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ABSTRACT

Mice have emerged as a popular model of cortical visual processing due to their
genetic manipulability. Compared to traditional animal models of visual processing
there is less research describing the visual system of mice. Before we can use the
genetic techniques available in mice, we must examine the similarity between their
visual processing, and that of common animal models used in vision research. One
useful method to characterize the way information about form and motion is
processed is to examine the interaction between selectivity for spatial and temporal
frequency of sine-wave gratings in a given visual area. In experiment 1, we
investigated spatiotemporal tuning in neurons of mouse primary visual cortex (V1).
Tuning for stimulus speed can readily be extracted from the spatiotemporal profile
of a neuron, and we were interested in whether recently described differences in the
degree of speed tuning in mouse V1 and macaque V1 were due to methodology. We
confirm that speed tuning is rare in mouse V1, demonstrating a difference between
motion processing in the striate cortex of mice and macaques. In experiment 2, we
examined the spatiotemporal dependence of contrast adaptation in mouse V1
neurons. Little is known about the underlying cellular mechanisms of contrast
adaptation, so the mouse provides an attractive model in which to study this
phenomenon. We characterized the spatial and temporal frequency dependence of
contrast adaptation in mouse V1 neurons simultaneously using a dynamic contrast
ramp. We found that for most mouse V1 neurons there was often a difference
between the grating that elicited maximal firing, and the grating where adaptation
was most pronounced, such that adaptation was usually stronger at higher spatial
frequencies.
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CHAPTER 1 INTRODUCTION
1.1 ANIMAL MoDELS OF HUMAN VISUAL CORTICAL PROCESSING

Our perception of the world comes from our sensory systems, and the visual
system provides us with our sense of sight. Primates are visually dominant animals
that rely on vision to interpret information about the environment, and produce
appropriate behavioural responses. In an attempt to parse out the complex neural
calculations that govern our visual perception, and to develop and improve
therapies for visual deficits, researchers make use of animal models. While human
studies of visual perception are mainly limited to non-invasive psychophysical
studies, animal models of vision offer a greater amount of control, manipulability,
and technical options.

The primate and cat are highly visual animals and their visual systems have
served as models for the study of the human visual system for the last 40 years (e.g.
Hubel and Wiesel, 1963). Techniques such as neuroanatomical tracing and
electrophysiological recording have allowed for the delineation of visual pathways
and the functional characterization of visual areas, respectively. Cortical visual
processing in these animals has been studied in depth, almost to the exclusion of
other animal models. However, the argument could be made that progress in
understanding cortical visual processing could be accelerated with the advent of a
more genetically tractable animal model.

Mice offer the ability to genetically manipulate distinct cell types and
circuits, which could aid in dissection of neural mechanisms that govern perception.

Traditionally, the mouse was overlooked as a visual model because it was widely



believed that mice were not visual animals, and it was shown early on that mice had
heritable retinal mutations (Keeler, 1924). Mice with normal vision have spatial
acuity that is 100 times lower than that of humans, and temporal resolution about
five times lower than humans (Prusky et al., 2000; Umino et al.,, 2010). However,
early ethological observations revealed that mice show exploratory, feeding and
aggressive behaviours that are both dependent on vision and visually guided
(Crowcroft, 1966). Compared to cats and non-human primates, rodents are far more
amicable research models and lend themselves well to life in the laboratory. Mice
and rats have short generation times, reach sexual maturity quickly, and are easy to
obtain and cost effective to house.

Only recently has the mouse become the subject of studies that examine
normal visual processing and perception. Recent studies have revealed that the
visual system of mice is both more sophisticated, and more similar to the primate
visual system than originally thought (Niell and Stryker, 2008; Gao et al., 2010;
Wang et al,, 2010; Marshel et al.,, 2011; Hubermann and Niell, 2011; Wang et al,,
2012). It has been shown that mice exhibit both optokinetic nystagmus and
optomotor behaviours (Balkema et al., 1984; Prusky et al., 2004), and that they are
capable of performing visually guided water maze tasks (Prusky et al., 2000) and
forced choice touchscreen tasks (Bussey et al., 2001; Busse et al., 2011). Perhaps
most importantly, transgenic mouse models are becoming a ubiquitous research
tool, and this genetic technology is not yet feasible in cats and primates. The
newfound use of mice in studies of normal visual processing, in combination with

transgenic modifications, makes mice an attractive animal model of human cortical



visual processing and development. These transgenic modifications have drastically
increased the use of the mouse visual system in studies of cortical plasticity (Zhang
et al., 2007; Luo et al.,, 2008). However, in order to assess the relevance of
conclusions drawn from these studies using mouse primary visual cortex (V1), the
similarity of the basic properties of mouse V1 to that of higher mammals needs to be
evaluated.

1.2 INTRODUCTION TO GENICULOSTRIATE PATHWAY OF MAMMALS

The geniculostriate pathway is the most commonly studied visual pathway,
and its plasticity and normal function has most often been linked with visual
perception (Van Essen, 1979; Carandini et al., 1999). In the first section below, the
geniculostriate pathway of macaques will be briefly described. Macaques are the
dominant primate model of human visual processing and their geniculostriate
pathway is highly homologous to that of humans. The second section will focus on
the geniculostriate pathway of mice and emphasize similarities and differences
between the macaque and mouse pathways.
1.2.1 Macaque Visual Pathway To V1
The basic components of the macaque geniculostriate (or

retinothalamocortical) pathway include the eye, thalamic relay structures and visual
cortical areas. Macaques, like humans, have forward facing eyes that are highly
mobile (Fuchs, 1967; Schall et al,, 1995). Light coming into the eye reaches the
retina, which contains two types of photoreceptors: rods and cones. Although the
total number of rods far exceeds that of cones, in macaque retina, cones are

concentrated in a central region called the fovea and reach an average peak density



of around 210000/mm? (Packer et al., 1989). Rods and cones allow for vision in
dim, (scotopic) and bright (photopic) lighting conditions, respectively. Cones can be
classified based on their peak wavelengths, of which there are three main types:
long (565 nm), medium (530 nm) and short (420 nm) (Kiper et al., 1997; Calkins
and Sterling, 1999; Nathans, 1999). In terms of visual function, cones provide fine
spatial resolution of the visual field, which is known as visual acuity, and also
trichromatic vision in macaques (Wikler et al., 1990; Rowe, 2002). The visual image
is further processed by retinal circuitry, and the visual signal exits the eye through
the axons of retinal ganglion cells (RGC). In primates a subpopulation of these axons
project directly to the dorsal lateral geniculate nucleus (dLGN) of the thalamus,
which is retinotopically organized. A smaller portion of retinal ganglion axons also
project to other relay structures such as the superior colliculus (SC), hypothalamus,
and pretectum to form the other retino-recipient pathways (Perry and Cowey,
1984).

