characteristics. One theory posits that functionally specialized projections from V1 to
higher visual areas are responsible (Glickfeld et al., 2012). Glickfeld et al. made targeted
injections of a viral vector containing GCaMP6 into V1 and imaged projections in higher visual
areas with 2P calcium imaging. They found that projections were target specific — projections
into higher visual areas with high TF tuning had high TF tuning. Thus, in this model, V1 neurons
have a large range of tuning preferences. Only neurons with higher TF tuning in V1 project to
areas with higher TF tuning and vice versa for low TF tuning. The same is true for SF tuning.
Another theory posits that the high TF tuning found in higher visual areas is due to input from
the lateral posterior nucleus of the thalamus (LP). When LP is lesioned, higher visual areas lose
their higher TF tuning properties. Thus, in this model, the main source of functional
specialization in mouse visual cortex is hypothesized to be LP (Tohmi et al., 2010). If input from
LP was the main reason why neurons in extrastriate visual areas have higher TF tuning, this
might suggest that these areas are specialized to guide visually-guided movements and

movement of the animal in space, as this is the primary function of LP.

These two hypotheses are fundamentally incompatible since they posit that the higher TF tuning
in mouse visual cortex is primarily due to input either the retinogeniculate pathway via V1 or the
retinocurricular pathway via LP. The hypothesis given by Glickfeld et al. (2012) is more
compelling, due to the Tohmi et al. (2010) hypothesis relying on the complete ablation of V1,

which may drastically alter the circuit in mouse visual cortex and alter functional properties.
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1.2.6 HHERARCHICAL COMPUTATIONS IN MOUSE

In primates, there are higher visual areas that are specialized for hierarchical transformations.
Evidence that there are distinct areas in the mouse visual cortex that are specialized to perform
hierarchical computations found in primate visual cortex, such as form encoding, is scarce.
Still, there is evidence that some mouse visual areas are specialized. For example, area RL is
tuned for binocular disparity (La Chioma et al., 2020). Area PM is thought to be specialized to
encode global features of the visual scene since neurons in PM have significantly larger
receptive field sizes and surround-suppression than V1, LM, or AL. These studies suggest that
some stimulus features may be processed specifically by some mouse extrastriate visual areas

and not others.

While there may be specialized visual areas in the mouse extrastriate cortex, in the mouse,
neurons that perform hierarchical transformations are found in many visual areas. Pattern
selective receptive fields like those typically found in MT have been found in small numbers in
V1 and other HVAs. Pattern-selective receptive fields are spatiotemporally inseparable — they
respond selectively to the vector sum of two overlapping gratings rather than to the individual
components. Thus, in mice, no individual higher visual area appears to be specialized for
encoding pattern motion (Douglas et al., 2006; Juavinett & Callaway, 2015). Other hierarchical
transformations, such as areas that are specialized for shapes, have yet to be found. Possibly,
these transformations are distributed across multiple areas and visual information processing is

more distributed across areas in mice than in primates.

Further evidence for distributed rather than discrete mapping of functional properties comes
from the extensive interconnectivity of mouse visual cortical areas: essentially all visual areas
project to all other visual areas (Gamamut et al., 2018). Evidence of stark differences between

higher visual areas has eluded researchers and in fact during navigational behavioral tasks, all

23



visual areas encode all behaviorally relevant variables (Minderer et al., 2019). This is again

evidence for distributed encoding of stimulus features.

1.2.7 DIFFERENCES IN THE FUNCTIONAL PROPERTIES IN DIFFERENT PARTS OF THE
VISUAL FIELD

The previous sections have addressed the functional organization of stimulus properties in the
visual cortex, with particular attention given to functional specialization of visual areas. However,
there are differences in functional properties within visual areas (Rosenholtz et al., 2002). This

section focuses on maps of functional properties on this smaller scale.

In primates, acuity and therefore SF preference changes across V1 due to the presence of the
fovea. In the center of the visual field, at the fovea, a very large number of neurons process
information from a small number of degrees of visual angle (Brinkmann et al., 2018; Krebs &
Krebs, 1989). This area is specialized to detect fine spatial detail, compared to the relatively

coarse acuity of the periphery of the visual field.

There are functional differences across visual areas that aren’t related to the fovea. Studies in
marmoset have shown no difference in the TF tuning and preferred SF preference between
central and peripheral V1 once cortical magnification (the factor that describes how many
neurons are responsible for processing a stimulus of a given size or how many millimeters of
cortical surface correspond to a degree of visual angle) is accounted for (Chaplin et al., 2013).
However, SF tuning curves in the periphery of V1 cells have a narrower bandwidth than those in
the center. In addition, the number of cells displaying significant spatiotemporal interactions is

greater in the periphery (Yu et al., 2010).

In other mammals, such as cats, dogs, ferrets, and other carnivores, there is no fovea but there
is an area of high acuity called a visual streak, which is a high-density line of vision which

contains roughly 2 times as many rods and five times as many cones of the peripheral visual
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field. Some rodents such as the rabbit also have a visual streak (Habot-Wilner et al., 2011;
Beltran et al., 2014). This similarly translates to regions of comparably high SF tuning in V1 and

HVAs.

In the diurnal rodent, Octodon degus, which has a high proportion of cones and a visual streak,
RGCs with peripheral receptive fields are larger, faster, and show more transient responses.
Peripheral RGCs also show higher sensitivity to high TF stimuli and at a full frequency

bandwidth when compared to the central retina.

In the mouse different RGC types are clustered at different retinal locations, while in primates,
cats, and other mammals with a fovea or visual stream, all RGC types are concentrated in one
location. Mice do not have a fovea or visual streak (Drager & Hubel, 1976), the distribution of
some retinal ganglion subclasses differs depending on the retinotopic location. For example,
mouse ON-sustained alpha-like retinal ganglion cells are more densely expressed in the upper
nasal retina (Bleckert et al., 2014). The higher sampling frequency by retinal ganglion cells in
this area may give neurons downstream higher SF to properties. Several other ganglion cell
classes are similarly unequally distributed across the retina. Directionally selective RGCs and

W3 cells are more densely expressed in the ventral retina (upper visual field).

Besides the functional specialization caused by differences in the density of photoreceptors at
the level of the retina, another example of specialization of certain parts of the visual field is the
mouse binocular zone (Scholl et al., 2013; Haworth et al., 2014). Unlike primates, cats, and
ferrets, the binocular zone in mice occupies only 10 degrees of visual angle in the most nasal
portion of the visual field (Bhamuk & Shah, 2014). In the mouse binocular zone, responses to
visual stimulation in the contralateral visual field are more directionally selective that ipsilateral
responses and are more strongly biased to cardinal directions. They are also strongly biased

toward high SF tuning (Salinas et al., 2017).
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Features beyond orientation tuning and spatiotemporal tuning exist within visual areas. For
example, maps of disparity tuning also exist within V1 and RL. Disparity is also related to visual
field elevation, wherein neurons with receptive fields in the upper visual field are tuned for more

positive (far) disparities, while the opposite is true for lower elevations (La Chioma et al., 2019).

1.2.8 LOCAL FUNCTIONAL MAPS EXIST IN PRIMATES AND CATS

There are maps in the visual cortex that do not depend on where in the retinotopic field visual
responses are sampled from, creating a local microarchitecture that tiles across the visual field.
Sampling from the entire visual field has revealed this microarchitecture in primates. One
example is orientation and SF maps. In the visual cortex, primates (Hubel el al., 1978),
ungulates, cats (Wood, 1999; Sengpiel et al., 1999), and tree shrews, response properties such
as orientation, direction, and SF preference change gradually across the cortical surface,
forming two-dimensional maps (Bonhoeffer et al., 1991; Obermayer et al.,1997; Garg et al.,
2019). In these animals, patches of cortex respond best to one orientation, and these iso-
orientation patches are organized around “orientation centers,” producing pinwheel-like patterns
on the cortical surface. In the axis perpendicular to the cortical surface, neurons are also
clustered by their functional properties; throughout the cortical layers, neurons have the same
orientation preference. These organization modules are called cortical orientation columns and
have been described in carnivores and primates (Hubel & Wiesel 1972; Payne & Berman,

1983).

Another canonical example of functional clustering in cortex are ocular dominance columns in
V1. In the primary visual cortex, neurons preferring visual stimulation coming into one eye are
grouped into columns (Hubel & Wiesel, 1962). These columns do not seem to be present in
rodents (Gordon et al. 1996; Flogel et al., 2007), likely do to the fact that they have little

binocular vision.
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In cats and primates, functionally distinct columnar modules are often described in relation to
cytochrome oxidase (CO) staining. Cytochrome oxidase (CO) is a marker of neural activity and
is spatially and functionally related to a number of cortical features. Cytochrome oxidase
staining is thought to be one of the features of the parallel organization in primate and carnivore
visual cortex. In primate visual cortex, the receptive field properties of neurons within blobs
(cylindrical sections of the visual cortex that are stained by cytochrome oxidase and a sensitive
to color) are less orientation selective and prefer lower SFs (Horton, 1984, Horton & Hocking,
1996; Livingstone & Hubel, 1984a; Tootell et al., 1988, Born & Tootell, 1991). Similarly, in cats,
neurons within blobs tend to have low SF, high TF, and low orientation selectivity (Hibener et
al., 1997). The same modules have not been found in rodents, potentially signifying a lack of

parallel processing of form and motion.

1.2.9 LOCAL FUNCTIONAL MAPS IN RODENTS

Initial experiments sampling continuously across visual areas has revealed that, at least on a
local scale, orientation is arranged in an apparently random manner, a so-called salt and pepper
fashion. Curiously, this feature cannot be attributed to how visual these animals are, as the grey
squirrel (which relies on vision for navigation and localization of food sources and has relatively
high visual acuity) doesn’t possess orientation maps (Van Hooser, 2005). This has left the
purpose of orientation maps unclear. However, spatial clustering of orientation tuning has been
found on the cortical surface as well as across different cortical depths in mice at a larger spatial
scale than in primates and not in the same pinwheel-like structure as in primates (Ringach et al.,
2016). Likewise, SF tuning depends on receptive field elevation, wherein neurons in the upper
portion of the visual field have higher SF tuning. The functional organization in mice, rather than

consisting of cortical columns, is more spatially diffuse and gradual across the visual field. This
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again points to the fact that gradual changes in tuning across the mouse visual cortex, rather

than discrete regions that have specific tuning properties, are common in mice.

Sampling continuously across the visual cortex has revealed maps of functional properties that
change gradually across the visual cortex, and do not change abruptly across area borders. A
few studies in mice have done this. In mice, the lower part of the visual field shows comparably
larger responses of the upper part of the visual field to coherent motion stimuli. There is a global
map of motion in the mouse visual cortex such that anterior has higher visual areas of higher
sensitivity for coherent motion (Minderer et al., 2019). There is also evidence that behaviorally
relevant variables during visually guided navigation are functionally mapped in posterior cortex,
but do not follow previously identified retinotopic borders. These behaviorally relevant variables
included features of the stimulus, such as the time since last reward or the linear and angular
optic flow of the stimulus. Other groups have also found that visual features such as orientation
discrimination and contrast detection are distributed across multiple visual areas, as silencing
multiple visual areas can affect both (Jin & Glickfeld, 2019). Thus, neurons that encode certain
visual features may be distributed throughout the cortex across multiple visual areas. Which

properties in mouse visual cortex change abruptly across area borders and which do not?

1.2.10 DIFFERENCES IN THE FUNCTIONAL PROPERTIES ACROSS THE MOUSE VISUAL
FIELD MIGHT BE DUE TO DIFFERENCES IN DENSITY OF CONES, RETINAL GANGLION
CELLS ACROSS VISUAL CORTEX

SF and TF tuning has been used to distinguish between and interrogate the parallel streams of
information in primates and cats (Kristensen et al., 2016; Mahon et al., 2013). As little is known
about the parallel and hierarchical organization of mouse visual cortex, many groups have
investigated whether different mouse visual areas are tuned to SF and TF frequencies. Although
differences have been found, the same columnar architecture found in primates has not

(Ringach et al., 2016). However, stimulus features such as orientation tuning are grouped in the

cortex although in a more diffuse way than in primates. Are other fundamental stimulus features
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that have been found to be grouped in cortical hypercolumns in other species, mainly SF and

TF, also functionally clustered in mice?

Differences in the functional properties across primate visual cortex are due to the presence of
the fovea, and this directly translates to differences in SF tuning across V1. In other carnivores
and rabbits, the region known as the visual streak serves a homologous function (Vaney et al.,
1980). There is some evidence that mice have a fovea like region as well, which could result in
parts of the mouse visual fields having higher acuity in some parts of the visual field. The
population receptive field size of neurons in V1 are smaller in the binocular zone. Also, there are
different distributions of retinal ganglion cell types across the retina. On and off alpha retinal
ganglion cells are more densely expressed in the nasal portion of the visual fields, also

corresponding to the mouse binocular zone (Bleckert et al., 2014).

Gradual changes in SF and TF frequency tuning across the visual field may be due to
differences in the distribution of color opsins in the mouse retina. Based on the distribution of
opsins in the mouse retina, one sees that cells in V1 have different response properties to
different colors of light. Although mice have many retinal ganglion cell types, they only have two
cone types: the UV sensitive S cone and the visible light sensitive M cones (Umino et al., 2008).
One might predict that neurons in the one region may have different functional properties based
on their corresponding cone type and distinct functional properties. For example, S cones have

higher temporal frequency tuning than M cones (Wang et al., 2011).

1.2.11 GLOBAL MAPS MAY COME FROM SMOOTH ANATOMICAL AND
CYTOARCHITECTONIC GRADIENTS

Although retinotopic maps in different mouse visual areas suggest discrete areas, there are
cases where smooth anatomical and cytoarchitectonic gradients have been found in mouse
visual cortex (Allen Institute, 2017; Gamaut et al., 2018). These are likely the basis of maps of

functional properties in the mouse visual cortex that do not obey area borders. Such maps have
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not been described in primates but may give us a clue as to why and how certain regions of the

visual cortex are functionally specialized.

1.3 PURPOSE OF MAPS

1.3.1 FUNCTIONAL SPECIALIZATION OF MOUSE VISUAL AREAS COULD AID IN VISUAL
BEHAVIORS

Though the visual abilities of primates far surpass those of mice, mice engage in a number of
visual behaviors including orientation toward prey (Hoy et al., 2016), distinguishing between
stationary and moving objects (Braida et al., 2013), distinguishing signals embedded in noise
(Stirman et al, 2016), and can make associations between visual stimuli and reward (Burgess et
al, 2016). It is feasible that mouse higher-order visual areas are specialized to allow them to
perform these behaviors and though the functions of mouse HVAs remain largely unknown,

there is evidence for functional specificity of HVAs.

1.3.2 FUNCTIONAL SPECIALIZATION ACROSS THE VISUAL FIELD COULD AID IN
DETECTION OF PREDATORS, NAVIGATION

The anterior region of visual cortex, which corresponds to the upper part of the visual field, has
higher SF tuning than the anterior portion and might be specialized for predator detection

(detection of animals such as birds in the visual field) (Rhim et al., 2017).

Certain parts of the visual field may also be specialized to aid the mouse with certain behaviors
and navigation. Responses in the mouse visual cortex are modulated by spatial context.
Neurons in V1 are not just modulated by the visual stimuli but are also modulated by the
location and animal is in the environment, like hippocampal place cells (Saleem et al., 2016).
The primary routes through which the hippocampus receives visual information are the two
internal cortices, which encode information related to self-motion (MEC) and object related
motion (LEC). This has led some scientists to theorize that visual field information in V1 is

processed in parallel based on visual field coverage. The center of the visual field, in this case,

30



would be specialized for detecting objects while the periphery would be specialized for detecting

object motion.

In the mouse visual cortex, visual areas are biased in regard to coverage of the visual field.
Some visual areas are biased toward the periphery, and some are biased toward the center of
the visual field. It is hypothesized that this feature of the visual field is due to certain visual areas
being biased to the part of the visual field with the most relevant information. For instance, optic
flow might be best processed in the periphery of the visual field, so neurons in this area may be
functionally specialized for detecting speed, whereas neurons in the center of gaze may be

better suited for processing form (Saleem et al., 2020).

1.3.3 CENTER-PERIPHERY BIAS MAY BE THE BASIS FOR DIFFERENT FUNCTIONAL
PROPERTIES BETWEEN AREAS

Functional differences between higher visual areas may be due in part to their center-periphery
bias. Primate object-related areas such as LO and V4 have a center-periphery bias depending
on what features they encode. Face-selective regions tend to be biased, meaning over-
represented by neurons that encode the center of gaze. Object-selective regions that represent
peripheral objects, such as buildings, tend to be biased for the periphery (Hasson et al., 2002).
This signifies that there may be different circuits that use information from the center and
periphery of the retina, and that this may contribute to the functional properties found in different
visual areas. Area MT may similarly encode information in the center and periphery differently.
There are myeloarchitectonic differences between the projections from areas V1 and V2 based
on whether they are coming from the center or periphery. The heavily myelinated area of MT
gets projections from peripheral V1 and V2 (Kastner et al., 1998). Furthermore, information from
the central and peripheral part of the visual field seems to arrive to extrastriate areas via two
different routes, since the onset latencies of neurons in some dorsal stream areas are shorter

for stimuli in the peripheral part of the visual field (Stephen et al., 2002).
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The fact that different circuits may process information from the center and periphery of the
visual field has behavioral consequences, as reaching for objects that are in the center of gaze
versus the periphery of gaze rely on two different streams: reaching in central vision involves
the medial intraparietal sulcus, and the caudal part of the premotor cortex. Reaching for objects
in the periphery requires the parieto-occipital junction and the rostral part of the PMd (Prado et

al., 2005).