The primary visual cortex (V1) is responsible for many transforms of visual
coding, and the stimulus features that drive the responses of V1 neurons are well
established. In macaques, V1 receives dLGN input from three principal cell types:
koniocellular (K), magnocellular (M) and parvocellular (P). V1 itself consists of six
retinotopically organized layers. Layer 1 consists of mainly white matter, and
collectively, layers 2/3 and layers 5/6 are known as the supragranular and
infragranular layers, respectively. Layer 4 has a preponderance of simple cells and is
the main input layer of V1, receiving highly ordered and intricate projections. Layer

4 is further subdivided into layer 44, 4B, 4Ca, and 4Cf, which are collectively known



as the granular layers (Callaway, 1998). Layers 4Ca, and 4Cf3 receive input from
primarily M and P cells, respectively. The infragranular layers send feedback to the
dLGN and the SC. Superficial layer 4B and the supragranular layers send output to
other cortical regions, forming cortico-cortical connections. M and P /K cell
projections form distinct streams of processing that project to extrastriate regions,
and these connections have been extensively mapped (Sincich and Horton, 2002a,b;
2003). P/K and M cells appear to project to particular extrastriate locations and, in
general, these two streams are referred to as the dorsal and ventral pathways. The
dorsal stream processes the spatial location of objects, object motion, and self-
motion, whereas the ventral pathway is involved in object recognition and color
vision (Goodale and Milner, 1992; Andersen, 1997; Britten and Van Wezel, 2002;
Conway et al.,, 2010; Maunsell and Van Essen, 1987; Britten et al., 1992).
1.2.2 Mouse Visual Pathway To V1

Mice have laterally positioned eyes that have a range of motion of only about
two degrees of visual angle (Métin et al.,, 1988; Andermann et al., 2011). Similar to
the macaque, the mouse retina consists primarily of rods, with cones comprising
only 3% of the total photoreceptor population (Porciatti et al., 1999; Wang et al,,
2011). The mouse lacks a fovea, but there is a minor increase in peak density of
cones at the area centralis, which reaches about 12400/mm? (Jeon et al., 1998). In
fact, although the total percentage of cones in primate retina far exceeds that found
in the mouse, it appears that the average density of rods and cones in the mouse
retina is similar in magnitude to the average densities found in the periphery of the

macaque retina (Packer et al., 1989; Wikler and Rakic, 1990). The mouse retina has



two types of cones, which are sensitive to wavelengths of around 360 and 510 nm
(Haverkamp et al,, 2005). The remainders of the retinal cell populations (bipolar
cells, horizontal cells, etc.) of the mouse are essentially similar to that of macaque
(Jeon et al.,, 1998), and retinal axons converge on RGCs before leaving the eye. These
RGCs make projections to similar regions as in primates, such as the SC and dLGN of
the thalamus (Drager and Olsen 1980). Like in primates, the mouse dLGN receives
direct retinal ganglion cell projections and then projects to V1, which is the only
cortical region of the mouse that is principally innervated by the dLGN (Figure 1;
Valverde, 1991; Rodieck and Watanabe, 1993). The architecture of mouse V1 is also
similar to primates; it is comprised of 6 layers, each of which receives
topographically organized input in order to create a complete spatial representation
of the contralateral visual hemifield (Wagor et al., 1980; Schuett et al.,, 2002;
Kalatsky and Stryker, 2003), and includes both monocular and binocular regions
(Drager, 1975, 1978; Wagor et al., 1980; Gordon and Stryker, 1996). Cortical layers
of mouse V1 are organized in the same way as was described for macaque V1, with
layer 4 being the main input layer (Wang and Burkhalter, 2007; Wang et al., 2011).
Recently several distinct extrastriate areas, receiving the majority of their inputs
from V1, have also been described in the mouse (Wang and Burkhalter, 2007;
Andermann etal., 2011; Marshel et al., 2011).

Interestingly, many extrastriate areas in mouse appear to be homologous to

those found in the primate (Andermann et al., 2011). The lateromedial area (LM)



Figure 1. Diagram of the mouse visual pathway. Direct retinal projections to both
the dorsal lateral geniculate nucleus (dLGN) and the superior colliculus are
indicated by the solid arrows. The dashed arrows represent the geniculocortical
pathway projection from the dLGN to the primary visual cortex. B and M denote the
small binocular and larger monocular regions of the primary visual cortex,

respectively (Adapted from Huberman and Niell, 2011).



has been proposed as the mouse homologue of primate V2 (Wang and Burkhalter,
2007; Andermann et al,, 2011). Similarly, it has been suggested that mouse
laterointermediate area (LI) may be the homologue of primate V3 (Wagor et al,,
1980; Wang and Burkhalter, 2007). Both areas LM and LI appear to contain
topographic representations of different parts of the contralateral visual field that,
when integrated, form another complete representation of the contralateral visual
hemifield (Wagor et al., 1980). Mouse V1 neurons also project to other
retinotopically organized extrastriate areas such as: the anterolateral area (AL) and
the posteromedial area (PM) (Figure 2; Wang and Burkhalter, 2007; Andermann et
al, 2011; Marshel et al,, 2011). The majority of functional information inferred
about these regions has come from lesion studies (Prusky and Douglas, 2004;
Prusky et al,, 2008) and studies examining anatomical connectivity and location
respective to V1 (Wang et al., 2011). Specifically, it has been proposed that areas LM
and AL might resemble the areas that make up the primate ventral and dorsal
stream, respectively (Wang et al,, 2011). Mouse area PM is thought to be
homologous to the middle temporal (MT) area in the primate area, which is a well-
studied cortical area associated with processing visual stimulus motion (Zemel and
Sejnowski, 1998; Lui et al,, 2006).
1.3 PHYSIOLOGY OF PRIMARY VISUAL CORTEX NEURONS

Though the visual system of mice is similar to that of primates in many ways,
as mentioned previously mice have dichromatic vision and laterally placed eyes,
which implies they do not make use of color or stereoscopic depth cues as macaques

do. Therefore, we will focus on the common properties that drive the responses of
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Figure 2. Diagram of mouse visual cortex showing area borders between regions.

The primary visual cortex (V1) makes direct projections to extrastriate areas such
as the anterolateral area (AL) and the posteromedial area (PM). Arrows indicate the
anterior and lateral directions. Scale bar represents 500 pm (Adapted from Marshel

etal, 2011).



V1 neurons in both species: 1) orientation, 2) spatial and temporal frequency
tuning, and 3) image contrast.
1.3.1 Orientation

V1 neurons respond preferentially to stimuli with edges or contours that
extend along certain orientations. A neuron’s preferred orientation will produce
maximum firing relative to other orientations. Orientations that fall between the
preferred and orthogonal orientation (40 - 90° away from preferred) will elicit
progressively less firing (Hubel and Wiesel, 1968). In the macaque about 87% of
neurons show selection for orientation (Hubel and Wiesel, 1974; Schiller et al.,
1976; Hubel et al., 1978). In addition, there are some cells that respond maximally to
motion along a single direction.

There are two principal cell types within V1: simple cells and complex cells.
These cell types were described in macaque by Hubel and Wiesel (1968) and later in
the mouse (Niell and Stryker, 2008). Simple cells appear to be created from the
linear summation of multiple center surround dLGN inputs and possess distinct,
spatially segregated ON and OFF regions (Reid and Alonso, 1995). ON regions are
excited by increments in luminance and inhibited by decrements in luminance,
while OFF regions are excited by decrements in luminance and inhibited by
increments in luminance (Ferster, 1988). Simple cells are sensitive to the phase
(position) of a grating stimulus, and respond maximally when the orientation of a
light and dark bar matches the positioning of their ON and OFF subregions,
respectively (DeAngelis et al., 1993; Wielaard et al., 2001). It is proposed that inputs

to a simple cell are organized as a push-pull mechanism. An ON subregion of a
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simple cell can be created by the combination of excitatory inputs from an ON-
center cell and inhibitory inputs from an OFF-center cell (Tolhurst and Dean, 1987).
The push-pull mechanism has been described in precortical LGN cells with center
surround receptive fields and in neurons of cortical visual areas (Hubel and Wiesel,
1962). The receptive fields of complex cells are spatially homogenous and do not
possess segregated ON and OFF regions, and can be described by a push-push
mechanism (Martinez et al,, 2005). Unlike simple cells, the position of the stimulus
within the receptive field does not dictate the cell’s responsiveness. Regardless,
complex cells also show a preference for particular orientations.

Mouse V1 neurons are noted for having broad ranges of orientation tuning,
and truly direction selective cells are more rare in mouse V1 than in primate V1
(Mangini and Pearlman, 1980; Livingstone, 1998; Niell and Stryker, 2008). In
mouse V1, about 40% of neurons were shown to have some degree of orientation
selectivity (Drager, 1975; Mangini and Pearlman, 1980; Métin et al., 1988), with
some neurons showing no preference for particular orientations, while some
neurons show complete selectivity (Niell and Stryker, 2008).

1.3.2 Spatial And Temporal Frequency

In studies of the visual system, the longstanding stimulus of choice has been
the sine wave grating because its luminance shift over space and time can be
described by a sinusoidal function (Enroth-Cugell and Robson, 1984). For sine wave
gratings, the spatial frequency (SF) of a stimulus is described as the number of
cycles that are subtended by one degree of visual angle at the eye and is measured

in cycles per degree (cpd). The temporal frequency (TF) of a sine wave grating
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describes how many cycles are generated per unit of time and is measured in cycles
per second or hertz (Hz). Tuning functions for SF and TF have been well
characterized independently in both macaque and mouse V1 neurons (De Valois et
al,, 1982; Foster et al,, 1985; Hawken et al., 1996; Neill and Stryker 2008; Gao et al,,
2010).

In macaque, visual acuity threshold reaches about 38 cpd at the fovea
(Merigan and Katz, 1990). Electrophysiological studies of V1 neurons in macaque
report preferred spatial and temporal frequencies ranging from 1.9 to 3 cpd and 7.8
to 8 Hz, respectively (Foster et al., 1985; Bair and Movshon, 2004). Compared to
macaques, mice have far poorer visual acuity, with an acuity threshold of about 0.5
cpd (Prusky et al,, 2000). Despite their low visual acuity, mouse V1 neurons still
show robust SF and TF tuning (Niell and Stryker, 2008; Gao et al., 2010; Andermann
et al, 2011; Marshel et al., 2011). Niell and Stryker (2008) reported that most
mouse V1 neurons preferred SFs between 0.02 and 0.08 cpd, with a median
preferred SF of 0.036 cpd. Similar results were found by Gao et al. (2010), where
neurons recorded in V1 preferred SFs ranging from 0.02 - 0.09 cpd, with the median
preferred SF of 0.03 cpd. Marshel et al. (2010) used two-photon in vivo calcium
imaging to measure tuning properties in anesthetized mouse V1 and reported a
mean preferred SF of 0.045 cpd in V1 neurons, which is similar to the values
obtained through electrophysiological recordings (Niell and Stryker, 2008; Gao et
al.,, 2010).

Gao etal. (2010) determined that mouse V1 neurons had median preferred

TFs of between 1.2 - 1.9 Hz. Niell and Stryker (2008) reported mouse V1 neurons as
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having a median preferred TF of 1.68 Hz, which falls within the range reported by
Gao etal (2010). Marshel et al. (2010) reported a preferred TF of 0.69 Hz in V1
neurons, but the differences between the preferred TF values reported by Marshel
et al. (2010) may stem from differences between single-unit electrophysiological
recordings and calcium imaging.

1.3.2 Image Contrast And Contrast Adaptation

Contrast is defined as the difference between the maximum and minimum
luminance of a stimulus across space. A contrast of 1 indicates that there is a
maximal difference between the minimum and maximum luminance of a stimulus,
while a contrast of 0 represents a homogenous grey. It appears that all visual
neurons derived from inputs that possess ON and OFF regions (the push-pull
mechanism described previously) code for stimulus contrast. In V1 neurons,
response to a sine wave grating increases when the contrast of the grating is
increased and the neural response to contrast can be described by a sigmoidal
function (Ohzawa et al., 1982). The center range of this response function describes
the contrast range to which the neuron is most sensitive (i.e., firing rate changes
with contrast).