1.4. HOW | PLAN TO EXTEND ON PUBLISHED STUDIES
Chapter 2 of my thesis will address the following aims 1 and 2. Chapter 3 will address aim 3.
Chapter 3 of my thesis is the study Characterizing the effect of robustness of tuning metrics in

mouse visual cortex, published in eNeuro.

Aim 1. Determine how SF and TF is mapped across the mouse visual cortex: All of the current

literature has focused on one retinotopic location in each visual area (often an undefined
location that may differ between studies). | this thesis, | have asked whether there are

differences in SF and TF frequency tuning across each visual area.

There is evidence that the SF changes across V1 in the mouse (Rhim et al., 2017), and that
neurons in the binocular zone are functionally specialized (Salinas et al., 2017). Therefore, |
expected to find tuning differences across V1. Whether there are SF and TF differences across
higher visual areas is less clear. My null hypothesis was that SF and TF tuning properties are

homogeneous across mouse V1 and each higher visual areas.

In primates, the functional specialization of neurons is thought to change abruptly at visual area
borders (Popovkina et al., 2019; Rosa & Elston, 1998). It is assumed that this is also true in the
mouse (Glickfeld et al., 2012). However, in mice, fundamental stimulus features are processed

more broadly (Minderer, 2019), and some stimulus features are processed in a global manner
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and are not constrained to being processed in a particular area. | am testing the null hypothesis
that functional properties, such as temporal and SFs, change abruptly across areal borders. An
alternative hypothesis is that functional properties change continuously across visual area
borders. Another alternative is that while there are abrupt changes across visual cortex, they do
not occur at area borders. | sought to describe how SF and TF tuning are mapped across the

mouse visual cortex.

The current evidence points to fundamental differences between how mice and primates
processes visual information. More information about the mouse visual cortex will help solidify

the important distinctions between the mouse and primate visual systems.

Aim 2. Determine whether calcium imaging provides an accurate measure of the temporal

frequency tuning of somata in mouse visual cortex: Previous studies have employed 2P

microscopy to measure somatic SF and TF tuning in mouse visual cortex. 2P microscopy offers
cellular resolution, but with al field of view of ~400 um which is smaller than most visual areas in
the mouse. Widefield imaging offers the ability to measure SF and TF from neurons across ~10
mm, enough to image all visual cortical areas simultaneously. Simultaneous measurements not
only accelerate data collection, but facilitate comparisons across visual areas, that may be

confounded by behavioral changes during serial imaging experiments.

The major disadvantage of widefield imaging is that it sacrifices cellular resolution in densely
labeled mouse lines such as those | have employed in my thesis studies. Fluorescence can
arise from neuronal somata, but also from dendrites and axons. At any location, fluorescence
may arise from dendrites an axon from neurons in other locations. The tuning measured with
widefield fluorescence might not accurately represent the SF and TF tuning of somata at that
location. | sought to make a comparison of widefield and 2P imaging to validate widefield

imaging as a method of measuring TF tuning in visual cortex.
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Aim 3. Determine to what extent selection criteria can account for inconsistencies in the

literature: There are five previous studies that have measured the temporal and spatial
frequency tuning properties of mouse visual cortex (Tohmi et al., 2014; Roth et al., 2012;
Marshel et al., 2011; Andermann et al., 2011; Glickfeld et al., 2013). There are inconsistencies
and gaps in these studies. Experimental parameters vary across the existing 5 studies, for
example, they use different anesthesia states, different indicators (some of which are less
sensitive than GCaMP6; Tian, 2009; Chen et al., 2013), different stimulus presentations, and
different methods of determining cellular responsiveness. Of these differences, the methods of
determining cellular responsiveness are likely to have profound effect on results. In chapter 3 of
my thesis, | examined the effects of different analysis approaches, particularly different selection
criteria, and find that inclusion criteria have a large effect on the tuning metrics that are derived

from a dataset.
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2. MAPPING SPATIAL AND TEMPORAL FREQUENCY TUNING IN MOUSE VISUAL
CORTEX WITH CALCIUM IMAGING

2. ABSTRACT

In this Chapter, | used a combination of widefield and 2-photon (2P) calcium imaging to
investigate how spatial frequency (SF) and temporal frequency (TF) tuning properties are
mapped in the mouse visual cortex. Receptive field tuning properties like SF and TF correlate
with functional specialization of visual areas in primates and cats. | measured the TF tuning
properties using drifting grating stimuli in three altitude locations in V1, and two altitude locations
in higher visual area AM. | found clear evidence of functional specialization at different altitude
locations in V1. Neurons in anterior V1 (lower visual field of view) have lower average TF and
SF tuning than posterior V1 (upper visual field of view). | measured whether tuning gradients,
gradual changes in tuning properties across a visual area or areas, in V1 and higher visual
areas were consistent across cortical layers and in thalamic (dLGN) axons. In most visual
areas, gradients had the same slope with respect to altitude. Interestingly, | found TF gradients
that did not change abruptly across areal borders. While TF tuning differed across cortical
layers, the relationship between TF and altitude was consistent across laminar populations and
in dLGN axons. Therefore, gradients in V1 and some higher visual areas likely result from input

from dLGN axons.

2.1 INTRODUCTION

A fundamental principle of the mammalian visual cortex is that neurons with similar functional
properties are clustered together. This results in maps of receptive field properties, such as
orientation selectivity, spatial frequency (SF) tuning, direction selectivity, and temporal
frequency (TF) tuning (Hubel & Weisel, 1962; Swindale et al., 1987; Everson et al., 1981).

These maps exist at different scales throughout the visual cortex and serve different functions.
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In mice, recent evidence indicates that receptive field properties change across the visual field.
Though mice do not have a fovea, neurons in the upper visual field are tuned to higher SFs
(Rhim et al., 2017). Neurons in the upper visual field are also less sensitive to coherent motion
(Sit & Goard, 2020) and this asymmetric coherent motion processing extends to higher visual
areas. In addition, directional selectivity and orientation selectivity gradients exist in dLGN
(Scholl et al., 2013; Piscopo et al., 2013). These tuning gradients could come from unequal
expression of different retinal ganglion cell types with different tuning properties. Unlike in
primates, several types of mouse retinal ganglion cells (RGCs) have asymmetric retinotopic
distributions, clustering in different regions of visual space (Zhang et al., 2012). RGCs influence
receptive field properties in cortex (Hillier et al., 2017). Asymmetric receptive field properties
may result in parallel representations of visual stimuli depending on where they are presented in

the visual field.

The structure of the mouse visual cortex is similar to that of primates. Most of the cortical visual
input comes from the dLGN of the thalamus via the retinogeniculate pathway, with some direct
input from LP via the retinocollicular pathway. The mouse primary visual area projects to several
interconnected (Harris et al., 2019), but hierarchically organized higher visual areas, which have
unique SF and TF tuning properties. Roughly twelve visual areas have been identified in the
mouse, although there is variation mouse-to-mouse in how consistently each area can be
identified (Zhuang et al., 2017). Mouse higher visual areas have unique SF and TF tuning
properties (Tohmi et al., 2014; Roth et al., 2012; Marshel et al., 2011; Andermann et al., 2011;
Glickfeld et al., 2013). However, the functions of the mouse higher visual areas and their

homology to primate visual areas remain active areas of investigation.

Five previous studies have measured the SF and TF tuning properties in mouse visual cortex.

These five studies have measured the SF and TF tuning of neurons in small 2P fields of view of
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each region, targeting the center of gaze, of up to seven visual areas. However, most studies
have sampled three or less. All studies used 2P calcium imaging and measured responses to
drifting gratings (Tohmi et al., 2014; Roth et al., 2012; Marshel et al., 2011; Andermann et al.,

2011; Glickfeld et al., 2013).

Although mouse higher visual areas have distinct SF and TF tuning properties, it is unclear
whether and how SF and TF tuning gradients change across the visual field, and how gradients

of SF tuning in V1 relate to SF tuning gradients in higher visual areas.

Here | use widefield and 2P calcium imaging to map the SF and TF tuning properties of neurons
in mouse visual cortex. Widefield fluorescence microscopy is used to monitor the fluorescence
from spiking neurons in the brain. It records fluorescence from neurons that express fluorescent
indicators with a low magnification camera. There are contributions from axons, dendrites, and
somata to the widefield signal. Although widefield calcium imaging is a widely used technique,
previous comparisons between widefield and 2P have not tested whether widefield is an
accurate measurement of somatic TF tuning in a cortical region. To address this, | made a direct

comparison of the tuning metrics measured with widefield and 2P in the same animals.

First, | conclude that widefield is a good approximation of the underlying pooled somatic signal
and can accurately measure tuning properties. Then, | describe the presence of tuning

gradients in TF and SF in visual cortex in layer 2/3.

The unparalleled genetic accessibility of mice allows for us to interrogate functional maps in

laminar populations. Laminar populations are known to have different receptive field properties

in the mouse, including orientation and direction selectivity (de Vries et al., 2020). | describe
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similar relationships between the altitude at TF tuning of neurons cortical layers, including Layer

4, Layer 5, and LGN axons.

2.2 METHODS

2.2.1 MICE

| used the following Cre-lines to image in bulk fluorescent widefield calcium activity in layer 2/3,
layer 4, and layer 5/6, respectively: Cux2-CreER™?;CaMKII-tTa;Ai93 (N = 10), Scnn1a-Tg3-
Cre;CaMKlla-tTa;Ai93 (N = 6), Rorb-IRES2-Cre;CaMKlla-tTa;Ai94 (N = 9), and Rrb4-
Cre_KL100;Ai94 (N = 8). Mice were aged 60-120 days and hemizygous for each transgenic
gene. All transgenic Cre-lines express GCaMP6s of GCaMP6f in excitatory neurons. In order to

image thalamic axons, | used transgenic line Vipr2-IRES2-Cre;Ai162(GCaMP6s).

2P imaging was performed in V1 or AM of either Rorb-IRES2-Cre;CaMKlla-tTa;Ai94 (N = 4) or
Emx1-Cre;Ai94 animals (N = 4). Two Cux2-CreER'?;Ai140 animals were used for validation of

hemodynamic correction experiments.

A 5 mm cranial window was implanted over the left visual cortex. The preparation was similar to
that described previously (Andermann et al., 2010; 2011; Goldey et al., 2014). To implant the
window, a mouse was placed under isoflurane anesthesia, a head restraint bar was attached to
the skull using C & B Metabond (Parkell) and a 5 mm craniotomy opened at center coordinates
3.1 mm lateral, 1.3 mm anterior to lambda. After surgery, the animals were allowed to recover
for at least 7 days before retinotopic imaging with intrinsic signal during anesthesia (for detailed
retinotopic protocol, see Juavinett et al., 2017). Subsequently, widefield calcium imaging and 2P
imaging were performed. All experiments and procedures were approved by the Allen Institute

Animal Care and Use Committee.
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2.2.2 RETINOTOPIC MAPPING WIDEFIELD STIMULUS

To minimize animal distress, all imaging sessions were limited to 1 hour. To retinotopically map
visual areas, full-field drifting checkerboard stimuli were displayed to awake, head-restrained,
freely running mice. Retinotopic mapping stimuli were presented on a 43” LCD monitor
positioned 13.5 cm from the right eye and covering the entire right visual field (ASUS PA248Q,
frame rate 60 Hz, mean luminance: 50 cd/m?). | used a drifting checkerboard stimulus as
described in Zhuang et al. (2017). This method was chosen for its ability to gather retinotopic
border information quickly (<1 hour). The drifting checkerboard stimulus is constantly displayed
(leading to 30-fold reduction in acquisition time compared to other common methods) at a
period that doesn’t match any biological periodicity, such as breathing or heart rate. Fourier

analysis at the stimulus frequency eliminates the noise due to these periodic artifacts.

Briefly, retinotopic maps were generated by sweeping a bar across the monitor (Kalatsky and
Stryker, 2003). The bar contained a flickering black-and-white checkerboard pattern, with
spherical correction of the stimulus to stimulate in spherical visual coordinates using a planar
monitor (Marshel et al., 2011; Garrett et al., 2014). Each square alternated between black and
white at global. To generate a map, the bar was swept across the screen ten times in each of
the four cardinal directions with a gap of 5 s between sweeps to ensure that stimulus-evoked

activity had subsided.

2.2.3 DRIFTING GRATING WIDEFIELD STIMULUS

Drifting grating stimuli were displayed on a 24“ LCD monitor positioned 9 cm from the right eye,
again covering the entirety of the visual field (ASUS PA248Q, frame rate 60 Hz, mean
luminance 45.3 cd/m?). Stimuli were presented to awake, freely running mice. Sinusoidal drifting
gratings of six different SFs covering five octaves (0.02, 0.04, 0.08, 0.16, and 0.32 cpd), six
different temporal frequencies covering five octaves (0.5, 1, 2, 4, 8, and 15 Hz), and eight

orientations (45 degree intervals starting from horizontal) were displayed. Conditions were
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chosen to cover the range of SFs and TFs that drive visually responsive cells in visual cortex -
cells in mouse visual cortex are unresponsive past .32 cpd and 15 Hz (Neill and Stryker, 2008;
Roth et al, 2010). Gratings were displayed for 4 s followed by a 2 s grey period to allow

responses to return to baseline. All stimuli were spherically corrected.

2.2.4 2P STIMULUS
Stimuli were displayed on a 24” LCD monitor positioned 9 cm from the right eye (ASUS
PA248Q, frame rate 60 Hz, mean luminance 45.3 cd/m?). Drifting grating and locally sparse

noise stimuli were both displayed in one session.

To map the receptive fields of ROIs in visual cortex, | used locally sparse noise. For locally
sparse noise, bright and dark squares (8° x 8°) were displayed in a random sequence on a grid
tiling the entire monitor. The size of receptive fields in mouse V1 range from 10-20 degrees,
while receptive fields in higher visual areas range from 20-40 degrees. de Vries et al. (2020)
compared stimuli of 4 and 8 degrees in V1 and higher visual areas and found cells to be more
responsive to 8 degree stimuli, so | chose a square of 8 degrees for stimuli targeting both AM
and V1. Locally sparse noise was used because it can map receptive fields more quickly sparse
noise stimuli as more than one square in the grid can be displayed at once. At any given time,
multiple squares could be displayed but the minimum distance between those squares was no

less than 50 degrees, to ensure that cells weren’t incidentally excited by neighboring squares.

For the drifting grating stimuli, | sought to map only temporal frequency, so | only presented one
SF. Each square lasted 100 ms and in total was displayed 40 times. Drifting gratings of six TFs
(0.5,1, 2, 4, 8, and 15 Hz), one SF (0.04 cpd), and four orientations were presented. Four

repeats of each stimulus combination were presented. Gratings were displayed for 2 s followed

by a 2 s grey period. All stimuli were spherically corrected.
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2.2.5 WIDEFIELD MICROSCOPY RETINOTOPIC MAPPING

Retinotopic maps were gathered with either fluorescence or intrinsic signal imaging. Widefield
fluorescence images were acquired with a 1:1 optical relay using two x1 PlanAPO dissecting
microscope lenses (Leica, 10450028). For fluorescence imaging, illumination was from a blue
LED (M470, Thorlabs), via a bandpass filter (469/35, Semrock) and fluorescence was detected
by a CCD camera (Orca R2, Hamamatsu) via a 497 nm dichroic and 525/39 bandpass filter
(Semrock). lllumination and image acquisition were controlled with software written by Jack

Waters using the Hamamatsu Video Capture Library for Labview, v.2.0.2.

2.2.6 WIDEFIELD MICROSCOPY DRIFTING GRATINGS

The absorption of light by hemoglobin can substantially decrease fluorescence by absorbing
light during excitation or emission of fluorescent indicator proteins in the brain. This decrease is
typically slower than and follows the initial increase in fluorescence due to GCaMP6 (Zhuang et
al., 2017). However, correcting for this decrease is necessary for stimuli are presented for an
extended period of time (longer than ~500 ms), such as the drifting checkerboard stimulus.
Absorption can be well-approximated using a single-wavelength backscatter measurement at an
isosbestic wavelength (which is equally absorbed by deoxyhemoglobin and oxyhemoglobin,
which have different excitation and emission spectra), which occurs at ~577 nm. To correct for
the absorption of light by hemoglobin, | made simultaneous backscatter and fluorescence

measurements of mouse visual cortex.

Images were produced by a tandem-lens microscope of custom optomechanical design
(Supplementary Figure 1, see Valley et al., 2020). Epifluorescence illumination used a 470 nm
LED (Thorlabs M470L3) filtered (Semrock FF01-474/27-50) through the objective lens.

Backscatter illumination in yellow used a 577 nm LED (Thorlabs M565L3) and a bandpass filter
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(Semrock F01-578/21). Yellow illumination was focused onto a 1-to-7 fan-out fiber bundle
(Thorlabs BF72HS01), and the termination of each of the seven fibers was uniformly spaced
circumferentially around a custom light shield surrounding the imaging objective with each fiber
terminating at 45 degrees incident to the brain surface. Backscatter measurements were made
to capture just the decrease in fluorescence due to the absorbtion of light by hemoglobin. Both
the backscatter and fluorescence were passed through a high-pass filter (Edmund Optics Y-50,
500nm) to a Hamamatsu Flash4.0 v3 sCMOS camera. Datasets were collected at a resolution

of 1024 x 1024 with a 1 x objective at a field of view of ~15 mm.

The fluorescence and backscatter LEDs were strobed and the camera triggered the
fluorescence and backscatter exposures at 50 Hz. The two channels were deinterleaved in

post-processing, so the final sample rate for each channel was 25 Hz.

2.2.7 2-PHOTON IMAGING

After surgery and habituation, 2P imaging was performed on a Sutter MOM. Before 2P imaging,
retinotopic maps were generated. A vasculature map was taken, so that fields of view at
different altitude locations in different visual areas could be found based on local vasculature
using LED illumination. Imaging was done in a single plane at a depth of 300 um below pia. 2P

was performed in the left hemisphere.