When discussing the visual system, the term adaptation refers to when
recent sensory experience changes a neuron’s response properties in order to adjust
for current conditions (Kohn, 2007). Adaptation to stimulus contrast was first
reported as a perceptual phenomenon in psychophysical studies after exposure to
an adapting stimulus of high spatial contrast. The perceived contrast of a post-

adaptation test stimulus was reduced compared to pre-adaptation measures, and

13



contrast sensitivity was also decreased (Blakemore and Campbell, 1969; Blakemore
et al,, 1973). At the neuronal level, adaptation is characterized by a rightward and
downward shift in the typical sigmoidal contrast response function of V1 neurons,
which are called contrast gain control and response gain control, respectively
(Bonds, 1991; Carandini and Ferster, 1997). The characteristics of contrast
adaptation have been studied extensively, but mechanisms underlying this
phenomenon are unclear. In V1, both complex and simple cells show contrast
adaptation, and one proposed functional benefit of adaptation is that it allows
neurons to maintain stimulus discriminability by shifting their response function to
higher contrasts after being exposed to a high contrast adaptor (Kohn, 2007). It has
been reported that contrast adaptation is dependent upon the spatial and temporal
frequency of the adaptor, and maximum adaptation occurs when the SF and TF of
the adapting grating is similar to the SF and TF of the test grating (Movshon and
Lennie, 1979; Saul and Cynader, 1989).
1.4 OBIECTIVE OF THE CURRENT EXPERIMENTS

In order to determine the suitability of using the mouse as an animal model
of cortical visual processing, we sought to examine the interaction between SF and
TF tuning in mouse V1, as well as how these stimulus parameters affected contrast
adaptation. The interaction between SF and TF tuning is important because the ratio
of TF and SF of a sine wave grating defines its speed, and stimulus speed is a
biologically relevant parameter for many species. In addition, TF and SF affect the
firing rate of a neuron, which has been previously linked to contrast adaptation.

However, the effects of TF and SF on adaptation have been assessed separately in

14



the past, and the current work is the first instance where the influence of both
factors has been assessed together. Characterizing the interaction between SF and
TF in driving neural responses is an important step in understanding how the
mouse visual system codes stationary and moving images.

1.4.1 Experiment 1

As mentioned previously, the ratio of the temporal and spatial frequency of a
sine wave grating defines its speed. In macaques, studies have characterized the
neuronal response to moving sine wave gratings in both V1 and area MT, which can
be classified as separable or inseparable. Inseparable neurons have a constant
preferred speed over a range of SFs, while separable neurons show a preference for
a particular SF and their preferred speed varies with TF (Perrone and Thiele, 2001;
Priebe et al.,, 2003; Priebe et al,, 2006). In macaque, it is reported that around 25 -
60% of neurons in MT and 25% of V1 complex neurons are speed selective (Perrone
and Thiele, 2001; Priebe et al., 2003; Priebe et al., 2006). Recently, Andermann et al.
(2011) examined speed tuning in mouse V1 using in vivo calcium imaging and found
that speed tuned neurons were rare among the population and as a whole, V1 was
not speed selective.

In experiment 1, we sought to characterize the spatiotemporal tuning profile
of mouse V1 neurons by using single unit in vivo electrophysiology. We were
interested in whether recently described discrepancies seen in the spatiotemporal
tuning properties of macaque V1 neurons and mouse V1 neurons were due to
methodological differences, as studies in macaque have used in vivo

electrophysiology, and the recent study in mouse V1 used in vivo calcium imaging
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(Priebe et al.,, 2003; Andermann et al.,, 2011). We tested single units in mouse V1
with drifting sine wave gratings of varying spatial and temporal frequency
combinations in order to measure the response of a single neuron as a function of
both spatial and temporal frequency.

1.4.2 Experiment 2

In experiment 2, we asked whether the SF and TF that elicited maximum
firing (preferred SF and TF of the neuron) also produced maximum contrast
adaptation. It is well known that contrast adaptation is dependent upon both the
spatial and temporal frequency of the adaptor (Movshon and Lennie, 1979; Maddess
et al., 1988; Saul and Cynader, 1989a). In particular, for V1 neurons, contrast gain
control appears to be SF specific, and is seen only when the SF of the adaptor and
the test stimulus are comparable (Movshon and Lennie, 1979). Saul and Cynader
(1989a) showed that maximum adaptation occurred at the preferred SF and TF of
the neuron, when tested with stimuli that were similar to the adaptor. In experiment
2, we adapted and tested mouse V1 neurons at different spatiotemporal frequencies
in order to measure contrast adaptation at each unique combination. We were
interested in whether contrast adaptation in mouse V1 neurons was also dependent
on the SF and TF of the adaptor, as shown in macaque and cat. In addition, we
covaried SF and TF together in order to measure responses from single units to both

parameters simultaneously, which has never been done in any species.
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CHAPTER 2 SPATIOTEMPORAL TUNING IN MOUSE V11
2.1 INTRODUCTION

Visual motion is a salient and biologically relevant visual stimulus for many
animals (Albright and Stoner, 1995; Giese and Poggio, 2003). In behavioural tasks,
human and non-human primates are capable of extracting the speed of a moving
stimulus from the visual array (Lisberger et al., 1987; Bair and O’Keefe, 1998; Born
and Bradley, 2005; Schlack et al., 2008), and humans are capable of discerning
variations in stimulus speed of < 5% (McKee, 1986). Any moving visual stimulus can
be decomposed into sine wave gratings of various spatial frequencies (SF) and
temporal frequencies (TF), and the neural processing of stimulus speed can be
tested in the laboratory using drifting sinusoidal gratings as simplified stimuli
because a grating’s speed is calculated as the ratio of its TF and SF. In macaques,
studies in early visual cortex and specialized motion processing areas like the
middle temporal area (MT) have revealed that neuronal responses to these sine
wave stimuli can be classified as either inseparable or separable: inseparable
neurons have a constant preferred speed over many SFs, but separable neurons
have a preferred SF and their preferred speed varies with TF (Perrone and Thiele,
2001; Priebe et al., 2003; Priebe et al., 2006). Around 25-60% of MT neurons, and
25% of V1 complex neurons have been found to be speed selective in macaques
(Perrone and Thiele, 2001; Priebe et al., 2003; Priebe et al., 2006).

Behavioural studies have shown that mice, like primates, are sensitive to

stimulus speed (Umino et al.,, 2010). Recently, mice have become a popular model of

L A version of this chapter has been submitted to Neuroscience Letters
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cortical visual processing because of the availability of genetic tools that allow for
manipulation of different cell types or circuits that are important for vision. Despite
the poor visual acuity of the mouse, their V1 shares many similarities with primates,
such as SF tuning, orientation tuning, and the presence of both simple and complex
cells (Niell and Stryker, 2008; Gao et al., 2010). The small size and lissencephalic
structure of the mouse cortex could also be viewed as advantageous, as it allows
easy simultaneous study of striate and extrastriate visual areas using
electrophysiology or imaging techniques. It is possible that mouse models could
provide us with insight into the neural processing of motion coding and speed
tuning, but comparisons to existing research in other species must first be
established.

Andermann et al. (2011) were the first to investigate speed tuning in mouse
striate and extrastriate areas using in vivo two-photon calcium imaging in awake
animals and found that unlike macaque V1, very few neurons in mouse V1 were
speed selective, and that other extrastriate areas were responsible for processing of
stimulus speed. Although calcium imaging allows data collection from huge
populations of individual neurons simultaneously, it is an indirect measure of
spiking rate, so there are several caveats in interpreting this data. First, the
fluorescence of both synthetic and genetically coded calcium indicators is non-
linear, and saturation creates difficulty in interpreting very high or low spike rates
(Tian et al,, 2009), although the GCAMP3 indicator used by Andermann et al. (2011)
suffers less from these problems. Second, calcium imaging is currently limited to the

superficial layers of the cortex. We were interested in whether the difference
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between macaque V1 and mouse V1 neurons might be due to methodological
differences, as speed tuning in macaque V1 was measured using electrophysiology
in anesthetized animals.

In this study, we recorded single-unit responses in anesthetized mice to
drifting sine wave gratings for 36 combinations of SFs and TFs to obtain
spatiotemporal response profiles. To evaluate the magnitude of speed tuning for
each unit we fit our data with a two-dimensional Gaussian following the methods
used in macaque studies (Priebe et al., 2003), and calcium imaging studies in mouse
(Andermann et al., 2011). Our results were also re-analyzed with a partial
correlation analysis following Priebe et al. (2003). We found that inseparable tuning
was rare in mouse V1, which agrees with earlier data obtained with two-photon
calcium imaging (Andermann et al,, 2011).

2.2 MATERIALS AND METHODS
2.2.1 Animals

Experiments were performed on 17 adult male C57BL/6] weighing between
20 and 30 grams (Purchased from Jackson Laboratories). The University Committee
on Laboratory Animals approved all experimental procedures.

2.2.2 Surgical And Physiological Preparation

Mice were anesthetized with urethane (1.2g/kg ip, Sigma Aldrich, St. Louis,
MO) and body temperature was maintained at 37.5°C with a heating pad. If needed,
a small dose of ketamine (20mg/kg ip) was given to accelerate descent to the
surgical plane of anesthesia (Moldestad et al., 2009). A tracheotomy was performed

prior to securing mice in a stereotax (Moldestad et al., 2009). Mice were left free
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breathing throughout the experiment and a tube located in front of the mouse
delivered oxygen (0.1 L/min) to supplement room air. Additional urethane doses
were given as required, and chlorprothixene (5mg/kg ip, Sigma Aldrich) was also
given with the first urethane top up. A craniotomy (~1mm?) was made 0.8 mm
anterior and 2.3 mm lateral to lambda (Paxinos and Franklin, 2001), which
corresponds to the primary visual cortex in mice. Recordings were made using
either glass (2-5um tip diameter, filled with 2M NaCl) or carbon fiber in glass
microelectrodes (0.6 - 1.5M(Q) impedance). Electrode depth was controlled using a
micromanipulator (FHC, Bowdoin, ME). Extracellular signals from individual units
were amplified and filtered (FHC) before being digitized (Cambridge Electronic
Design Power1401 with Spike2, Cambridge, England). Acquired signals were
sampled at 40kHz, and online analysis was performed on triggered TTL pulses with
Spike2, but subsequent analysis was done offline.
2.2.3 Visual Stimuli

Receptive field locations for visually responsive units were initially mapped
out by hand using a light bar, then quantitatively characterized online for
orientation selectivity and surround suppression using drifting square wave
gratings. Spatiotemporal tuning was assessed with drifting sine wave gratings with
36 combinations of SFs (0.01, 0.02, 0.04, 0.08, 0.16 and 0.32 cpd) and TFs (0.25, 0.5,
1, 2, 4, 8 Hz). All spatiotemporal stimuli were presented at the optimal orientation
and size for each unit. Presentations of different spatiotemporal combinations were
randomized with 8 - 10 repeats for each combination. The presentation time of the

stimulus was 1.5 seconds, and a grey of mean luminance was shown between
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stimuli for 0.5 seconds. Grating start-phase was staggered on each repetition to
average out periodic firing of phase-sensitive neurons. Viewing distance depended
on the location of the receptive field and was adjusted on a unit-to-unit basis, but
ranged from a distance of 15 to 35 cm. All units were from the monocular
representation of V1 (~30 - 100° lateral to the vertical meridian; Paxinos and
Franklin 2001; Schuett et al., 2002). All stimuli were custom made using the
Psychophysics toolbox extension for Matlab (Mathworks, Natick MA; Brainard 1997;
Pelli 1997) and presented on a calibrated CRT monitor (LG Flatron 915FT plus 19”,
100Hz refresh rate, 1024x768 pixels, mean luminance = 30 cd/m?).
2.2.4 Initial Data Analysis
2.2.4.1 Strength of Tuning for Orientation and Patch Size

Spike sorting was performed with Spike2 (Cambridge Electronic Design) and
a principle components analysis was used to isolate single units. For each unit, we
calculated the magnitude of orientation and size tuning using a discrimination index

(DI) (DeAngelis and Uka, 2003):

(Respmax - Respuin) (D

Discrimination Index =
((Respmax + Resppin) +2VSSE /(N—M))

Respuax is the neuron’s max response, while Respuin is the neuron’s minimum
response. SSE is the sum of squared error of the mean, N is the total number of
presentations of the stimuli, and M is the number of different stimuli presented.
2.2.4.2 Spatial Summation