Up to three fields of view (up to three in V1 and two in AM) were imaged in one session at

different altitudes.

A 16x/0.8 NA water immersion objective (Nikon 16 XLWD-PF) was rotated to 24 degrees from
horizontal to image the prep. Emitted light was first split by a 735 nm long pass dichroic mirror
(FF735-DiO1, Semrock), filtered through a 470-588 nm bandpass emission filter (FF01-514/44-

25, Semrock), and detected with a GAsP Photomultiplier tube (Hamamatsu). Image acquisition
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was controlled using Vidrio Scanimage software (Pologruto et al., 2003, Vidrio LLC). To

maintain constant immersion of the objective, | used gel immersion (Genteal Gel, Alcon).

2P excitation was generated by laser illumination from a Ti:sapphire laser (Coherent Chameleon
Ultra I1) tuned to 920 nm. A single z-plane (720x720 pm (1x) or 380x 380 um (2x) 512 x 512
pixels resolution) was imaged at a frame rate of about 30 Hz with an 8 KHz resonant-linear
mirror galvanometer pair (Cambridge Technology, CRS 8K). To maintain constant imaging
depth, automatic z-drift correction functions were implemented for experiments using the MOM
motors. Briefly, a correction z-stack (x 50 um from targeted depth, 2 ym step depth) was
recorded before each imaging session and, during the session, the current imaging plane was
continuously compared to each plane in the correction z-stack. If a drift in depth was detected,
the stage was automatically adjusted to compensate for the drift, thus maintaining constant

imaging depth.

2.2.8 WIDEFIELD ANALYSIS

Analysis of widefield movies was performed with Python 2.7. The procedure detailed above
generates a single widefield movie containing the fluorescence and backscatter channels. The
first step is to deinterleave this movie, resulting in one movie containing the fluorescence
information and one containing the hemodynamics information. The recorded widefield movies

were averaged every 5 frames and downsampled in x and y dimensions each 2-fold.

To eliminate the hemodynamic component, the absorption of blood hemoglobin, which has
different absorption spectra in its deoxygenated and oxygenated states, needs to be
approximated. Valley et al. has shown that using backscatter measurements are effective at
eliminating the hemodynamic component. In GFP mice fitted with a 13 mm cranial window

described in Valley et al, using two-wavelength backscatter (with two wavelengths that have
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different absorption coefficients for oxygenated and deoxygenated hemoglobin) approach
versus a single isosbestic wavelength backscatter measurement was only marginally more
effective in Cux2-CreER?;Ai140 mice, which express GFP in cells in layer 2/3. In GFP mice, the
hemodynamic component is thought to contribute to the majority of the variance found in the
raw fluorescence traces (no stimulation was presented during these measurements). Therefore,
eliminating the hemodynamic component should eliminate the variance in a fluorescence

trace. In Cux2-CreER'?;Ai140 mice, using a double-wavelength approach decreased the
variance from 0.12 to 0.09 percent variance remaining. However, this study used a preparation
that covered the entire cortex, so in order to confirm that the majority of the variance could be
eliminated in the preparation | used, | compared the single and double-wavelength approaches

in the 5mm window.

To run the double-wavelength linear regression approach detailed in Valley et al, | collected two
movies. | collected fluorescence data using 480 nm at 100 Hz and used two channels of
backscatter data (577 nm and 630 nm) using a rolling shutter collected at 25 Hz (for more
details, see Valley et al., 2020). | then deinterleaved the backscatter movie, so that | had three
channels: two backscatter and one fluorescence. The fluorescence channel and reflectance
channels were converted into %d f/f. | then calculated the weights at each pixel that best fit
fluorescence from a GFP-expressing animal. Then | subtracted the weighted 577-nm/630-nm

channel data from the fluorescence data and calculated the remaining variance.

In two mice, the single-wavelength approach left 15% percent remaining variance while the
double-wavelength left 12% percent remaining variance (Supplementary Figure 2). | suspect
that elimination of 85% of the remaining variance from hemodynamics will be enough to
eliminate the confound of hemodynamic contamination, as the amplitude of the hemodynamic

sag is about 1% df/f, while the increase in fluorescence due to GCaMP is 3-10% df/f across the
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cranial window.

In all analyses which required altitude, azimuth, eccentricity, or areal border measurements in
tandem with TF or SF tuning, retinotopic maps were superimposed onto temporal frequency

maps using a rigid transform with the vasculature map as guidance.

2.2.9 2-PHOTON ANALYSIS

The recorded 2P movies for each imaging plane were first downsampled 5-fold, then were
motion-corrected using a custom-written python package
(https://github.com/zhuangjun1981/stia/tree/master/stia, Zhuang et al., 2017). ROls were
segmented using Suite2p. The segmented ROIs were inspected manually to ensure that each
corresponded to a soma. They were then filtered by overlap (for ROls with more than 20%
overlap, the smaller ones were excluded). ROIs were binary. For each retained ROI, a neuropil
ROI was created as the region between two contours by dilating the ROI’s outer border by 1
and 8 pixels excluding the pixels within the union of all ROls. The calcium trace for each ROI
was calculated by the mean of pixel-wise product between the ROI and each frame of the
movie, and its neuropil trace was calculated in the same way using its neuropil ROI. Neuropil
contamination, the presence of fluorescence from surrounding GCaMP-labeled processes in the
somatic pixels, is a characteristic of densely labeled tissue. To remove the neuropil
contamination, the neuropil contribution of each ROI’s calcium trace was estimated by a linear
model and optimized by gradient descendent regression with a smoothness regularization
(Zhuang et al., 2017; de Vries et al., 2020). This resulted in the estimation of a neuropil
contamination ratio r, which was generally low (a mean of 0.1 across all datasets). Increasing
this value to a larger fixed value (0.7-0.8) did not significantly change the average SF or TF in a

field of view.
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2.2.10 DRIFTING GRATING ANALYSIS - WIDEFIELD

| calculated the TF tuning of pixels in the image using full-field drifting gratings as described
above. For a given TF and SF combination (averaging over all orientations), the calcium traces
within a temporal window around the stimulus onset were extracted and aligned by the drifting
grating onsets. An event-triggered average trace was then calculated as the mean trace across
all aligned traces. The mean value of the averaged trace in the window [-1, 0] seconds from the
onset was calculated as the baseline and event-triggered df/f trace was calculated as (average
trace - baseline) / baseline. The pixel-wise response to a drifting grating was defined as the

mean of the event-triggered average from [0.25, 2 s].

Most pixels in the widefield image were most responsive to low TF values (0.5 Hz or 1 Hz).
However, there were differences in the response to higher temporal frequencies (essentially
how skewed the tuning curve is to low TFs). In order to measure how skewed temporal
frequency tuning responses were across visual cortex, | used a measure of skew which | called
center of mass, which was defined as the mean of the normalized tuning curve multiplied by the

temporal frequency values:

y X /= «TF TF=0.5,1,24815
FrF F TFmax

While the center of mass analysis is an effective measure of skew, it does have the effect that
unresponsive pixels are given a center of mass that is in the center of the tuning curve. This can
appear artificially high, especially when pixels are noisy and tuning curve is flat, resulting in

intermediate center of mass values.

In order to remove unresponsive pixels from the widefield image, | used a signal to noise

threshold. To define this threshold, | artificially degraded the signal in a 20 x 20 pixel square in
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the middle of V1 with low-amplitude white noise. | degraded the signal to noise by 25, 50, and
75 percent, and saw the TF slowly change (Supplementary Figure 3). The signal to noise at
which the TF changed more than 20% was the signal to noise threshold used to discard

unresponsive pixels.

2.2.11 RECEPTIVE FIELD ANALYSIS - 2-PHOTON

| calculated the ROIs' spatial receptive fields from their responses to the locally sparse noise
stimulus. For a given square flash at a particular location with a particular sign, the calcium
traces within a temporal window around the square onsets were extracted and aligned by the
square onsets. An event-triggered average trace was then calculated as the mean trace across
all aligned traces. The mean value of the averaged trace in the window [-0.5, 0] seconds from
the onset was calculated as the baseline and event-triggered df/f trace was calculated as
(average trace - baseline) / baseline. The response amplitude to this particular square was then
calculated as the mean DF/F in the window [0, 0.5] second from the stimulus onset. By
repeating this procedure for all squares presented in locally sparse noise stimuli, a 2d amplitude
map was generated tiling the entire visual space covered by the monitor for each sign (“ON”
from bright squares and “OFF” from dark squares). From the amplitude map, a z-score map was
calculated by subtracting the mean and dividing the standard deviation of the entire map. The z-
score map was then smoothed by a Gaussian filter with a sigma of 1 pixel and upsampled by a
ratio of 10 with cubic interpolation. The resulting map was defined as the receptive field map
with a resolution of 0.5 degrees. | defined a receptive field map with a peak value exceeding 1.6
as having a significant spatial RF. For each significant spatial RF, an RF mask was generated
by thresholding either with a value of 1.6 (for maps with a peak less than 4) or with a value of
40% of its peak (for maps with a peak greater than 4, Zhuang et al., 2017). The RF area (plotted
in Figure 1) was calculated as the area of the binary mask after thresholding. The RF center

was calculated as the location of the center of mass from the weighted mask after thresholding.
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2.2.12 DRIFTING GRATING ANALYSIS -2-PHOTON

| calculated the preferred temporal frequency tuning of each ROI with full-field drifting grating
stimuli of six temporal frequencies (0.5, 1, 2, 4, 8, and 15 Hz) and four orientations at a SF of
0.04 cpd. For a given temporal frequency and orientation combination, the calcium traces within
a temporal window around the stimulus onset were extracted and aligned by the drifting grating
onsets. An event-triggered average trace was then calculated as the mean trace across all
aligned traces. The mean value of the averaged trace in the window [-0.5, 0] seconds from the
onset was calculated as the baseline and event-triggered df/f trace was calculated as (average
trace - baseline) / baseline. The response amplitude to this particular square was then
calculated as the mean df/f in the window [0, 2] seconds after stimulus onset. From the
response amplitudes at each TF x orientation combination, | generated TF tuning curves by

averaging across all orientations.

To compare with widefield, | pooled the somatic 2P data by summing the raw fluorescence of all
the neurons in a single field of view. This generated a single fluorescence trace. From the
event-triggered traces, | took the mean value in the window [0, 2] to generate a tuning curve. |
then calculated the center of mass TF from the resulting tuning curve. To generate confidence
intervals for this data, | bootstrapped. | sampled the number of ROIs with replacement one
thousand times, summed the fluorescence from these values, and calculated the center of mass

TF.
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2.2.13 LINEAR MIXED MODEL

| used a linear mixed model to determine if temporal frequency tuning covaries with receptive
field location. Using a linear mixed model, | tested whether the temporal frequency that tends to
produce the greatest fluorescence change (the preferred TF) depends on the receptive field
location. | chose a linear mixed model because it can capture fixed and random variables. The
fixed effects in this case are what we’re trying to predict the response strength from (temporal
frequency and receptive field location). Random variables result from non-independence of the
data, which is inherent in calcium imaging datasets. Response strength can vary from mouse-
to-mouse and experiment-to-experiment, which is captured in linear mixed models (essentially
with linear mixed models, | can reject the hypothesis that response strength varies only due to
differences in experimental conditions). In calcium imaging, there is inherent variability of
neurons (since response strength varies between neurons), different mice have different
labeling strength, and experimental conditions may vary day-to-day resulting in different

average levels of fluorescence between experiments.

| computed a likelihood ratio test to test the null hypothesis that the coefficients of interest (fixed
effects) in the linear mixed model were equal to zero, indicating no interaction between TF and
receptive field location. To do this, | computed an ANOVA between two nested models: one
including the interaction coefficients and one without. This gave us a test statistic that follows a

X2 distribution, where k is the number of observations.

2.3 RESULTS

In this section, | mapped the TF tuning of neurons across V1 using two techniques: widefield
calcium imaging and 2P calcium imaging. | found that the average preferred TF tuning of
neurons in V1 decreases with decreasing receptive field altitude, and this phenomenon is

captured in both widefield and 2P measurements. While widefield calcium imaging reported
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higher values of TF tuning for a given receptive field altitude, both methods measured a
decrease in average TF tuning with decreasing receptive field altitude. The higher TF tuning
measured with widefield calcium imaging is likely due to two factors: neuropil contamination
(further described in the DICUSSION) and biases in the neural populations recorded using the
two imaging techniques (further described in the DISCUSSION and CHAPTER 3). However,
this comparison validates widefield as an accurate way to measure differences in TF tuning
preferences across the visual field. | go on to map the SF and TF tuning across laminar

populations in the mouse.

2.3.1 THERE ARE GRADIENTS OF TEMPORAL FREQUENCY TUNING IN MOUSE V1 AND
HIGHER VISUAL AREA AM

| measured the temporal frequency (TF) tuning of neurons in the mouse visual cortex in three
Rorb-IRES2-Cre;CaMKlla-tTa;Ai94 transgenic mice using 2P calcium imaging (Figure 1A, Allen
Brain Atlas 2P tomography Transgenic Characterization experiment 238675). Rorb-IRES2-

Cre;CaMKlla-tTa;Ai94 mice densely express GCaMP6f in layer 4 of the neocortex.

2P calcium imaging permits recording of neural activity with single cell resolution simultaneously
from hundreds of neurons in a given field of view. 2P imaging with fluorescent calcium sensors
provides accurate measurements of tuning curves compared to electrophysiological
measurements (Nauhaus et al., 2011). However, the translation between neural spiking activity
and calcium-related fluorescence is complex and could introduce errors. While GCaMP
fluorescence scales with number of action potentials (Chen et al. 2013), calcium indicators have
a limited dynamic range (Peron et al., 2015), and there are known low-pass filtering and

nonlinearities that occur between the conversion of neural spiking to calcium fluorescence.
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Calcium imaging with GCaMP&6s, the fluorescent reporter used in this study, can be used to
decode small trains of up to 3 action potentials delivered at 15 Hz with high fidelity (Huang et al.,
2021). However, the problem of converting spikes to calcium fluorescence is not totally solved
(Peron et al., 2015). The dynamic range of GCaMP in vivo is hard to predict. Resting baseline
fluorescence and the dynamic range of the calcium indicator are likely heterogeneous across
the neural population due to differences in calcium indicator expression cell to cell, making a

quantitative model of spiking from fluorescence data complicated.

As | am using symmetrical stimuli that are modulated in time, another potential concern is that
calcium indicators may not be able to capture firing rate modulations in response to stimuli.

This would be of particular concern for purely linear cells, where the average spike rate does not
change over the stimulus presentation interval. However, most cells in mouse visual cortical
areas are nonlinear (Neill & Stryker, 2008; Siegel et al., 2021) and the spike rate of the neural

population in visual areas overall increases in response to visual stimulation.

Ultimately, a recent rigorous comparison between 2P and electrophysiology measurements of
TF and SF tuning made in the mouse visual cortex showed that while there are some
differences (notably, electrophysiological measurements report a lower average TF tuning than
2P measurements in most visual areas), both reported similar findings of the relative magnitude
of the average TF tuning between visual areas. Both 2P and electrophysiology found the same
hierarchical relationship of TF tuning between mouse visual areas, where V1 has the lowest TF
tuning on average and RL has the highest. 2P imaging is therefore likely to be adequate to be
able to describe differences in the TF tuning between neural populations, as | do here (Siegel et
al., 2020). While electrophysiological measurements also have biases to large, responsive cells,
correspondence between these two modalities is evidence that 2P imaging is accurately

reporting the TF tuning of neuronal populations in visual cortex.
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Figure 1) A) Left panel - coronal section of 2P tomography fluorescence image of GCaMP6s-
positive cells in neocortex. Middle panel- widefield map of 5 mm cranial window preparation with
retinotopic borders (see METHODS) in red and 2P fields of view in V1 and AM in grey. V1 and
AM are labeled. Right panel - mean projection of 2P imaging plane with ROIs segmented before
inclusion criteria were applied. B) Outer contours of sparse noise-derived, significant (see
METHODS) receptive fields of neurons in three fields of view. Right panel shows three fields of
view overlaid in different colors. C) Histograms of preferred TF tuning in three fields of view of
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one example animal. D) Average preferred TF tuning for each field of view (y-axis) plotted against
the median sparse noise derived receptive field altitude value. Each point represents median
altitude of receptive field centers of a given field of view (horizontal error bars show interquartile
range of this distribution) versus the mean preferred TF tuning and standard deviation at that field
of view in V1 and AM.

My goal was to describe how the distribution of preferred TF tuning of neurons changed across
receptive field altitude in V1. | compared the distribution of the preferred TF tuning of neurons in
three separate 2P fields of view in V1 (Figure 1A). To do this, | first retinotopically mapped the
cortical visual areas using widefield calcium imaging (our retinotopic mapping approach is
described in the METHODS). | then targeted three regions of V1 at three different receptive field

altitude locations in the widefield retinotopic map for my 2P experiments (Figure 1A, center). |

recorded in layer 4 at a depth of 300 um below pia. Mice were awake and behaving.

| mapped the receptive field locations of neurons in each 2P field of view with sparse noise, as
described in the METHODS. Neurons in different 2P fields of view have different receptive field
altitude locations, but similar azimuth locations. The outer contours of z-score thresholded
sparse noise-derived receptive fields of neurons in the three 2P fields of view in V1 are plotted
in retinotopic space in Figure 1B. Neurons had significantly different receptive field altitude
distributions based on the field of view (one way ANOVA, p << 0.01). | then performed a post-
hoc t-test on cells in anterior and posterior fields of view and found significantly different

receptive field altitude distributions in all three animals (p << 0.01 in all cases).