In order to classify cells as simple or complex, we divided the first Fourier
coefficient of a neuron’s response to a grating at the spatiotemporal peak (F1) by the

mean time-averaged response to this grating (Fo). The F1/Fo ratio has been used to
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quantitatively classify simple and complex cells (Schiller et al., 1976; Skottun et al.,
1991; Movshon et al,, 1978a,b), and an F1/Fy ratio less than 1 indicates a cell is
complex.
2.2.4.3 Spatiotemporal Tuning And Two Dimensional Gaussian Fits

In order to quantify speed tuning in individual neurons we fit spatiotemporal
responses to a two-dimensional Gaussian using the least squares method (following

the fitting methods used by Priebe et al., 2003, and also by Andermann et al,, 2011):

—(log,(sf)—log,(sfo))? *exp—(mgz (tf)—1ogz(tfp(sf)))? (2)

R (sf, tf) = K*exp o P
where K is the peak response, sfo is the neuron’s preferred spatial frequency and tf,
is dependent on the preferred spatial frequency, as defined by:

tho(sf) = 2(Q+1)xlogz (sf)—logz(sfo))+logz(tfo) (3)
The parameter Q defines the slope of the relationship between the preferred TF and
SF. If a neuron is inseparable, its preferred speed will remain constant as the SF of
the stimulus is altered, and Q will be around 0. In contrast, if a neuron is separable,
its preferred speed changes as SF changes, and Q will be approximately -1. A
secondary analysis which also addressed speed tuning used partial correlations to
test whether a neuron’s tuning was more highly correlated with a model in which Q
was constrained to either -1 or 0, which represented complete separability or

perfect speed tuning, respectively. Partial correlations were calculated using the

following equations (Priebe et al., 2003):

(Ti—TS*TiS) (4)

1-rH(a-r3)

Rinsep =
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Rsep = _(rs—rixris) (5)

/(1—r?)<1—ré)

where Rinsep and Rsep are the partial correlations between the data and an
inseparable and separable model, respectively. The values rj, rs and ris represent the
correlation between the data and the inseparable model, the data and the separable
model, and the two models, respectively.
2.3 RESULTS

We recorded visual responses from 176 units in the primary visual cortex of
17 C57BL/6] mice, of which full spatiotemporal data sets were obtained from 146
units. Because we used online tuning functions to optimize our stimuli to the
response properties of each neuron we were able to compare the general stimulus
preferences of neurons in our sample with previous studies.
2.3.1 Discrimination Index For Orientation And Size

Our sample of V1 neurons had a median orientation DI of 0.49, which is
similar to other studies (Neill and Stryker, 2008; Gao et al.,, 2010). True orientation
selective cells were defined as having a 2:1 modulation of firing in response to
orientations that elicited maximum and minimum responses, respectively. Cells that
had a 2:1 modulation or better had corresponding orientation DIs of 0.53, on
average. In our data set, we found that 48% of neurons (70/146) showed 2:1
modulation or better and these neurons were deemed to be orientation selective.
The median DI for patch size for our population of V1 neurons was 0.59. A one-way

ANOVA was used to determine whether neurons showed significant surround
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suppression (p < 0.05). We found that only 9 units showed significant surround
suppression with the patch sizes we tested (maximum = 64°).
2.3.2 Spatial Summation

Since it has been shown that only complex cells in macaque V1 possess speed
tuning (Priebe et al.,, 2006), we quantitatively categorized our neurons as either
simple or complex using F1/Fo ratios. We found that the majority of cells, 92%
(134/146), had an F1/Foratio < 1 and were therefore classified as complex. Similar
to Gao et al. (2010) simple cells were rare among the population, comprising only
about 8% of the total number of units (12/146). The population average F1/Fo ratio
in our sample was 0.53 * 0.34 (mean * SD).
2.3.3 Spatiotemporal Tuning

Figure 3A shows the spatiotemporal profile of a representative neuron, with
a spike density function (SDF) for each of the 36 combinations of spatial frequency
and temporal frequency. This neuron prefers SFs of around 0.02 cpd and TFs of
around 4 Hz. When the mean response to each combination was summarized as a
contour plot (Figure 3B), the location of the peak is easily seen. Peak SFs and TFs
were broadly distributed, with preferred SFs ranging from 0.01 to 0.17 cpd and
preferred TFs ranging from 0.25 to 8 Hz. The average preferred SF and TF for our
population of neurons was 0.03 cpd and 1.72 Hz, respectively. Contour plots were
then fit to two-dimensional Gaussians and the goodness of fit for each unit was

assessed with using r? (Figure 3C). Units with multiple spatiotemporal peaks were
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Figure 3. Spatiotemporal tuning of mouse V1 neurons. A shows the spatiotemporal
profile of a sample neuron, where the response to each combination of SF and TF is
shown as a SDF. The mean data from A is summarized as a contour plot (B). Contour
plots were fit to a two-dimensional Gaussian (C) and the goodness of fit was
assessed using r? (0.92 for this neuron, p < 0.0001). In each contour plot, the peak
preferred spatiotemporal frequency is indicated by a closed triangle. The magnitude
of speed tuning across the population, as measured by the fit parameter Q, is
summarized as a histogram (D). The black, white and grey bars represent complex
cells whose 95% confidence interval around Q overlapped with -1 (separable),
overlapped with 0 (inseparable), or were between 0 and -1 (unclassed),
respectively. It is clear that most neurons in our population were classified as

separable.
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poorly fit by a two-dimensional Gaussian (n = 17), and were therefore excluded
from subsequent analysis. Fits were quite good for the remaining cells (n = 129,
mean r? = 0.8)

For neurons that could be adequately fit to the two-dimensional Gaussian, we
then used the parameter Q to measure the degree of speed tuning. Similar to
previous studies, we used the 95% confidence interval around the Q value for each
unit in order to classify neurons as separable, inseparable or unclassed (Priebe et al.,
2003; Priebe et al., 2006; Lui et al., 2007). For the majority of complex units in our
sample (112/122) the confidence interval around Q was inclusive of -1, and these
units were classified as separable (Figure 3D black bars). Only 1 complex cell had a
95% confidence interval that overlapped with 0 and was therefore classified as
inseparable (Figure 3D, white bar). The remainder of complex cells, 9/122, did not
fall in either category and were therefore unclassed (Figure 3D, grey bars). All
simple cells in our sample had a 95% confidence interval around Q that included -1
and were classified as separable (n = 7). The mean Q value of the population of V1
simple and complex neurons in our sample was -1.01 (standard deviation = 0.25, n =
129), which is similar to Andermann et al. (2011). There was no significant
difference between Q values of simple and complex cells in our sample (Wilcoxon
rank sum test, p = 0.12).

As a secondary analysis we examined the speed tuning of our sample using
the partial correlation method of Priebe et al. (2003). We correlated the
spatiotemporal contour plot for each unit with two models: i) the separable model,

where Q was constrained at -1; and ii) the inseparable model where Q was
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constrained at 0. Three complex neurons from our sample were removed at this
stage of analysis because they could not be fit to the constrained inseparable model.
Real data from a representative neuron (Figure 4A) is shown alongside its separable
(Figure 4B) and inseparable fits (Figure 4B). For this neuron, the r? values for
separable and inseparable fits were 0.92 and 0.84, respectively. Partial correlations
were plotted as a scatter plot, with solid and open circles representing simple and
complex cells, respectively (Figure 4D). Out of our remaining 119 complex units, we
found 25 were unclassed and 94 showed tuning closely resembling the independent
predictions. Simple cells showed a similar classification to complex cells, with 4 /7
being classified as separable and the remainder was unclassed (3/7). Classifications
based on partial correlation analysis and Q were quite similar, but the single speed
tuned neuron as classified with the 95% confidence interval around Q was
unclassed using partial correlations. This neuron did lie close to the significance line
for speed tuning, as represented by the cross in figure 4D.
2.4 DISCUSSION

In this study we measured spatiotemporal tuning in mouse V1 neurons using
single unit in vivo electrophysiology, which complemented recent findings using two
photon in vivo calcium imaging (Andermann et al., 2011). Both studies found that
very few neurons in mouse V1 were speed tuned, and the average Q value for V1
neurons in our study is similar to that reported by Andermann et al. (2011). This
provides evidence that the scarcity of speed tuned neurons originally reported for

mouse V1, compared to macaque V1, was not due to technical differences. These
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Figure 4. Partial correlation analysis. The spatiotemporal contour plot of a
representative neuron (A) was correlated with two models: the separable model in
which Q was constrained at -1 (B), and the inseparable model in which Q was
constrained at 0 (C). The peak spatiotemporal frequency is represented by a closed
triangle. Partial correlations for the population of neurons (n = 129) are shown as a
scatter plot (D). Filled and open symbols represent complex and simple cells,
respectively. The single neuron that had a 95% confidence interval around Q that
overlapped with 0 in Figure 3 is shown as a cross. Solid lines represent the division

of separable, inseparable and unclassed neurons.

29



studies reveal a key difference in motion processing between the two species that
must be taken into account in future mouse studies.

Compared to macaque, mice have a 100 fold lower SF tuning, with mouse V1
neurons preferring SFs around 0.03 cpd and macaque V1 neurons preferring SFs
around 3 cpd (Niell and Stryker, 2008; Gao et al. 2010; Foster et al., 1985; Xing et al.,
2004). This difference in SF tuning suggests that mouse V1 neurons are not capable
of extracting the same quality of information about objects moving in their
environment, particularly edges which have high SF harmonics. Differences in eye
movements between these species may also explain differences in motion
processing. Macaques have forward facing eyes and can make rapid saccadic eye
movements to orient their fovea to a particular target (Fuchs, 1985; Schall et al.,
1995), and are then capable of tracking objects via smooth pursuit (Komatsu and
Wurtz, 1988; Schlack et al., 2008). On the other hand, mice have laterally positioned
eyes lacking a fovea and their eye movements are limited to about 2° (van Alphen et
al, 2001; Andermann et al,, 2011). From the above, it might be tempting to conclude
that differences in V1 speed tuning between macaque and mice are due to
differences in the eye and brain of the two species, perhaps driven by their distinct
ecology. However, not all primates show comparable amounts of speed tuning in V1
neurons to macaques. For example, less than 5% of neurons in marmoset V1 are
speed tuned (Yu et al., 2010). Since marmosets are new world monkeys, there might
then be a division in the level of speed processing in the early visual cortex between

old world monkeys and other mammals. Speed tuning is also rare in area 17/18 of
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the cat (Holub and Morton-Gibson 1981; Friend and Baker 1993), which further
substantiates this division.

In the mouse, extrastriate region PM has many speed tuned neurons, and
speed tuning in area PM has been correlated with the behavioural profile of speed
perception in this species (Umino et al., 2008; Andermann et al,, 2011). In primates,
there is also an increase in speed processing in extrastriate motion areas: in
macaques speed tuning is 1-2 times more common in MT than V1 (Priebe et al.
2003; Priebe et al. 2006), and in marmosets speed tuning is 2-6 times more common
in MT than V1 (Lui et al,, 2007; Yu et al., 2010). There is evidence in macaque that
MT has a direct role in speed perception (Liu and Newsome 2005), so it may be the
case that the increased representation of stimulus speed in extrastriate motion
regions parallels the tighter link between these regions and speed perception across
species.

In this study we measured spatiotemporal tuning in mouse primary visual
cortex using single unit in vivo electrophysiology. Similar to a recent two-photon
calcium imaging study by Andermann et al. (2011), we show that mice have very
few speed selective neurons in V1 compared to macaque (Priebe et al., 2006).
Although mice differ from macaques with regard to the proportion of inseparable
V1 neurons, there is evidence that speed tuning is more common in specialized
motion-coding extrastriate regions of both species (PM in mouse; MT in primates).
Despite the differences in V1 speed processing between species, mice are still an
attractive model of cortical motion processing because they represent a genetically

tractable system in which the entirety of the motion processing stream can be
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imaged (e.g. calcium imaging) or recorded (e.g. multi-electrode arrays)
simultaneously. These technical options may facilitate progress in our
understanding of the neural coding for stimulus speed, and how motion is processed

at different stages of the visual pathway.
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CHAPTER 3 DEPENDENCE OF CONTRAST ADAPTATION
ON SPATIOTEMPORAL TUNING IN MOUSE V1

3.1 INTRODUCTION

Adaptation is a form of short-term visual plasticity whereby the visual
system alters its sensitivity to certain stimulus features to allow for optimal
processing of the visual scene based on recent viewing conditions. One visual
feature that drives the response of V1 neurons is image contrast. Although
adaptation to contrast is a ubiquitous phenomenon in the visual system, the
underlying neural mechanisms of contrast adaptation are not well understood.