Next, using a stimulus set of six TFs ranging from 0.5 Hz — 15 Hz and four orientations, |
calculated the preferred TF of each neuron in each 2P field of view (defined as the TF that
elicits the strongest stimulus-triggered average response for each neuron; see METHODS). |

then compared the distribution of preferred TF value in each 2P field of view.
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| found that neurons in 2P fields of view associated with an average RF location in the upper
visual field have higher preferred TF than neurons in 2P fields of view with an average RF
location in the lower visual field of view. The distribution of the preferred TF tuning of neurons in
the anterior 2P field of view (corresponding to the upper visual field) is skewed to lower values
than neurons in the center or posterior 2P fields of view (Figure 1C). The average preferred TF
tuning of neurons in the posterior field of view in V1 (corresponding to the upper part of visual
space) is skewed to high TF values. Neurons in the center 2P field of view of V1, which
correspond to the center of visual space close to the horizon, respond best to intermediate TF
values, such that they have an intermediate TF tuning compared to cells in other 2P fields of
view. Preferred TF and altitude were correlated with a Spearman’s correlation of r = 0.81,

indicating substantial correlation.

The preferred TF tuning of neurons in V1 is skewed to low TF values (Figure 1C). This is
consistent with previous measurements of TF tuning in mouse visual cortex made with 2P
(Andermann et al., 2011; Roth et al., 2010; Marshel et al., 2011; De Vries et al., 2020) and

extracellular probes (Neill & Stryker, 2008; Siegel et al., 2021) in other studies.

To visualize the relationship between average preferred TF tuning and receptive field altitude, |
plotted the median population receptive field altitude versus the mean TF tuning for neurons in
each 2P field of view (Figure 1D). This revealed a clear relationship between the average
preferred TF and receptive field altitude in V1, where average preferred TF decreases with
decreasing receptive field altitude. In sum, there is a TF tuning gradient — a gradual change in

receptive field properties — across receptive field altitude.

To test whether there was a statistical effect of receptive field location on the preferred TF, |

generated a linear mixed model (see METHODS). A log-likelihood ratio test indicated that the
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preferred TF of neurons depends on their receptive field altitude (p <<0.01). A post-hoc Mann
Whitney-U test indicated that the preferred TF distributions in the posterior and anterior 2P fields

of view are significantly different in all three mice (p << 0.01 for all three).

Using the same procedure, | then measured and compared the preferred TF of neurons in two
2P fields of view in AM. Using sparse noise, | mapped the receptive fields of the neurons in both
fields. The receptive field centers of the neurons in both fields have significantly different altitude
values (t-test p << 0.01 for all). The neurons recorded in the posterior 2P field of view in AM,
(corresponding to the lower part of the visual field) have a lower average preferred TF than
neurons in anterior 2P field of view (corresponding to the upper part of the visual field). The
average preferred TF was significantly different in the two 2P fields of view in three of four
animals (Mann Whitney-U test p = 0.01, p = 0.03, p << 0.01, p = 0.1). The average preferred TF
of neurons in different 2P fields of view is higher in AM than V1 and ranges from 2-6 Hz. To test
whether the receptive field location had a significant effect on the average preferred TF, | used a
linear mixed model as described in the METHODS. A log-likelihood test resulted in a X? test
statistic with value of p= 0.045, indicating significant interaction between TF and receptive field

location.

There is a field sign map reversal at the border of AM and V1, which is why the x-axis has a
field sign reversal in Figure 1D (Zhuang et al., 2017). The gradients of TF in both AM and V1
have the same slope in relation to altitude. In both AM and V1, for each 2P field of view, the
median altitude value of the population of receptive field centers is slightly different. However,
the average preferred TF of neurons with receptive fields having low altitude values (lower
visual field) is lower than those with receptive fields with high altitude values (upper visual field)

(Figure 1D).
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Receptive field centers in each AM 2P field of view spanned a narrower band of altitudes than in
V1 (-20 to 14 degrees). This result is consistent with previous studies that have mapped visual
cortex (Zhuang et al., 2017). At this band of altitudes, the TF tuning of AM is significantly higher
than that of V1 (Mann Whitney-U test, p <<0.01).

2.3.2 GRADIENTS IN AM AND V1 CAN BE MEASURED USING WIDEFIELD CALCIUM
IMAGING

Next, | investigated whether there were tuning gradients across other visual areas and layers.
Completing this with 2P would be both time and data-intensive, so | chose to complete these

experiments using widefield imaging.
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Figure 2) A) df/fimage of 5 mm cranial window preparation 1 s after stimulus response.
Defocused 1.5 turns. Retinotopic borders are overlaid in white. B) Example fluorescence trace
from pixel in the middle of V1. C) Stimulus-triggered df/f responses (black) and averagestimulus
triggered response of example pixel in response to 2 Hz TF stimulus (red). D) Stimulus-
triggered average responses of example pixel to all TFs in stimulus dataset. E) Tuning curve
derived from average fluorescence [0, 2]s after stimulus onset. Center of mass of tuning curve is
shown as black vertical line. F) Pixels on widefield maps that correspond to 2P fields of view.
Median altitude value derived from widefield retinotopic maps plotted on the x-axis. Median
center of mass TF from widefield analysis for each pixel is plotted in the y-axis. Error bars show
Inter-quartile range of TF of pixels in field of view. G) Data in Figure 2F overlain with data in 1G.
Quadratic fits to altitude vs TF data in widefield (blue) and 2P (red).

Widefield calcium imaging uses a low magnification objective and high-speed camera to image
bulk calcium activity across large areas (up to 15 mm diameter) of the brain simultaneously.
This method, along with the cranial window preparation described in the METHODS, allows

simultaneous measurement of stimulus-evoked fluorescence changes in all mouse cortical
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visual areas (Figure 2A). Widefield calcium imaging also affords similar temporal resolution as

2P calcium imaging (~25 Hz, with hemodynamic correction as described in the METHODS).

| used widefield calcium imaging in the same three Rorb-IRES2-Cre;CaMKlla-tTa;Ai94 mice, the
same mice that were used for 2P imaging, and one more Emx1-IRES-Cre;Ai94 in AM to
measure TF tuning in visual areas. | displayed drifting gratings of 6 different SF values, 6
different TF values, and 8 directions and measured the bulk neuronal fluorescence changes in
response to stimulus presentation (Figure 2B). For a given TF, the calcium traces within a
temporal window around the stimulus onset were extracted and aligned by the drifting grating
onset. An event-triggered average trace was then calculated as the mean trace across all
aligned traces. The mean value of the averaged trace in the window [-0.5, 0] seconds from the
onset was calculated as the baseline, and event-triggered df/f trace was calculated as (average
trace - baseline) / baseline (Figure 2C). | then extracted SF and TF tuning curves for each pixel
in the cranial window by taking the average df/f 2 s after stimulus onset (Figure 2D-2E). Like in
2P, most pixels had the strongest change in fluorescence in response to low frequency stimuli
(0.5 Hz or 1 Hz) (Figure 2E). However, there were differences across visual areas in how

strongly pixels across the image responded to high TFs.

The receptive field location of each pixel in visual areas was mapped with the widefield
retinotopic mapping protocol described in the METHODS. Widefield retinotopic maps were

generated in a separate experiment and aligned using surface vasculature maps.

| calculated the center of mass of the tuning curve for each pixel within the widefield field of view
(see METHODS), which is a measure of how skewed the tuning curve measured at each pixel
is. At pixels with high, positive receptive field altitude values (upper visual field), the center of

mass TF tuning was highest (~3 Hz) (Figure 2F). As with our 2P TF measurements, The TF
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tuning decreased with decreasing receptive field altitude, with the lowest TF tuning reported at 0
degrees in receptive field altitude (visual horizon). Then, there was a reversal of the TF tuning
gradient, and TF tuning increased in pixels with low receptive field altitude values (lower visual

field) to 2.1 Hz.

The center of mass TF tuning values measured with widefield were higher than the TF tuning
values measured with 2P. Using widefield calcium imaging, the TF tuning reported in V1 was
between 1 Hz and 3 Hz. The TF tuning reported in AM was between 2 and 3 Hz. The range of

tuning reported in AM using widefield was narrower than the range reported in 2P (Figure 2F).

It's not currently understood whether the bulk changes in fluorescence measured with widefield
are an accurate representation of somatic fluorescence measured with 2P imaging. The
relationship between 2P and widefield tuning measurements has not been compared directly,
and the fluorescence changes and tuning reported from the two modalities might be different,
since widefield captures the calcium dynamics from both soma and neuropil while 2P imaging

captures the change in fluorescence from soma.

To make an accurate comparison of widefield and 2P, we recorded 2P and widefield TF
mapping experiments in the same animals. | compared the widefield measurements reported in
the pixels in the cortical window that corresponded to the locations of 2P recordings. Retinotopic
location measurements for each pixel were derived from the widefield retinotopic mapping

protocol described in the METHODS.

Widefield captures the fluorescence from neurons, dendrites, and axons from a region of cortex,
so to compare 2P and widefield, | performed a widefield-style analysis on the 2P data. After

segmentation, | pooled the fluorescence of all segmented ROlIs in a given 2P field of view, to
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create a widefield-like “megapixel” made up of the somatic 2P fluorescence data. Then, |
calculated the df/f and center of mass of the tuning curve derived from the pooled fluorescence.

Widefield appears to be a good approximation of the pooled somatic 2P signal.

The pooled somatic 2P signal also revealed a gradient of TF in the altitude dimension. Again,
neurons with receptive fields in the upper visual field had high TF tuning, while neurons with
receptive fields in the lower visual field had low TF tuning (Figure 2G). Overall, the center of
mass TF of the pooled somatic signal is lower than the TF reported from the widefield TF

measurements (Figure 2G).

To make a quantitative comparison of the relationship between altitude and TF, | compared the
center of mass TF of the pooled somatic signal at the anterior and posterior 2P fields of view for
all three mice. The pooled somatic analysis again showed significantly different TF in the
anterior and posterior fields of view in all three animals in V1 (t test, p= <<0.01, p=0.02, p <<
0.01). In addition, | found that the pooled somatic signal had a range of TFs of ~0.75 Hz to 3 Hz
and most reported TF values of the pooled somatic data fell below the widefield TF

measurements (Figure 2G).

Both the widefield measurements and pooled somatic 2P analysis supported the conclusion that
there are TF gradients in AM and V1. In both V1 and AM, neurons with receptive fields with low
altitude values (lower visual field of view) had lower TF tuning. Neurons with receptive fields
with high altitude values (upper visual field of view) had higher TF tuning. In AM, the range of TF
values reported ranged from 1 Hz-2.5 Hz, similar to the pooled somatic data in V1 (Figure 2G).
There was a larger spread of altitude values in the 2P data than in the widefield data. In all four
animals in AM, | observed significantly different TF tuning in the anterior and posterior fields of

view in all three animals (t test, p= << 0.01 for all) with the pooled somatic analysis.
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I did not sum the fluorescence across the entire 2P field of view because doing so in many
cases resulted in an overall decrease in fluorescence over the stimulus analysis window. This is
likely because there are often blood vessels in each field of view, and blood hemoglobin can
absorb fluorescence (Valley et al., 2020). Segmentation and neuropil subtraction eliminated this

effect.

The center of mass TF tuning of the pooled somatic signal is lower than the average preferred
TF tuning measured with 2P. This is due to two reasons. The first is that the center of mass
analysis | used, while an effective measure of skew (Supplementary Figure 4), results in lower
average values of center of mass than preferred average TF for equivalent distributions
(assuming all neurons have the same peak df/f at their preferred TF tuning). The second is that
cells that respond best to low TFs respond more strongly than cells that respond best to high
TFs (Mann Whitney U test, cells with preferred TF tuning 0.5 and 1Hz vs. cells with preferred TF
tuning of 8 and 15 Hz, V1: p = 0.03 AM: p= 0.021). The pooled somatic data uses raw
fluorescence to create a single tuning curve. Instead of weighting every cell equally, more
responsive cells will contribute more to the overall tuning curve. If more responsive cells are
biased to a particular TF, in this case low TFs, it will lead to lower reported TFs in the pooled

calculation.

In comparison to the average preferred TF tuning values, the TF values in the pooled somatic
data are lower by an average of 1.1 Hz. At comparable fields of view, there is also a larger
difference in the average TF tuning between V1 and AM, per altitude band, when the average

preferred TF tuning is compared between the two areas.
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Where does the reversal of the TF gradient occur in relation to the border of V1 and AM? To
describe this and compare the widefield and 2P data, | fit a quadratic equation using a least
squares optimization function to the center of mass TF tuning plotted against the mean
receptive field altitude of neurons in each 2P field of view in AM and V1. | also fit a quadratic to
the widefield center of mass TF plotted against the mean altitude for each field of view.
Generally, there is good general agreement between the two quadratic curves. | assumed that
the reversal occurred at the lowest point of the quadratic curve. For the pooled 2P data, the
reversal occurs at -15 degrees. For the widefield data, the reversal occurs at -8 degrees. The
VV1-AM border occurs at -25 degrees in visual angle. Both reversals appear to occur in V1. In
the 2P data, the average standard deviation of the receptive field altitude distribution of a
neuronal population in a 2P field of view is roughly 9.3 degrees, while the average standard
deviation of the receptive field altitude distribution of pixels in the comparable widefield field of
views is 15 degrees. This means that there is a difference of 8 degrees. The slope of the TF
gradient in the pooled somatic data is lower than in the widefield data (linear term in the
quadratic equations: 1.15 vs 2.23). Both the 2P data and the widefield data support the notion

that the TF gradient does not reverse at the V1-AM border.

2.3.3 DISCREPANCIES BETWEEN 2P AND WIDEFIELD LIKELY NOT DUE TO
SCATTERING EFFECTS

Scattering by brain tissue commonly deflects photons en route to the camera chip, affecting
lateral resolution. Scattering can significantly affect the trajectory of neurons from a point source
in widefield imaging, such that sources of fluorescence can scatter up to 1 mm from their
sources of origin. Widefield fluorescence at the brain surface is a weighted sum of photons from
fluorophores distributed through 1-2 mm cubed of underlying cortical tissue (Waters, 2020). This

might be a source of error and an explanation for the discrepancies between the widefield and
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2P results. To test this, | used the Monte Carlo random-walk model from Waters (2020) to

model the spread of fluorescence in V1 and AM.

| modeled cortical fluorescence through the depth of 700 um of cortical tissue, the depth of
neocortex in the visual cortex. | assumed that fluorescence would be homogeneous throughout

the cortical volume in both V1 and AM.

| tested to what extent fluorescence in V1 could alter tuning gradients in AM. To do this, |
modeled responses to six different TFs in a cortical volume of a depth of 700 um and a width of
1 mm that would generate TF gradients in V1 and AM of opposite slope. | then varied the
strength of the fluorescence in AM. The fluorescence in V1 was set at a consistent value, the
average of the fluorescence at the center pixel (center of gaze). The fluorescence in AM was

varied as a ratio of the fluorescence in V1.

| found that, even at very low fluorescence values in AM, the gradient in AM remained

unaltered. At the mean ratio of fluorescence measured between V1:AM (0.51) using widefield in
Rorb-IRES2-Cre;CaMKlla;Ai94 mice, there was no change in the gradient in AM
(Supplementary Figure 1, right).

2.3.4 DISCREPANCIES BETWEEN 2P AND WIDEFIELD LIKELY NOT DUE TO
DIFFERENCES IN TUNING BETWEEN LAYERS IN SINGLE CRE-LINE

Widefield offers no optical sectioning and captures fluorescence from other layers as well. While
in the transgenic animals used in this study fluorescence is restricted to laminar populations, it is
possible that neuronal projections in other layers and in other depths have different TF tunings.
To test this, | measured the TF tuning of neurons and boutons at three different depths at the

anterior portion of V1 (50 um from pia, 125 microns from pia and 300 microns from pia) in Rorb-
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IRES2-Cre;CaMKlla-tTa;Ai94 animals. | found no significant difference in the TF tuning at these

different depths (Supplementary Figure 5).

2.3.5 THERE ARE GRADIENTS OF TEMPORAL AND SPATIAL FREQUENCIES IN V1 AND
MOST HIGHER VISUAL AREAS

With widefield, | mapped TF and SF gradients across several visual areas and layers. To do
this, | first visualized how consistent gradients were from mouse to mouse. Using the methods
described in the METHODS, | measured the center of mass TF tuning and SF tuning for each

pixel within the 5 mm cranial window in layer 2/3, layer 4, layer 5, and LGN axons.
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Figure 3) A) center of mass TF and SF maps of 8 and 7 Cux2-CreER™;CaMKlla;Ai93/4
animals, respectively. Black lines represent retinotopic borders. B) Top - average center of
mass TF map Bottom: average center of mass SF tuning map. C) Right - altitude and center of
mass TF of each pixel in V1. Dark green line shows median TF tuning for each 5 degree altitude
bin. Right - same as left but in azimuth. D) Left - median TF tuning at each 5 degree altitude
bins in V1, PM, and for all mice shown in A. Error bars show standard error. Right - Mean of
curves shown in the left panel for all visual areas. Error bars show standard error. E) Mean and
standard deviation of the center of mass TF tuning (left) per visual area for each and SF tuning

(right).

Data in Figure 3 were gathered from 8 Cux2-CreER'%;Ai93/4 animals, which densely express
either GCaMP6f or GCaMP&6s, respectively, in layer 2/3 of the neocortex. Results in Figure 3
represent SF and TF tuning in excitatory neurons in layer 2/3 of mouse visual cortex. Previous

results have shown data from Rorb-IRES2-Cre;CaMKlla-tTa;Ai94 animals.

Mapping TF tuning in layer 2 /3 across ten different mice revealed that SF and TF tuning
measured with widefield is largely consistent across mice (Figure 3A). Unresponsive pixels are
blanked out in white, as described in the methods, giving each map a circular shape. In all 10
mice, gradients of SF and TF tuning exist in most higher visual areas as well as in V1. TF tuning
is lowest in the center of V1 and increases smoothly outward from a point in the anterior part of

V1 (lower part of the visual field).

There are gradients within visual areas in both SF tuning and TF tuning in the mouse visual
cortex. The differences in SF tuning in different parts of V1 are subtle (average difference of
0.05 cpd across V1, a change of only 20%). In TF, these differences are more pronounced,
around 1 Hz (a change of 50%). The average TF and SF center of mass maps also show the

SF and TF tuning gradients found in each individual animal (Figure 3B).

In V1, there are TF gradients in both altitude and azimuth, but gradients are stronger in the

altitude dimension. To illustrate this, | plotted the TF tuning of each pixel within V1 vs altitude
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(Figure 3C - left). This plot shows the altitude TF tuning gradient across V1, which is 0.5 Hz at
its lowest point (around 0 degrees in altitude) and 1.4 Hz at high altitudes values. The gradient

in azimuth is weaker than the gradient in altitude (Figure 3C -right)

There are tuning gradients in most other visual areas. To describe the slope of gradients in the
visual field and visualize how they relate to the gradient found in V1 across all animals, |
generated the median TF value at each altitude for each visual area as described previously

and took the mean of these curves.

In some visual areas, the slope of the gradient between TF and altitude is the same as in V1. In
other areas, either the slope is flat, or can be reversed at altitude values as is the case with AM

and P (Figure 3D - left).

2.3.6 AVERAGE TEMPORAL FREQUENCY TUNING MEASUREMENTS IN VISUAL AREAS
ARE CONSISTENT WITH LITERATURE

| took the average center of mass TF tuning and SF tuning of all pixels in each visual area. This
gave us an average TF value in each visual area. My results were consistent with trends in the
literature (Figure 3E). For example, most studies that have measured TF tuning in areas AL
and RL found that neurons in both areas have higher average preferred TF and lower preferred
SF tuning than neurons in V1. | found that areas AL and RL have a three-fold higher center of
mass TF tuning (1.5 Hz) than area V1 (0.61 Hz). Multiple studies have also found that areas LM
and PM have lower TF tuning and higher SF tuning than areas AL and RL. | also found that

areas LM and PM have lower TF tuning than areas AL and RL.

In CHAPTER 3, | further describe how experimental design choices can impact TF tuning,

which could help account for the discrepancies between my study and the literature. In this
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chapter, | find that widefield center of mass TF values are lower than the average preferred TF

tuning values measured with 2P.

The largest 2P study that has measured SF and TF tuning in V1 is the Allen Brain Observatory
dataset (de Vries et al, 2020). This dataset was very similar to my study; it was collected using
2P imaging in the same Cre-lines, using the same GCaMP6 indicators, and was performed in

awake behaving mice. This dataset is also expansive: it contains data from over 80,000 cells.

de Vries et al. (2020) serves as the best comparison with validating my results. While my
widefield analysis yielded lower TF values, the relative TF tuning between areas was similar in
the Brain Observatory Cux2-CreER™?;CaMKlla-tTa;Ai93/4 mice compared to my widefield study.
While the brain observatory dataset found higher TF values in V1, it found similar values of TF

in the higher visual areas. Also, the relative order of TF values between areas was consistent.

2.3.7 THERE ARE TEMPORAL FREQUENCY TUNING GRADIENTS IN OTHER CORTICAL
LAYERS AND THALAMIC AXONS

Next, investigated whether gradients were present in other laminar populations. Although the
canonical cortical circuit in mice is not as well-defined as in primates (reciprocal connections
between layers are common between cortical layers and dLGN projections to all layers have
been found), it appears that layer 2/3 gets most of its input from layer 4, which in turn gets input
from LGN axons. Layer 2/3 gives input to higher visual areas and also to layers 5 and 6, which
then synapse on to higher visual areas. To measure tuning gradients in other cortical layers, |
used transgenic mice that express GCaMP6s or CCaMP6f in layer 4, layer 5, and LGN axons: 8
Rorb-IRES2-Cre;CaMKlla-tTa;Ai94 (layer 4) , 6 Scnn1a-Tg3-Cre;Ai93 mice (layer 4),Rbp4-

Cre_KL100, and 7 Vipr2-IRES2-Cre;Ai162 (LGN).
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Immunohistological experiments Cortical expression of GCaMP in Vipr2-IRES2-Cre;Ai162 is
negligible and 99% of thalamic Cre expression in Vipr2-IRES2-Cre;Ai162 mice is in the LGN,
while the rest is in other thalamic nuclei, including LP (Supplementary Figure 7; Zhuang et al.,
2019). Cortical z-stacks in V1 and AM reveal no somatic labelling in this mouse line, but the

presence of GCaMP labelled cortical processing in both cortical visual areas.
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Figure 4) A) From left to right, center of mass TF tuning map in ten Rorb-IRES2-CreERT2;
CaMKlla-tTa;Ai94, seven Rbp4-Cre_KL100;Ai93 mice, and 9 Vipr2-IRES-Cre;Ai62 mice. B) Left
- Average center of mass TF tuning at each 5 degree altitude bin in V1 in all Cre-lines. Right -
Average center of mass TF tuning in pixels in V1 compared on average center of mass TF
tuning in all higher visual areas.
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The center of mass TF tuning maps in other cortical layers were very similar to the center of
mass TF tuning maps in layer 2/3 (Figure 4A). Again, the lowest point in the center of mass TF
tuning map was in V1 and the TF increased outward toward the edges of V1 and into higher

visual areas.

In layer 4, 5, and in thalamic afferents, the slope of the TF tuning gradients in V1 and higher
visual areas were the same as in layer 2/3. In Figure 4B, left panel, | plotted the median TF
tuning in each 5 degree altitude bin in V1 for all layers. The slope of TF tuning versus altitude in
V1 is preserved in all layers and in thalamic afferents. In all visual areas in all laminar
populations, TF tuning was lowest in the anterior portion of V1 (lower visual field) and highest in
posterior V1 (upper visual field). As there are gradients of TF tuning measured in Vipr2-IRES-
Cre;Ai162 mice, it is likely that TF information, and gradients, in both V1 and higher visual areas
are inherited from dLGN axons, though it is also possible that LP axons contribute to the signal

in HVAs..

Encouragingly, two Cre-lines that measured TF tuning in layer 4 (Scnn1a-Tg3-Cre;CaMKIla-
tTa;Ai93 and Rorb-IRES2-Cre;CaMKlla-tTa;Ai94) did not have significantly different average TF
tuning. | compared the distribution of the center of mass TF tuning in pixels in V1 and higher

visual areas (Mann Whitney U test, p > 0.1).

TF tuning was lowest in layer 2/3 maps, followed by layer 4, followed by layer 5. Thalamic axons
had the highest TF tuning of all cortical layers. In mouse visual cortical areas, visual information
is relayed primarily to layer 4 via the thalamus and out from layer 2/3 and layer 5. Our results
indicate that in both V1 and HVAs, temporal frequency information is lost at each step in the

mouse cortical circuit (Figure 4B — left).
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TF tuning was highest in higher visual areas than V1 in all Cre-lines used, except in Vipr2-
IRES2-Cre;Ai162 (Figure 4B — right). Pixels located in higher visual areas in Vipr2-IRES2-
Cre;Ai162 passed our signal-to-noise criteria threshold, indicating that there were significant
responses measured with widefield in higher visual areas. This data indicates that thalamic

information may be responsible for establishing TF gradients in cortex.

2.4 DISCUSSION

In this section, | report three key findings: (1) the processing of SF and TF tuning is asymmetric
across the visual field, (2) This asymmetry is preserved across layers, even though the average
SF and TF tuning across layers changes in magnitude, (3) Although temporal frequency tuning

is different between higher visual areas, it doesn’t change abruptly across areal borders.

2.4.1 2P AND WIDEFIELD SIMILARITIES AND DIFFERENCES

Both widefield and 2P measurements of the temporal frequency tuning of visual cortical areas
revealed TF tuning gradients in V1 and higher visual areas. However, the 2P pooled somatic
signal reported lower TF tuning than the widefield signal at similar altitude locations. There are
several potential reasons for the discrepancies between widefield and 2P: (1) neuropil
contamination, (2) contamination from regions and layers from scattering, (3) different neuronal

subpopulations selected for by 2P and widefield techniques.

It is possible that different neuronal subpopulations are selected for by widefield and 2P calcium
imaging. Selecting different percentages of cells from a larger population based on how
responsive and reliably activated they are to visual stimuli significantly changes the reported TF
tuning. In CHAPTER 3, | quantify the effect of applying different inclusion criteria on a large

population of cells on the reported TF tuning.
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Most inclusion criteria in the literature select for distinct but overlapping neural subpopulations,
indicating that they are using similar metrics to select for responsive neurons. As discussed
further in CHAPTER 3, the inclusion criteria that | chose also used responsiveness (a response
threshold) and reliability (a threshold on the number of responses that reached threshold; see
METHODS), so | assumed that a similar sensitivity curve to that described in CHAPTER 3
Figure 4 would hold, given that my experimental setup was similar in both sets of experiments. |
assumed that in V1, the most responsive cells would have higher TF tuning than the whole
neuronal population. My inclusion criteria selected for 55% of all segmented neurons, and
according my analysis in CHAPTER 3, Figure 4, the TF tuning of neural subpopulations
changes only 5% if 55% of cells are chosen compared to the entire population. | hypothesized
that widefield calcium imaging would be equivalent to setting no response threshold and
including all neurons in the analysis. If both assumptions are correct, the widefield and 2P
results should have diverged little, and the widefield TF measurements, at least in V1, should

have been lower than the 2P TF measurements on average.

However, it is also possible that widefield is a less sensitive technique than 2P imaging and
selects for a more visually responsive population than 2P imaging. This may account for the

higher TF tuning in my widefield results.

Regardless of whether widefield is biased to detect fluorescence in a different neural
subpopulation than 2P imaging, it is possible to measure differences in tuning properties across
visual areas with both techniques. In both widefield and 2P imaging, | saw differences of
comparable magnitude in TF across altitude in V1, giving me confidence in the presence of

gradients of TF in visual cortex and widefield’s ability to detect them.
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While we reported different absolute TF tuning values with 2P and widefield imaging, both
modalities allowed us to measure the differences in TF tuning between neurons with receptive

fields in the upper and lower fields of view.

Signals from dendrites from cells in V1 and feedforward and feedback connections from other
cortical regions contribute to the widefield signal. It is possible that neuropil in visual areas has a
higher temporal frequency tuning on average than the somatic signal, resulting in a higher
overall TF tuning in the widefield signal. LGN axons and higher visual areas, which carry
feedforward and feedback information to V1, respectively, both have higher TF tuning than layer

4 axons, it’s possible that processes in layer 4 are tuned to higher TF than the soma.

Unlike widefield, 2P provides optical sectioning — using widefield, a point on the cortical
surface can capture fluorescence from a large 1-2 mm cubed brain region underneath the
cortical surface centered on that point. This means that fluorescence from other layers, could be
causing discrepancies between widefield and 2P. | used genetically-labeled lines that expressed
GCaMP&6 specifically in one cortical layer and tested the TF tuning in various depths in the
anterior part of V1 and found no significant differences in the TF tuning between layers in a
single Cre-line. It is possible that in other regions of V1 and in higher visual areas, there are
laminar differences in TF in the population of cells and processes that are labeled in neocortex
in a transgenic line. It’'s possible that in higher visual areas or in other regions, laminar

differences contribute to differences in the TF tuning between widefield and 2P measurements.

2.4.2 CONFIDENCE IN GRADIENTS IN OTHER AREAS OUTSIDE OF AM, V1
There are various biological and technical factors that might affect the accuracy of gradients in
TF. First, since widefield does not provide optical sectioning and captures fluorescence from a

large cortical volume, scattering and fluorescence sources from other layers is a concern.
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Second, neuropil signal in widefield might alter the gradient making it deviate from the somatic
tuning. Lastly, signal to noise varies across the field of view, since neurons in primary visual
cortex respond better to periodic stimuli and there are differences in fluorescent labeling across

Cre-lines.

| only verified the presence of TF tuning gradients in higher visual area AM, but used widefield
tuning to measure TF tuning in all higher visual areas on the cortical surface that were
responsive to drifting grating stimuli. How confident can | be in the TF tuning of higher visual

areas”?

GCaMP labeling varies across visual cortex in some Cre-lines, such as Rorb-IRES2-
Cre;CaMKlla;Ai94 (Harris et al., 2019). In some lines, cellular labeling is less dense and per-cell
GCaMP expression is lower in higher visual areas, which affects the signal to noise in higher
visual areas. However, gradients and the overall TF and SF maps in Cre-lines that don’t have a
lower density of labeling in HVAs are similar to those in Rorb-IRES2-Cre;CaMKlla;Ai94. ltis
unlikely that signal to noise differences could alter the gradient, since based on my modeling
data, the ratio of fluorescence between V1 and a higher visual area would need to be very low

for scattering from V1 to alter the gradient in AM.

Based on my modeling data, the inconsistencies between widefield and 2P appear not to be
due to scattering effects, but a more biologically accurate model, such as one that incorporates
the differences in fluorescence throughout the cortical column in V1 and higher visual areas,

would allow for a more rigorous comparison.
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Widefield captures the slope of the TF gradient in V1 and AM, meaning it can likely capture this
relationship in other areas. However, the location of the TF reversal reported in V1 is less clear.

From both my 2P and widefield data, it appears that the reversal occurs in anterior V1.

To compare where the reversal of the TF gradient occurs with relation to the AM/V1 border, | fit
a quadratic equation using a least-squares optimization function. It revealed that the gradient
measured in the 2P and widefield data reverses in V1. However, it is possible that the reversal
still happens at the border between V1 and AM, and that although there is a gradient in both
areas, the temporal frequency tuning in AM is higher than V1, making the reversal appear as if it
is in V1, when in fact both areas contain gradients with the same sign slope (negative) in
relation to altitude. This would mean that a quadratic equation is a poor choice for determining

where the AM/V1 border is.

2.4.3 HOW DO HVAS GET THEIR TUNING?

How do higher visual areas get their higher TF tuning? Glickfeld et al. (2011) showed that
projections in V1 are functionally specific and match the TF tuning of their downstream targets,
but another study showed that when LP is lesioned, higher visual areas lose their higher TF
tuning. The latter theorized that the high temporal frequency tuning found in higher visual areas
is due to input from the lateral posterior nucleus of the thalamus (LP). However, my results
showed that gradients in V1 and some higher visual areas are likely due purely to dLGN inputs.
Previous tracer experiments have shown that dLGN provides input to V1 and LM, but there is no
evidence of direct projections from dLGN to HVAs. | found that gradients in HVAs and V1 could
be found in Vipr2-Cre-neo;Ai162 mice, which express GCaMP6 in dLGN neurons. These mice
do express a small amount (<1%) of GCaMP6 other thalamic nuclei, including LP, which could
be driving responses in HVAs. Further study is needed to unambiguously provide evidence for

the thalamic circuit establishing TF tuning higher visual areas.
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2.4.4 GRADIENTS OF TUNING COULD BE DUE TO GRADIENTS OF DIFFERENT CELL
AND RECEPTOR TYPES IN RETINA, THALAMUS, CORTEX

The mouse has over 30 retinal ganglion cell types, many of which are unevenly distributed
across the retina. So-called predator-detecting W3 cells, which are thought to respond to object
motion, are clustered in the ventral retina (upper visual field) (Zhang et a., 2012). One class of
directionally selective-RGCs (dsRGCs) are more densely-expressed in the ventral retina (upper
visual field), while alpha-like ON-RGCs are more densely-clustered and smaller dendritic

diameters in the ventral-nasal part of the retina (Bleckert et al., 2014; El-Danaf et al., 2019).

A potential circuit that could explain my results involves ON-OFF dsRGCs that originate in the
retina, synapse onto the dLGN shell and transmit information to layer 2/3 of V1. It is unclear
whether this information is also passed onto layer 4. These cells are selective for high temporal
frequency information and the posterior direction of motion (Rasmussen & Yonehara, 2018),
and could result in the high TF tuning in the posterior visual field, if these cells are preferentially

activated with full-field drifting gratings.

From the density and dendritic diameter of ON-RGCs, one might expect that the SF tuning of
neurons in the upper nasal portion of the visual field in V1 and higher visual areas might have
higher SF tuning. While | did see that the upper part of the visual field was more responsive to
higher SFs, | didn’t see a nasal-to-temporal difference in SF tuning differences across V1 and

the gradient of SF tuning was weak overall.

Other retinal ganglion cells with unequal distributions might be responsible for the differences in

the TF tuning across visual cortex. The distribution of many retinal ganglion cells in the mouse
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retina has yet to be studied, especially with regard to which subcortical and cortical circuits they

are involved in.

There is also an asymmetric distribution of photoreceptors in the mouse retina. The mouse
retina is rod-dominated but UV-sensitive S-cones are clustered in the ventral retina, while green
light sensitive M cones are clustered in the dorsal retina. In most laboratory conditions, the
temporal sensitivity of S-cones is significantly lower M-cones. However, when UV stimuli are
used, the temporal sensitivity of S-cones increases significantly. Using UV stimuli might reveal
further functional specialization in the retina and cortex (Wang et al., 2011; Umino et al., 2008).
It is unlikely that in the experimental conditions, S-cone mediated responses were responsible

for the difference in temporal frequency tuning properties across visual cortex.

2.4.5 DIFFERENCES IN FUNCTIONAL SPECIFICITY ACROSS VISUAL FIELD
There are clear differences in functional properties across the mouse visual field. Neurons in the

upper part of the visual field have higher TF tuning than the lower part of the visual field.

In mice, there are maps of functional properties within visual areas and across visual areas.
Coherent motion, for example, is processed asymmetrically in visual space and across the
visual cortex (Sit & Goard, 2020). It appears TF and SF may be similarly asymmetric. In
addition, unlike in primates, TF tuning is processed in a global manner with no abrupt changes
in tuning across areal borders. This has previously been found in mice, with other behaviorally-

relevant stimulus features.

Why might the upper visual field be functionally specialized to detect fast moving, high SF

stimuli? One hypothesis might be that the mouse thalamic visual circuit overall might be
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specialized for detecting fast moving, high SF stimuli in the upper visual field. This might benefit

mice in predator detection.

2.5 SUPPLEMENTAL FIGURES
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Supplementary Figure 1. A) Variance in one Cux2-CreER'?;Ai140 animal. B) Percent
remaining variance after two-wavelength hemodynamic correction C) Percent remaining
variance after one-wavelength hemodynamic correction
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Supplementary Figure 2. (A) Schematic illustration of strategy to estimate absorption of
GCaMP excitation and emission (centered at ~470 and ~520 nm, respectively) and of
illumination at ~577 nmby hemoglobin. Blue illumination is susceptible to absorption when in
transit from the LED to the neurons expressing GCaMP. Green fluorescence emission is
susceptible to absorption while in transit from GCaMP molecules to the fluorescence camera.
577 nm illumination are susceptible to absorption during entry and during exit from the brain,
before and after the scattering events that result in diffuse reflection. (B) Schematic illustration
of simultaneous fluorescence and backscatter measurements, with relative locations and
wavelength characteristics of LED sources, filters, lenses, dichroic mirrors and cameras (see
figure S5 for a rendering of the microscope assembly). Camera frame interleaving sequence
(inset, upper left) shows the continuous acquisition of fluorescence on camera 1, and strobing
between detection of 577 nm backscatter and a blank frame on camera (C) Absorption spectra
of oxy- and deoxyhemoglobin (HbO and HbR; left axis) in the visible spectrum, the HbO/HbR

extinction coefficient ratio (right axis), and normalized spectra of wavebands used in my
experiments.
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Supplementary Figure 3. Method by which | eliminated unresponsive pixels. In one example
animal, a 20 x 20 pixel square in V1. Green pixels show signal to noise (mean event-triggered
response divided by signal to noise of event triggered responses) and temporal frequency of
raw data. Other colors show SNR and temporal frequency of the same data artificially degraded
by white noise. Signal to noise was degraded 25, 50, and 75 percent of original value.
Histogram on X axis is the count (normalized to 1) of pixels with certain signal to noise
throughout the entire window.
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Supplementary Figure 4. Schematic of center of mass analysis versus underlying populations.
(A) Schematic. Histogram of preferred TF tuning of population of neurons skewed to low TFs.
Grey dashed line is mean preferred TF of population. (B) Resulting population tuning curve if all
responses from neurons in population are equal (also assumes neuron is only tuned for one
TF). Red dashed line is center of mass TF, grey dashed line is mean preferred TF from
population in (A) (C) histogram of preferred TF tuning of a population. Grey dashed line is the
mean TF of population. (D) Resulting population tuning curve (green solid line) if all responses
from neurons in population are equal, green dashed line is center of mass TF, grey dashed line
is mean preferred TF from population in (C). (E) Comparison of center of mass values from two
distributions.
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Supplementary Figure 5. Model of TF throughout cortical depth of 700 um of cortical tissue in
mouse visual cortex after monte-carlo widefield model has been run. A) Model of fluorescence
in V1 and AM in response to 0.5 Hz stimulation, assuming equivalent gradient in V1 and AM
and gradient reversal at V1 AM border. B) Fluorescence at cortical surface AM and V1 in
response to stimulation at various TFs, assuming gradients of the same but opposite slopes
with distance from the center of V1 before model is run (left) and after model is run (right). The
TF tuning if AM and V1 assuming responses in (B) after model is run, assuming different
fluorescence ratios between AM and V1. D) the location of the gradient reversal in relation to
the V1 AM border. Outline of where modeled reversal would be if the signal in AM was 0.5 (red)
0.1 (green) and 0.01 (blue) the fluorescence amplitude of the signal of V1. Underlying map is a
center of mass temporal frequency tuning map.
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Supplementary Figure 6. Average preferred TF tuning measured at three cortical depths: 50
um, 125 um, and 300 um below pia in Rorb-IRES2-Cre;CaMKlla-tTa;Ai94 mice. Only processes
and boutons were found at shallow cortical depths.
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Supplementary Figure 7. A) Fluorescence 2P tomography image of GCaMP fluorescence in
Vipr2-Cre-neo;Ai162 mice. B) Number of GCaMP-labelled cells in dLGN vs LP C) Average
intensity z-stack of 2P fluorescence images of anterior V1 showing labelled axons through 50-
500 microns below pia. D) Average intensity z-stack 2P fluorescence images of anterior V1
showing labelled axons through 50-500 microns below pia
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3. CHARACTERIZING THE EFFECT OF INCLUSION CRITERIA ON BASIC TUNING
PROPERTIES IN MOUSE VISUAL CORTEX

3. ABSTRACT

Neurophysiology studies require the use of inclusion criteria to identify neurons responsive to
the experimental stimuli. Five recent studies used calcium imaging to measure the preferred
tuning properties of layer 2/3 pyramidal neurons in mouse visual areas. These five studies used
different experimental designs that employed different inclusion criteria and report different,
sometimes conflicting results. Experimental design choices and inclusion criteria both affect the
subpopulation of neurons that are selected for. Here, | examined how different inclusion criteria
can impact reported tuning properties, modifying inclusion criteria to select different sub-
populations from the same dataset of almost 17,000 layer 2/3 neurons from the Allen Brain
Observatory. The choice of inclusion criteria greatly affected the mean tuning properties of the
resulting sub-populations; indeed, the differences in mean tuning due to inclusion criteria were
often of comparable magnitude to the differences between studies. In particular, the mean
preferred temporal frequencies of visual areas changed markedly with inclusion criteria, such
that the rank ordering of visual areas based on their temporal frequency preferences changed
with the percentage of neurons included. These results demonstrate that the current
understanding of the functional organization of the mouse visual cortex obtained from previous

experiments critically depends on the inclusion criteria used.

3.1 INTRODUCTION

3.1.1 SUMMARY

In this thesis, | am interested in how receptive field properties (spatial frequency [SF] and
temporal frequency [TF]) are mapped in visual space. In CHAPTER 2, | used 2-photon (2P)
calcium imaging to measure SF and TF tuning in visual areas. However, 2P calcium imaging

studies can produce a wide range of different results — previous 2P calcium imaging studies in
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mouse visual cortex report widely different mean values of SF, TF, orientation selectivity, and
directional selectivity tuning of visual areas. These values vary up to four-fold between studies.
The differences between studies are likely due to differences in the experimental design and/or

data analysis.

Experimental design and analysis choices can inadvertently change the population of neurons
that are included in the experimental analysis, which can then alter the apparent tuning of the
neural population that is being studied. Experimental design choices, such as the calcium
indicator used or the anesthesia state of an animal, can change the apparent signal to noise of
the stimulus response, altering either the response strength, the reliability of the response, both,
or how well the response can be detected. How different experimental design choices alter
response strength and reliability, and how this could affect tuning, is discussed in detail in

section 3.1.4.

In the field, we currently don’t have an understanding selecting different neural populations
based on their signal to noise correlates with different tuning metrics. In this study, | encompass
the strength and reliability in a single metric called robustness, which is defined in detail in
section 3.1.3 of this chapter. To measure tuning properties in the visual cortex, | need a

quantitative understanding of how tuning metrics change with robustness.

It is impractical to study how all different experimental design choices alter tuning, but it is

possible to select for different subpopulations of neurons out of a larger population based on

their robustness. This is what I've done in the following study.
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In the following sections, | elaborate how experimental design choices and the choice of
inclusion criteria can alter the apparent robustness of neurons in visual cortex and how this

might have impacted the reported tuning in previous studies.

This chapter of my thesis is about this study, Characterizing the effect of robustness of tuning
metrics in mouse visual cortex, published in eNeuro. In the discussion, | will consider the
implications of the choice of inclusion criteria used in the rest of my thesis on the

characterization of TF tuning (Mesa et al., 2021).

3.1.2 WHY 2P?

The main alternative used to measure tuning fundamental tuning metrics in mouse
neurophysiology is electrophysiology. There are several advantages of 2P imaging. First, 2P
has been used previously in several studies that have measured fundamental tuning properties.

This allows for direct historical comparisons.

High-throughput electrophysiological recordings in cortex designed in recent years allow for high
numbers of cells (> two thousand) to be recorded from multiple depths in a single session. In
comparison to high-throughput methods such as neuropixels probes, 2P yields more cells.
While a single neuropixels probe can record more cells than previous recording methods, the
failure rate of units in a probe makes it so that the yield is less than 2P. 2P also affords greater
spatial coverage of the cortex, while neuropixels probes require multiple probes in one animal to
image multiple locations. The other is that, with 2P, one has the ability to image chronically,
which again allows us to image in multiple locations in one animal without using multiple probes.
When using high-yield probes, like neuropixels, experiments are typically acute (Siegel et al.,

2021).
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3.1.3 DISCREPANCIES BETWEEN STUDIES IN THE ABSOLUTE VALUE AND RANK
ORDER OF TUNING METRICS IN VISUAL AREAS

There have been five recent studies that have employed 2P calcium imaging to measure SF
and TF, as well as orientation selectivity and directional selectivity, in the visual cortex
(Andermann et al. 2011; Marshel et al., 2011; Roth, Helmchen, and Kampa 2012; Tohmi et al.
2014; Sun et al. 2016). The results from these studies vary widely Some results were consistent
across studies, e.g. the mean preferred TF of neurons in area AL was greater than those in V1
(Figure 1A), but there were also differences between studies, e.g. some studies found that the
mean preferred TF of neurons in PM was greater than those in V1 while others found the
opposite. Further, the magnitudes of average TF tuning, orientation selectivity index (OSl), and
direction selectivity index (DSI) in individual visual areas as well as the rank order of these
properties between visual areas differed across studies. All five studies imaged in layer 2/3 of

mouse visual neocortex and responses were evoked using a drifting grating stimulus.

What accounts for the differences between previous studies? Studies used different
experimental design choices, such as stimulus parameters, anesthesia state, and calcium
indicators any of which could alter apparent robustness. Studies must also apply inclusion
criteria to select responsive neurons and eliminate noisy ones. All of the studies and a summary

of their different experimental designs are listed in Table 1.
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Paper

Anesthesia

Indicator

Stimulus

Responsiveness
Criteria

Percentage
of
Responsive
Cells

# Cells Allen
Brain
Observatory

Study 1

Sun et al.
(2016)

None

GCaMP6s

12 s full-
field
square
grating

TF: 0.5 Hz,
1Hz

SF 0.05
cpd

8-16
directions

* Mean AF /F>10%

49%

(n=
1279/2609)

19.2%

(n=
1883/9818)

Study 2

Roth et al.
(2012)

Urethane

OGB-1

5 s full-field
sine wave
grating

TF:0.5, 1,
2,4Hz

SF: 0.01,
0.02,
0.04,0.08,
0.16 cpd

8 directions

* In 50% of trials,
mean AF/F >

baseline + 30

* Mean response >
5%

44%

(n=
399/973)

6.12%

(n=
601/9818)

Study 3

Andermann
et al. (2011)

None

GCaMP3

40 degree
sine wave
grating
patches

TF:0.5, 1,
2,4,8,15,
24 Hz

SF:0.02,
0.04, 0.08,
0.16,

0.32 cpd

Direction:
upward

* T-test comparing
grating response
with blank sweep
with Bonferroni
correction (p<0.05/n)

8%

(n = 28/340)

29.6%

(n=
2909/9818)

&9




Study 4 Isofluorane OGB-1 4 s full-field * Mean AF/F > 6% 42% 6.18%
sine wave

gratings « reliability >1 * (n= (n=

586/1395) 607/9818)
SF: 0.01,
0.02, 0.04,
0.08,0.16
cpd

Marshel et
al. (2011)

TF:0.5, 1,
2,4,8Hz

8 directions

Study 5 Urethane Fura-2 5s * Max AF/F > 5% 412 % 96.2%
ramping
square and
sine wave
gratings

(n = 142/347) (n=
9449/9818)

Tohmi et al.

(2014) SF 0.05

and 0.1
cpd

8 directions

Table 1. Summary of the experimental conditions and inclusion criteria used in published
studies. Last column shows the number of neurons selected from the Allen Brain Observatory.
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Figure 1. Tuning characteristics in published studies. A) Mean preferred temporal frequency
(TF) tuning of seven visual areas reported in five published studies. B - C) Same as in A, but
reporting the orientation selectivity index (gOSI) and the direction selectivity index (DSI).
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3.1.4 EXPERIMENTAL PARAMETERS ALTER THE POPULATION OF NEURONS
INCLUDED IN THE ANALYSIS

There is inherent variability to how strongly and reliably neurons respond to stimuli in the visual
cortex. There are some neurons that respond strongly and consistently to visual stimulation and
others that are still tuned but respond weakly or inconsistently to visual stimulation. Naturally,
some neurons exhibit large-amplitude changes in fluorescence on every trial in response to a
preferred stimulus and fulfill both amplitude and reproducibility criteria (Figure 2A-C). Many
neurons display reproducible, small-amplitude changes (Figure 2D-F) or large-amplitude
changes in fluorescence on only some trials (Figure 2G-l). Although not often used as the basis
for inclusion criteria, other features of the fluorescence traces, such as periodicity in the
fluorescence in response to a periodic stimulus such as a drifting grating (Figure 21) and tuning

to stimulus characteristics such as orientation and temporal frequency (Figure 2C, H, I), may

also be suggestive of stimulus-evoked activity (Glickfeld et al., 2013; Neill & Stryker, 2008).

To measure how strongly and consistently neurons respond to visual stimuli, | used a metric of
robustness to measure reliability and responsiveness. | defined robustness as the standard
deviation of the response to the preferred stimulus divided by the mean peak df/f to the
preferred stimulus, also referred to as the coefficient of variance or CV. | measure whether only
including the most robustly responsive neurons in the analysis may lead to a biased
measurement of tuning metrics. Some crucial experimental design choices that could potentially
alter apparent robustness of neurons are anesthesia state, the choice of stimulus parameters,
and the calcium indicator. These can alter the strength of the stimulus response or how well
weakly responsive neurons can be detected. The effect each of these factors might have on

tuning is discussed in detail below.

In the following three sections, | describe how the choice of stimulus parameters, anesthesia,

and calcium indicator can influence reported tuning metrics.
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Figure 2. Examples of cells that pass inclusion criteria exclusively. A) All AF/F responses to the
preferred stimulus condition (TF & direction) of a cell that passes all published inclusion criteria.
B) Heatmap of mean %AF/F responses to each stimulus condition (TF x direction). C) Mean
%AF/F responses to stimuli of different grating directions in the same example cell. D-F) Same
as in A, but with a cell that passes most criteria, but not Study 2. G-l) Same as in A, but with a
cell that only passes Study 1 criteria.
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3.1.4.1 STIMULUS PARAMETERS MAY CAUSE DIFFERENCES IN TUNING METRICS
Suboptimal stimulus parameters may cause weakly responsive neurons to appear
unresponsive. Additionally, interactions between stimulus features can also alter the apparent
tuning of neurons. For example, the orientation selectivity of neurons in V1 is dependent on the
SF of the stimulus, such that non-optimal SFs decrease not just the response amplitude, but
also the orientation selectivity of the neurons. Tohmi et al. and Sun et al. used only one SF, but
reported the lowest and highest OSI values, respectively, suggesting that there are other factors

that contribute to differences in orientation tuning between these studies.

Tohmi et al. also used a ramping stimulus, which could alter the apparent TF tuning through
stimulus adaptation, causing the temporal frequency tuning of cells to appear lower than it is. A
ramping stimulus could have a similar effect as the contrast gain adaptation to ramping contrast
stimulus seen in monkeys, which shifts the apparent contrast response curve (Ohzawa et al.,

1985).

Differences in the stimulus parameters between studies could also alter stimulus responses in
neurons. Some studies, again Sun et al. and Tohmi et al., used square wave gratings. This type
of stimulus contains fourier components of various high frequencies, which could alter response
properties of V1 neurons or recruit different neurons (Pollen and Ronner, 1982). However,
Tohmi et al. did not see a large difference in the orientation tuning of cells in their study when
square waves were used, making this an unlikely explanation for the differences between

studies overall.
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3.1.4.2 ANESTHESIA STATE CAN ALTER THE APPARENT RESPONSIVENESS OF
NEURONS BY CHANGING FIRING RATE

Anesthetics can affect firing rates and tuning metrics. Urethane lowers both the spontaneous
and evoked firing rate of neurons, but does not appear to impact OSI (Neill and Stryker, 2008).
In contrast, atropine affects OSI but not spontaneous firing rates, evoked firing rates, or DSI.
(Durand et al., 2016). Isofluorane anesthesia suppresses firing and decreases DSI, but not OSI
(Goltstein et al., 2015). Different anesthetics have different effects. For example, anesthesia
such as urethane may decrease evoked firing rates, make weakly responsive neurons silent or
undetectable, biasing analyses to more robust neurons. Anesthetics such as atropine and

isoflurane do not appear to change firing rates, but still influence the DSI and OSI.

3.1.4.3 CALCIUM INDICATORS CAN ALTER THE SIGNAL TO NOISE RATIO AND
POPULATION OF NEURONS CONSIDERED RESPONSIVE

Calcium indicators have different sensitivities and signal to noise properties (Hendel et al. 2008;
Chen et al. 2013) and are likely to play a large role in the discrepancies between studies. More
sensitive indicators can detect firing events and as such indicators with low sensitivity may
discard weakly responsive cells. This is also true of indicators with low signal to noise ratio,

which may be unable to detect responses.

Different calcium indicators are known to sample different subsets of the total neuronal
population due to their different sensitivities and signal to noise properties. For example,
although the signal to noise of transgenically-expressed GCaMP3 is higher, OGB-1 is more
sensitive and thus samples more weakly responsive neurons, leading more neurons to be
labeled as responsive. The OSI and DSI of the neurons sampled by these two indicators is
different (Zariwala et al., 2012). Similarly, like GCaMP3, Fura-2 has a higher signal to noise but

is less sensitive at detecting smaller events than GCaMP3 (Miyazaki and Ross, 2015). Both
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Roth and Marshel used OGB-1, but reported different values of DSI, leading me to the
conclusion that this was not the primary difference for the discrepancies in DSI between studies.
However, these two studies did report lower values of TF tuning than other studies, and had
more restrictive inclusion criteria, indicating that differences in TF tuning between studies may

be due to the use of OGB-1 in these studies.

3.1.5INCLUSION CRITERIA SELECT NEURONS ON ROBUSTNESS

After maximizing the number of neurons included in the analysis with the previous experimental
design choices, one must then establish criteria for how robust a neuron must be to be included
in the analysis in order to exclude unresponsive cells or cells whose responses are purely noise.
Inclusion criteria must be different study-to-study, depending on the experimental design. For
example, inclusion criteria must be appropriate for the indicator used. Many criteria use simple
thresholds on peak %df/f which cannot be applied uniformly across different calcium indicators,
as they have different sensitivities. Therefore, it is important to pick an appropriate inclusion
criterion and understand how sensitive tuning metrics are to changing thresholds for neural

responsiveness and reliability.

It is unclear how inclusion criteria affect tuning metrics. Each of the five studies listed above in
section 3.1.3 used different inclusion criteria. It is unclear whether these different criteria select
for different subpopulations of neurons, and whether these subpopulations have different tuning.
Here, | explore the effects of inclusion criteria on results from a single large dataset, eliminating
the effects of different experimental conditions. | used recordings from the Allen Brain
Observatory, a database of physiological activity in the visual cortex measured with 2P calcium
imaging from adult GCaMP6f transgenic mice (de Vries et al., 2020). | found that tuning
properties varied with inclusion criteria, in some cases changing the rank order of tuning

properties across mouse cortical visual areas.
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3.2 METHODS

3.2.1 STIMULUS AND DATASET

| used calcium imaging recordings from the Allen Brain Observatory, a publicly available dataset
that surveys physiological activity in the mouse visual cortex (de Vries et al., 2020). | specifically
used the responses to the drifting grating stimulus in this dataset. This stimulus consisted of a 2
s grating followed by a 1 s mean luminance grey period. Six temporal frequencies (1, 2, 4, 8, 15
Hz), eight different directions, and one SF (0.04 cpd) were used. Each grating condition was

presented 15 times.

Data analysis was performed in Python using the AllenSDK. The evoked response was defined
as the mean dF/F during the 2 s grating presentation. Responses to all 15 stimulus

presentations were averaged together to calculate the mean evoked response.

| restricted all analyses to cells in layer 2/3 (175-250 um below pia) of transgenic lines Cux2-
CreER'?;Camk2a-tTa;Ai93 and Sic17a7-IRES2-Cre;Camk2a-tTa;Ai93, which express GCaMP6f
in excitatory neuron populations in layer 2/3 and throughout neocortex, respectively. A total of N

= 16,923 neurons from 66 mice (42 male, 24 female) were used for these analyses.

3.2.2 METRICS

The preferred direction and temporal frequency condition were defined as the grating condition
that evoked the largest mean response. In order to compute the average TF tuning of a
population of neurons, these TF values were first converted to an octave scale (base 2),

averaged, then converted back to a linear scale and reported.

Directional selectivity was computed for each neuron as:
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Rpref - Rnull

DSI =
Rpref + Rnull

where R_pref is the mean response at to the preferred direction and R_null is the mean

response to the opposite direction.

Orientation tuning was computed for each neuron using the global orientation selectivity index
(OSI), (Ringach et al., 1997) defined as:

R eZiG
0SI = 29—
XRo

Where R_6 is the mean response at each orientation.

The coefficient of variance (CV) was used to determine robustness. CV was calculated for each
neuron as the ratio of standard deviation of the 15 responses to the preferred condition (mean
df/f over the 2 s stimulus presentation) to the mean evoked response (see above). A low CV

would indicate high robustness.

Metrics were either computed using all available trials, or with cross validation. When using
cross validation, half of the trials (chosen at random, without replacement) were used to identify
the preferred direction and temporal frequency, and the other half of the trials were used to
compute the metrics using those preferred conditions. This was iterated 50 times, and the

resulting metrics were averaged together.

When examining the effects of the number of trials, for each number of trials (n), n trials were
chosen at random (without replacement), and the cross-validation was done as described

above.
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3.2.3 INCLUSION CRITERIA
Published studies used the following inclusion criteria, which lapplied to cells in the Allen Brain
Observatory Dataset in the following manner:

Study 1: The mean evoked response (df/f) to the preferred stimulus condition is greater
than 10%. (Sun et al. 2015)

Study 2: In 50% of trials, the response is (1) larger than 3x the standard deviation of the
pre-stimulus baseline and (2) larger than 5% df/f. (Roth, Helmchen, and Kampa 2012)

Study 3: Paired t-test (p > 0.05) with Bonferroni correction comparing the mean evoked
response during the blank sweeps with mean evoked responses to preferred stimulus condition.
(Andermann et al. 2011)

Study 4: (1) The mean response (df/f) to any stimulus condition is is greater than 6%.
And (2) reliability>1 where:

R —R
reliability = _pref “hlank
Gpref + Oplank
(Marshel, Garrett et al. 2011)
Study 5: The maximum fluorescence change (df/f) during the 2 s stimulus presentation

block to any stimulus condition was greater that 4%. (Tohmi et al. 2014)

3.3 RESULTS

3.3.1 DIFFERENT INCLUSION CRITERIA SELECTED DIFFERENT, OFTEN OVERLAPPING
POPULATIONS OF NEURONS

The five studies listed in section 3.1.3 employed a range of inclusion criteria, selecting 8-49%
of the neurons in their respective studies (Table 1). The inclusion criteria were based on one or
both of the amplitude and the trial-to-trial variability of the evoked responses and | therefore
calculated the mean and standard deviation of the response of each neuron to its peak stimulus

condition (the direction and TF that evoked the largest mean response). | applied the five
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different inclusion criteria to the Allen Brain Observatory, a large 2P calcium imaging data set.

Different inclusion criteria selected different, often overlapping populations of neurons (6-94% of
16,923 neurons, Table 1 Column 7), readily visualized by plotting the mean against the standard
deviation of the response (Figure 3A). The results derived using these different criteria covered
similar ranges to those in the published studies, consistent with the idea that effects of inclusion

criteria could contribute to the disparate results across published studies (Figure 3B).
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Figure 3. Most studies select for neurons along similar axes of the data. A) Six density plots of
the mean response at the preferred stimulus condition (% AF/F) against the standard deviation
of the responses at the preferred stimulus condition where each point represents a single
neuron. For each study, colored neurons are those selected for by inclusion criteria. Heatmap
represents the density of neurons. (B-D) Tuning characteristics after inclusion criteria are
applied to Allen Brain Observatory Dataset. B) shows mean TF tuning of six visual areas when
different inclusion criteria are applied. C-D) show the mean OSI and DSI of six visual areas,
respectively. E) Venn Diagram of neurons that were selected for by each inclusion criteria. Area
of circles represents the number of neurons.

3.3.2 INCLUDING ONLY MOST ROBUST NEURONS IN MY ANALYSIS ALTERED TUNING
PROPERTIES

Using coefficient of variation (CV = standard deviation/mean) as a measure of response
robustness, | asked how increasing the number of neurons selected, from the most robust
(lowest CV) to the least (highest CV), affects the computed tuning metrics. For some metrics,
including more neurons affected tuning properties by almost as much as the differences
between studies. For example, increasing included neurons changed the mean preferred TF for
V1, PM, and AL as well as the rank order of these three areas, such that AL and PM display
different mean TFs when only the top decile are included, but have the same mean TF when all
neurons are included (Figure 4A-D, M). Within V1, the change in mean TF reflects the fact that
the highest decile (10% with highest CV) shows a broader distribution of preferred TF than the
lowest decile (Figure 4B, C). In contrast, the effect on OSI smaller and more consistent across
areas, having a smaller effect on the value or the rank order across areas (Figure 4E-H, M).
Finally, increasing the number of neurons included increased the mean DSI, and did so
consistently and significantly across all visual areas (Figure 4l-L, M). The increase in DSI
reflects the fact that many of the neurons in the lowest decile have a DSI of 1, whereas the

neurons in the highest decile have a uniform distribution of DSls (Figure 4J,K).
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3.3.3 CV ALONE CANNOT ACCOUNT FOR ALL DIFFERENCES BETWEEN THE STUDIES

None of the inclusion criteria used in the published studies apply a threshold on the CV
specifically, but some incorporate measurements of reliability that might have a similar effect. If
criteria are selecting neurons based primarily on reliability, one might expect that selecting a
population of neurons with matched mean CV would result in similar tuning properties and
would replicate the differences observed between the studies. | selected populations of neurons
that had the same mean CV as those chosen by each inclusion criteria, for each area
separately, and compared the tuning properties for that population to the tuning properties for
the neurons chosen by the criteria. For some metrics, there was a high correlation between
these values, namely mean preferred TF and mean DSI (r=0.82 Pearsons correlation for both.
Figure 4N, P). For preferred TF the values were close to unity, indicating that selecting neurons
by their CV closely matched the differences between studies. For DSI, however, the range of
DSI values was more limited. Thus, while there was a high correlation between the values for
neurons selected by CV to those for neurons selected by the criteria, the shallow slope of this
relationship made it less predictive. Further, for the mean OSI, the was no correlation between
these values (r=0.09, Figure 40). Thus, some of the differences between the published studies
could result from the inclusion criteria effectively selecting neurons based on their reliability at
different threshold. However, it is clear that the criteria did not select neurons exclusively based
on the reliability, as captured by the CV, as CV alone cannot account for all of the differences

between the studies.
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Figure 4. Tuning characteristics of neurons based on robustness. A, E, I) Mean TF, OSI, and
DSI tuning of neurons in V1, AL, and PM based on what percentage of most robust cells (cells
with low coefficient of variation) are included in the analysis. Shaded regions indicate SEM. The
minimum percentage most robust cells displayed is 5%. B) Distribution of TF tuning of 10%
least robust cells. C) Distribution of TF tuning of 10% most robust cells. F, G, J, K) Same as in
B, C but with OSI and DSI. D, H, L) Mean TF, OSI, and DSI tuning of neurons in all visual
areas in 10% most robust neurons versus the entire population of neurons. M) Heat map
displaying p-values for Mann-Whitney U test comparing the 10% most robust neurons and the
entire population of neurons. The colorscale is centered at p=0.05/6 to account for Bonferonni
correction. N) Mean DSI calculated for neurons selected to match the mean CV for each the
neurons selected by each criterion, for each area, compared to the mean DSI for the neurons
selected by that criteria and area. O-P) same as in M but for OSI and TF.
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3.3.4 TF and DSI ARE MORE SENSITIVE TO SELECTION BY ROBUSTNESS

Selection by CV displayed a greater effect on preferred TF and DSI than on OS], likely because
the measurements of preferred TF and DSI are more susceptible to noise. The neurons with the
noisiest responses (greatest CV) commonly displayed DSI ~1 (Figure 4J), which is inevitable
when the response to the null direction is 0. The response to the preferred direction need not be
large and could even result from a single trial having just a small amplitude fluorescence
change. As the preferred TF is the TF at which the neuron has its largest response, regardless
of amplitude or reliability, the TF tuning is similarly sensitive to small numbers of noisy events. In
contrast, OSl is calculated from the responses to all eight directions of drifting gratings and is

thus less sensitive to a small amplitude response in one condition.
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3.3.5 CROSS-VALIDATION AND INCREASING NUMBER OF TRIALS DECREASES
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Figure 5. Tuning characteristics of neurons based on robustness with cross-validated metrics.
A, E, I) Mean TF, OSI, and DSI tuning of neurons in V1, AL, and PM based on what percentage
of neurons are included in the analysis, starting with the most robust neurons. Shaded regions
indicate SEM. The minimum percentage most robust cells displayed is 5%. B) Distribution of TF
tuning of 10% least robust neurons. C) Distribution of TF tuning of 10% most robust neurons. F,
G, J, K) Same as in B, C but with OSI| and DSI. D, H, L). Mean TF, OSI, and DSI tuning of
neurons in all visual areas in 10% most robust neurons versus the entire population of

neurons.

Might a calculation that is more robust to trial-to-trial variability reduce the sensitivity of
measurements to inclusion criteria or CV? l.recalculated OSI, DSI and TF with cross-validation,
using half of trials to identify the stimulus condition that evoked the largest mean responses
(grating direction and temporal frequency) and then calculated OSI, DSI and TF for these

preferred conditions from the other half of the trials. The overall effect of including more neurons
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based on their CV on the cross-validated metrics across different areas was similar to that on

the non-cross-validated metrics (Figure 5). The notable difference is that the noisy neurons in

the lowest decile of robustness no longer have high DSI or OSI values, but are shifted to much

lower values (Figure 5F, J). This difference is also reflected in the fact that the overall curves

are shifted to lower values (compare Figure 5E, | with Figure 4E, I). Thus, while more

statistically robust metrics calculated through cross-validation likely better reflect the true values

of the population, they do not reduce the impact of selection on those metrics.
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Figure 6. How trial number changes tuning metrics and CV. A) Mean CV calculated at the
preferred condition using different numbers of trials and the cross-validation method. B) Mean
peak response at the preferred condition versus standard deviation at the preferred condition
using only four trials and the cross validation method. C) same as in B but using 14 trials. D — F)
OSlI, TF, and DSI calculated using the cross validation method as a function of the number of

trials used in the analysis.
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Different studies presented each visual stimulus multiple times, with numbers of repetitions
ranging from 4 to 24 trials (Table 1). Might the number of repetitions account for some of the
differences between studies? | computed OSI, DSI and preferred TF using subsets of 4-14
trials. As expected, the variability of the responses decreased as the number of trials increased,
resulting in a lower mean CV across the entire population (Figure 6A). Visualizing the neurons
by plotting response mean vs standard deviation for n=4 trials (Figure 6B) and n=14 trials
(Figure 6C), it is clear that the bulk of the data is shifted to more robust responses. Increasing
the number of trials had a small effect on the cross-validated metrics (Figure 6D-F), decreasing
both the mean OSI and DSI across all areas (when including all neurons). The effect was
consistent across all areas, however, thus the number of trials did not impact the rank order
across areas. Thus, while more trials can reduce the variability of the response measurements,
it is unlikely that these differences had a large effect on the differences observed between

studies.

3.4 DISCUSSION

| applied different inclusion criteria to the Allen Brain Observatory 2P dataset to examine how
these criteria impact the reported tuning properties across visual areas after experimental
differences are eliminated. Mean TF, OSI and DSI changed differently with the robustness of
the responses of the underlying neurons. The preferred TF was the most sensitive and OSI was

the least sensitive.

3.4.1 THIS STUDY CAN HELP US QUANTIFY HOW STRINGENT MY INCLUSION CRITERIA
ﬁlitinmpossible to pick a perfect inclusion criterion. However, these results allow us to put future
results in context and ask what percentage of most robust neurons we’re selecting for, therefore
giving us an idea of what percentage of the total population of cells we’re including, and how

much my results may change were more restrictive.

For my experiments, | chose to use the following metric to determine responsiveness:
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Response > 2* std(baseline) for 25% trials

61% of neurons were considered responsive after this criterion was applied. When applied to
the brain observatory data, an average of 55% of cells were selected. | can therefore conclude

that the inclusion criterion we’re using for my analysis is permissive.

Looking at data from only V1, this indicates that the temporal frequency for my analyses will be
similar to the TF total population of cells that are segmented (only 1% higher). Compared to the

top 10% of cells, however, | expect this value to be 40% lower (4 Hz vs 5.6 Hz).

With this inclusion criterion, | expect that all other visual areas will have a higher average TF

than V1.

3.4.2 CROSS-VALIDATION AND INCREASING NUMBER OF TRIALS CAN IMPROVE
ACCURACY OF MEASURED RESPONSES

Cross-validating metrics and increasing the number of trials can each improve the accuracy of
the measured responses. Cross-validation can mitigate the impact of particularly noisy
responses, reducing the impact of small numbers of outlier trials. This is most evident in the
effect of cross-validation on the DSI distribution for the neurons in the lowest decile of
robustness (Figure 5J). It is possible that inclusion criteria based on the reliability of metrics
across iterations of cross-validation might be more effective for identifying neurons with truly
robust responses

3.4.3 INCLUSION CRITERIA CAN PLAY A ROLE IN DETERMINING TUNING PROPERTIES
OF VISUAL AREAS

My results offer one possible explanation as to why published studies produce different results.
Therefore, careful consideration of inclusion criteria in designing calcium imaging studies is
extremely important. However, other elements of experimental design are likely also important,

including the choice of calcium indicator, stimulus parameters, and methods of analysis.
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My results illustrate how inclusion criteria can play a role in determining the tuning properties of
visual areas. The choice of inclusion criteria is unlikely to account for all of the differences
observed between the original studies, indicating that other experimental factors are important.
Other factors likely include anesthesia state, the type of anesthesia used, the calcium indicator,
image brightness, as well as visual stimulus parameters. Brain state can modulate neural
responses in visual cortex, and anesthesia in particular can impact both the spontaneous and
evoked responses. The type of anesthesia can also be a factor, with urethane impacting
spontaneous and evoked firing rates but not OSI (Niell and Stryker, 2010) and atropine affecting
OSI but not spontaneous firing rate, evoked firing rate, DSI, preferred TF, or preferred SF
(Durand et al. 2016). Stimulus parameters, such as the size or contrast of the drifting gratings or
the precise spatial and temporal frequencies, do also impact the evoked responses and could

account for some of the differences observed between the original studies.

Functional specialization of the higher visual areas in mouse cortex has been interpreted as
evidence of parallel streams (Andermann et al. 2011; Marshel, Garrett et al. 2011). For
example, V1 is thought to transfer low TF, high SF information to PM, the putative gateway to
the dorsomedial stream (Glickfeld et al. 2013; Polack and Contreras 2012; Lopez-Aranda et al.
2009). However, in some studies, neurons in V1 and PM have similar mean TF tuning (with
PM’s being 1.3- 2x that of V1) (Roth, Helmchen, and Kampa 2012; Marshel et al. 2011), while
others show that mean TF tuning in PM neurons that is 1/3 that of V1 neurons (Andermann et
al. 2011). My results indicate that in the most robust neurons, V1 has a higher TF tuning than
PM, but in the least robust neurons, PM has a higher TF tuning than V1, potentially explaining
the some of the difference between studies. Since TF is sensitive enough to inclusion criteria to
change the relative order of TF tuning, it is difficult to interpret the relative TF tuning between
visual areas currently. The most appropriate inclusion criteria would take into account how

downstream targets filter or weight inputs and how robustness factors into that weighting. Since
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it is not known what this weighting is, | must be cautious in drawing conclusions about functional

organization from these analyses.
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4. CONCLUSIONS AND FUTURE DIRECTIONS

In this thesis, my goal was to characterize how basic tuning properties are mapped in visual
cortex. In CHAPTER 1, | summarized how different functional properties are mapped in the
retina, thalamus, and visual cortex. In CHAPTER 2, | used a combination of widefield calcium
imaging and 2P calcium imaging to measure how spatial frequency (SF) and temporal
frequency (TF) tuning properties are mapped in V1 and higher visual areas of mouse visual
cortex. In CHAPTER 3, | leveraged a large standardized dataset to study how inclusion criteria
can affect tuning properties, particularly temporal frequency, directional selectivity, and
orientation selectivity. My analyses and conclusions in CHAPTER 3 influence how | interpret
results in CHAPTER 2, previous analyses measuring tuning properties in mouse visual areas,

and future studies.

4.1.1 THE IMPORTANCE OF CHOOSING APPROPRIATE INCLUSION CRITERIA

In CHAPTER 3, | found that applying different inclusion criteria to a single population of cells
changes the resulting TF tuning, orientation selectivity index (OSI), and directional selectivity
index (DSI). Since previous studies use different inclusion criteria, my results offer one possible
explanation why published studies comparing TF, OSI and DSI across mouse visual areas have
produced different results for TF and more similar results for OSI and DSI. Mean TF tuning is
more sensitive than OSI and DSI to the neurons selected. As a result, comparison across
studies is difficult and there remains considerable uncertainty regarding the mean TF and the

rank order of TF tuning across mouse visual areas.

My results illustrate how inclusion criteria can play a role in determining the tuning properties of
visual areas. This may be true in other species besides mice, particularly as calcium imaging is
becoming a more tractable technique in primates and other species. While experimental factors

are important, the choice of inclusion criteria is critical for proper interpretation of results. My
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study provides evidence for the importance of a sensitivity analysis: a method to determine how
sensitive a particular metric is to the robustness of the subpopulation of neurons that is included
in the analysis from a larger population in a calcium imaging dataset. Quantifying how choosing
only the most robust cells changes the apparent TF, OSI, and DSI tunings in different
populations of neurons is critical for interpreting results. Similar sensitivity analyses are

important in other studies that measure tuning metrics, especially TF, OSI, and DSI.

What population of neurons is encoding relevant information about the visual stimulus? In any
given cellular population, there is considerable variability in how strongly and consistently
neurons respond to their preferred visual stimulus. However, some weakly responsive neurons
are still clearly tuned (see CHAPTER 3, Figure 2). My study highlights that the most robust
neurons in a dataset and the least robust neurons in a dataset have different TF, OSI, and DSI
tunings. Which neurons are encoding relevant information about stimulus features? A related
question is: are only the most responsive and reliable neurons determining the output of a given
area? To answer this question, one might look at the axonal tuning of the outputs of a visual
area and the tuning of the target area and ask how they compare to the tuning of the population
from the original visual area, particularly the tuning of the most and least robust cells of the
population. Further study is necessary to understand how strongly and weakly responsive

neurons in a population contribute differently to cortical computations.

4.1.2 ASYMMETRICAL PROCESSING OF STIMULUS FEATURES

In the mouse, there is growing evidence that stimulus features are processed asymmetrically
across the visual field. | show that both spatial frequency (SF) and TF are processed

asymmetrically across the visual field. Most appreciably, there is a marked difference in the TF
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tuning in V1 based on altitude. In mice, previous studies and my results suggest that SF,
temporal frequency, and coherent motion stimuli are processed differently based on retinotopic
location. Indeed, recent studies measuring coherent motion processing (Sit & Goard, 2020) also
support this conclusion. While Sit & Goard postulated an “lower field advantage” due to the
stronger coherent motion tuning in the lower visual field, | propose an “upper visual advantage”,

due to the higher TF and SF tuning of cells in the upper visual field.

One might expect that visual regions that process coherent motion might have specialized TF
tuning. Indeed, there are some similarities between the TF tuning maps in my study and the
coherent motion maps in Sit and Goard (2020). Sit and Goard (2020) found that neurons with
receptive fields in the lower part of the visual field had stronger responses to coherent motion
than those with receptive fields in the upper part of the visual field. Within the context of my
results, this would suggest that in V1, neurons in the upper part of the visual field have higher
TF tuning but weaker responses to coherent motion. This suggests that the high TF tuning of
the lower part of V1 might be used for a different computation. Neurons that are specialized to
detect coherent motion might be better-suited to detecting self-motion signals. Areas PM and
AM both have strong responses to coherent motion and are biased to upper temporal portions

of the visual field and receive feedback projections from motor areas (Figure 1).

It is possible that the coherent motion tuning is actually a feedback effect rather than a
feedforward one, as V1 integrates spatial context signals. Based on my widefield thalamic
results, the differences in SF and TF tuning across the visual field are likely inherited from
thalamic inputs therefore feedforward in nature. Further research is necessary to determine
whether parallel processing of TF tuning and coherent motion as well as other properties is
present in other species and other sensory cortices, including in humans and non-human

primates, and whether this upper field advantage exists in other species.
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4.1.3 PARALLEL STREAMS AND HIERARCHY IN MICE

What sorts of parallels can be drawn between mice and primates? There is substantial evidence
that the mouse visual cortex is organized hierarchically and that higher visual areas are
functionally specialized (Harris et al., 2019; Siegel et al., 2021). A growing body of evidence
shows that different visual areas have different roles in visual perception in mice. The current
literature suggests that visual areas that project to limbic cortices appear to be involved in object
identification, while visual areas that project to motor and motor-associated cortices appear to

be involved in the detection of global motion signals.

However, it is unclear that any specific areas in the mouse can be matched to higher visual
areas in primates. Thus far, researchers have failed to find the characteristic receptive field
properties reminiscent of the types of hierarchical computations that are hallmarks of primate
vision. This section places my findings in the context of previous findings about the parallel and

hierarchical structure in primate and mouse visual systems.

In primates, the two visual streams hypothesis suggests processing of visual information into
two distinct routes in the brain: a dorsal stream for the control of actions and a ventral stream for
the identification of objects (Kravitz et al. 2011, 2013; Milner & Goodale 2008, Nassi & Callaway
2009, Ungerleider & Mishkin 1982). Decades of primate research have come to challenge this
dichotomy, and suggest that the two may be interconnected (the dorsal stream is, for example,
also involved in spatial attention and novel object recognition). Still, ventral stream areas have
distinctive receptive field properties and encode feature, shape, and objects. These features
are distinct from the receptive field properties of dorsal stream areas: neurons in these areas

encode direction, pattern motion, and coherent motion tuning.
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In the mouse, there is some evidence for parallel processing of visual information based on
connectivity analyses. Downstream targets of HVAs are divided into two separate submodules:
one module that has been analogized to the ventral stream, which includes temporal
association areas and the entorhinal cortex, and another that has been analogized to the dorsal
stream, which provides output to retrosplenial, anterior cingulate, and secondary motor cortices

(Wang et al., 2012; Oh et al., 2014).

In addition, the unique receptive field properties of higher visual areas relative to V1 provide
evidence for parallel and hierarchical processing of mouse visual areas. A prerequisite for
functional specialization of higher visual areas in both the dorsal and ventral streams is an
increase in receptive field size: neurons integrate information over a larger field of view,
underpinning their ability to generalize and complex features and objects, speed, and complex
motion. In the mouse, receptive field sizes increase in higher visual areas (Van den Bergh,

2010; Wang & Burkhalter, 2007).

The larger receptive field properties and the unique SF and TF tuning of mouse higher visual
areas are certainly evidence for functional specialization of higher visual areas (see CHAPTER
1). Connectivity analysis and electrophysiology have confirmed the presence of a hierarchy that
begins with V1, then LM, RL, AL, P, and finally PM and AM at the top. However, previous
studies, particularly those using simple grating stimuli have failed to find evidence for the

hierarchical transformations that are hallmarks of primate vision in mice.

For example, in mice, there is currently no evidence for the presence of shape or object-specific
receptive fields like those found in ventral stream areas in the primate. Comparable experiments
have not yet been performed in the mouse, but some have been performed in other rodents. In

rats, while feature or object-selective receptive fields have not been found directly, neurons in
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the putative ventral stream could discriminate natural from scrambled movies (Vermaercke et al.
2014, Vinken et al. 2017). Putative ventral stream regions may play a role in object identification
rather than object encoding, however. Although the higher-area neurons were worse at
discriminating between abstract shapes than those in V1, their selectivity better matched the

behavior of the rat (Vermaercke et al. 2015).

A classic example of a hierarchical transformation found in the primate visual system is the
formation of pattern-motion selective receptive fields in MT. While pattern-selective receptive
fields have been found in mice (Juavinett & Callaway, 2015), they are found in small proportions

in various higher visual areas. Pattern motion is therefore not restricted to a visual area.

Based on my widefield results, | found that mouse visual cortical areas could not be separated
into two different functionally distinct classes based on the TF and SF or speed tuning
properties. As previous studies have noted (Andermann et al., 2011, Marshel et al., 2011), one
might predict that object encoding areas preserve SF tuning along the cortical hierarchy, while
areas involved in motion-detection stream-like computations prefer high TF stimuli. While there
were clear differences in the SF and TF tuning properties between areas, and TF and SF
tunings correlated (where areas with higher TF tended to have lower SF and vice versa), | found
some clear deviations from the expected TF and SF tunings. First, all higher visual areas had
high TF tuning. While putative object-related areas LM and LI had high SF tuning, LI also had

high TF tuning. Area PM, a putative motion-related area, had high SF tuning.

It is possible that areas process SF and TF (Jin and Glickfeld, 2019) and other relevant stimulus
features similarly, but downstream decoders process these stimulus features differently. Such is
the case with orientation tuning, for example. This suggests that multiple visual areas could

have similar tuning but process different properties overall.
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It is unlikely visual information routes like the ventral and dorsal streams exist in mice. However,
mice do exhibit a number of visual behaviors, including distinguishing signals from noise and
prey-capture, so it is very possible that higher visual areas are functionally specialized to allow
for mice to perform these behaviors. Little is known about the functional specializations that do

occur in higher visual areas and further study is needed.

Biases in retinotopic representations can also be used to draw comparisons between species:
The bias of PM and AM for temporal retinotopic coordinates matches that of dorsal stream
areas MT, MST, and DM (Garrett et al. 2014, Huk et al. 2002, Maunsell & Van Essen 1987,
Zhuang et al. 2017). Efforts to characterize hierarchical transformations as patterned motion
(Juavinett & Callaway, 2015), shape selectivity (Vermaercke et al. 2014, Vinken et al. 2016),
and color (Rhim et al. 2017) have revealed that specific mouse higher visual areas do not

encode these features, although color is encoded asymmetrically across the visual field.

Biases in retinotopic representation may be important for determining what role areas play in

visual computation during navigation, as is discussed in detail in the next section.

4.1.4 THE ROLE OF NAVIGATION IN MOUSE VISION

A piece that might be critical to understanding the role of higher visual areas in mouse vision is
their role in navigation and spatial processing. The mouse visual system appears to be
modulated strongly by locomotion, head movements, spatial signals, and distance travelled,
suggesting that V1 is a place for integration of navigation and visual signals (Flossman &
Rochefort, 2021). Other Spatial modulation seems to be a purely cortical phenomenon, since it

isn’t present in thalamic circuits (Diamanti et al., 2021).
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Indeed, another hypothesis that has been presented recently is that there are different streams
of visual processing for the purpose of navigation in the mouse, based on the retinotopic biases
of visual areas. This hypothesis states that higher visual areas that are biased to the center of
the visual field are specialized to process landmarks, while those biased for the periphery are
specialized to process self-motion related signals (Figure 1). This would place areas LM, LI, AL,
and RL along the central streams and PM, P, and AM along the peripheral streams. Within the
context of this hypothesis, | might expect two outcomes from my results: one, that the upper
temporal portion of V1 might be specialized to process high SF, low TF stimuli and that two, that
visual areas are biased for the periphery of the visual field have higher TF tuning than those

biased for the center.
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Figure 1. From Saleem et al., 2020. A) Example natural scene. The red arrow points to a
potential target/landmark location B) Schematic of the optic flow pattern expected for forward
translation towards a central target/landmark C) The overlay of the optic flow vectors on the

sample natural image. D) Hypothesized distribution of the visual information at different
positions in the visual field (while the chosen natural scene in A,C) has no features in the region

highlighted ‘Distal Landmarks’, one can expect distant features in landscapes, such as hills, in
this region) E,F). Visual field representation across higher visual areas. Modified from Zhuang et

al., 2019. Areas hypothesised to be on a central pathway are circled, while those on the
peripheral pathway are in a rectangular box.
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My results support the first outcome with respect to TF. While the difference between the nasal
and temporal TF tuning of V1 in altitude was not as pronounced, | still saw higher TF tuning in
the upper and temporal portions of the visual field. In addition, it seems that all visual areas
contain gradients of TF, which supports the idea that some portions of visual areas might be

specialized for encoding optic flow or self-motion.

The second outcome was not readily supported by my TF analysis but there are some
indications that the functional properties of higher visual areas might, for some areas, be related
to their visual field bias. While | also found gradients of SF and TF tuning in higher visual areas
similar to those in V1, indicating that certain parts of higher visual areas might indeed be tuned
to process optic flow or other computations that require underlying neuronal populations to have
high TF tuning properties, only some areas correlate with putative central stream and peripheral
stream areas. While putative central stream areas LI and LM do indeed have higher SF tuning
than most other visual areas, which is consistent with this hypothesis, the central steam also
includes RL and AL, which have the high TF and low SF tuning. However, area RL might be
specialized to process binocular signals, particularly optical disparity, and seems to be driven
weakly by drifting grating stimuli. AM and PM both have similar and relatively high TF and SF

tuning properties, which does not readily support this hypothesis.

It is possible that feature-detection in higher visual areas is performed primarily by V1 and areas
LM and LI, which have the highest SF tuning of most higher visual areas. There has been
previous preliminary evidence that the upper nasal portion of the visual field is a fovea-like
region (Bleckert et al., 2014; Paik & Ringach, 2011), supporting my results that the upper
portion of the visual field has high SF tuning. This might indicate that feature, landmark, or
target locations may instead be processed by the upper nasal visual field, while RL and AL, and

the lower visual field have other functions.
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However, it is possible that gratings are not the ideal stimuli for interrogating whether these
areas are specialized for detecting targets, and the functions of higher visual areas might best
be interrogated in freely navigating mice rather than the head-restrained preparation | used.
Another alternative is that all TF tuning bands are required for processing of self-motion signals,
to make computations that distinguish between moving external stimuli and self-motion. In
addition, different visual areas could be specifically tuned to distinguishing these slow- and fast-

moving signals.

4.1.5 FINDING THE PUTATIVE CIRCUIT FOR FUNCTIONAL SPECIALIZATION ACROSS
THE VISUAL FIELD IN RESPONSE TO DRIFTING GRATINGS

TF and SF are basic tuning properties. While they are informative to draw putative conclusions
about the potential functions of cortical areas, drifting gratings are likely not sufficient to fully
characterize the functions of mouse visual cortical neurons, the hierarchy of mouse visual

cortex, or the extent of functional specialization of the visual field.

However, there are differences in the functional specialization across the visual field, and that
different circuits containing different cell types may govern visual processing in different parts of

the visual field.

Cells in different parts of the visual field may respond better to more naturalistic stimuli, which
may alter SF and TF tuning maps. In the retina, spatiotemporal coding changes in response to
more natural images — tuning bandwidth decreases when more spatiotemporal frequency
bands are introduced into these stimuli (Ravello et al., 2018). Cells in RL are also driven more
strongly due to naturalistic stimuli. Using more naturalistic stimuli may thus reveal even starker

differences in the tuning properties across the visual field.
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Full-field gratings have been shown to suppress responses, which might also change response
properties unequally in visual areas across visual cortex, especially in areas that integrate over
large areas of visual space such as PM (Murgas et al, 2020; Adesnik et al., 2012; Vaceilunate et

al., 2012).

There is asymmetric expression of RGC populations (Bleckert et al., 2014; El-Danaf et al.,
2019) and cone photoreceptors across the retina (Rhim et al., 2017), and future studies might
focus on which RGC populations or neuronal populations might be involved in generating the

functional specialization in cortex in response to drifting gratings.
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