Contrast adaptation has been reported in the retina and dLGN, but is thought
to be primarily a cortical phenomenon (Duong and Freeman, 2007; Kohn, 2007;
Demb, 2008). After being adapted, V1 neurons exhibit about a seven times greater
reduction in response compared to neurons of the dLGN (Dean, 1983; Nelson, 1991;
Shou et al., 1996; Ahmed et al,, 1997; Heinrich and Bach, 2001). Contrast response
functions of V1 neurons can be described by plotting response amplitude as a
function of stimulus contrast (Ohzawa et al., 1982), and it is well known that cat and
macaque V1 neurons have sigmoidal contrast response functions (Bonds, 1991;
Sclar et al., 1989). Adaptation is often measured by comparing the semi-saturation
contrast, known as the cso, for non-adapted and adapted responses, and contrast
adaptation is characterized by a distinctive shift in this cso value to center a neuron’s
contrast response function on the prevailing contrast.

As mentioned in the general introduction (Chapter 1, Section 1.3.3), the

dependence of cortical contrast adaptation on the orientation, SF and TF of the
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adaptor has been previously investigated (Movshon and Lennie, 1979; Albrecht et
al,, 1984; Marlin et al,, 1988; Dragoi et al., 2000), although TF dependence has been
the focus of fewer studies (Maddess et al., 1988; Saul and Cynader, 1989b).
Traditionally, the dependence of contrast adaptation on SF and TF has been
assessed using a preferred test stimulus, and a small number of adapting stimuli
that straddled the neuron’s peak SF or TF (Movshon and Lennie, 1979). Maximum
adaptation has been reported to occur when the SF and TF of the adapting grating is
similar to the SF and TF of the test grating (Movshon and Lennie, 1979; Saul and
Cynader, 1989a,b), although thus far studies of the specificity of contrast adaptation
have varied SF and TF independently. Stimuli distant from the preferred cause less
firing when used as an adaptor, and generally induce less adaptation. The
observation that the strength of adaptation depends on the similarity between the
adapting and test stimulus is often thought of as a distinctive feature of adaptation.
However, studies are now revealing that different adaptation effects may arise
because specific cell populations adapt to stimuli in distinct ways.

A recent study by Dhruv et al. (2011) has suggested that different cell types
show unique adaptation effects, resulting in varied changes in the shapes of their
contrast response functions. Therefore, Dhruv et al. (2011) proposed that
manipulating stimulus adaptors could reveal these distinct cell populations. It may
be possible to test this hypothesis in mice if it were possible to manipulate these cell
populations genetically to link specific cell types to contrast adaptation effects.
While powerful genetic tools exist in the mouse, to use this model to investigate the

circuit mechanisms underlying contrast adaptation, we must explore the
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phenomenon as it occurs in mouse V1. Although mice are becoming a popular model
for visual cortical processing, little research has investigated contrast adaptation in
mouse V1. Orientation selectivity of contrast adaptation has been shown in mice
(Stroud et al., 2012), but the influence of SF and TF has not yet been examined.

In order to investigate the spatiotemporal dependence of contrast
adaptation, we first established the baseline spatiotemporal tuning of mouse V1
neurons, and then used a contrast ramp procedure to adapt and test neurons at 36
different spatiotemporal combinations. This contrast ramp procedure allows for the
timely measurement of responses to dynamic contrast changes, which have been
previously shown to elicit contrast adaptation in V1 neurons (mouse: Stroud et al.,
2012, cats: Crowder et al,, 2008). Typically, contrast adaptation is tested with
prolonged exposure to a single contrast followed by brief tests, which take a long
time for each adapting stimulus making it difficult to test multiple SFs and TFs.
However, dynamic contrast ramp stimuli can measure contrast adaptation evoked
by a single stimulus in a matter of seconds, and are therefore useful in testing how
multiple SFs and TFs affect adaptation in a single neuron. Furthermore, it has been
proposed that contrast ramps more closely mimic the type of gradual contrast
changes invoked when viewing natural scenes (Crowder et al.,, 2008). Because we
were interested in whether our population of neurons adapted maximally to the
same spatiotemporal frequency to which they fired maximally, we calculated the
octave difference between the location of the preferred spatiotemporal frequency
and the spatiotemporal location of maximum hysteresis. We found that there was

often a difference between the grating that elicited the greatest firing, and the
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grating where adaptation was most pronounced, such that adaptation was usually
stronger at higher SFs.
3.2 MATERIALS AND METHODS

3.2.1 Animals

Electrophysiological recordings were made from 17 C57BL/6] mice. Data for
this experiment was collected from the same neurons presented in experiment 1;
therefore the same animals were used.
3.2.2 Surgical And Physiological Preparation

All details of surgery, life support, and electrophysiological techniques can be
found in Chapter 2, Section 2.2.2.
3.2.3 Visual Stimuli

All stimuli used for testing were custom made using the psychophysics
toolbox extension (Brainard, 1997; Pelli, 1997) of Matlab (MathWorks, Natick MA)
and presented on a CRT monitor (LG Flatron 915FT plus, 100Hz refresh, 1024x768
pixels). All experimental stimuli were presented in a circular aperture, surrounded
by a grey field of mean luminance (30 cd/m?). The viewing distance for each unit
varied, and depended on the location of the receptive field, but generally ranged
from 15 - 35 cm. Extracellular signals from individual units were amplified and
filtered, and sent to an oscilloscope and an analog-digital converter, as described in
experiment 1 (Chapter 2, Section 2.2.3). The receptive fields of visually responsive
units were mapped using a hand held light bar, and then the orientation selectivity
and surround suppression of each unit was characterized online with drifting

square wave gratings. Spatiotemporal tuning was also characterized online with
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drifting sine wave gratings in order to determine the unit’s preferred
spatiotemporal frequency. We used 36 combinations of SFs (0.01, 0.02, 0.04, 0.16
and 0.32 cpd) and TFs (0.25, 0.5, 1, 2, 4 and 8 Hz). Spatiotemporal stimuli were
presented at the optimal orientation and patch size for each unit and presentations
of each combination were randomized with 8 — 10 repeats per combination.
3.2.3.1 Contrast Ramps

Michelson contrast is defined by the following equation:

i Lum -Lump,
Michelson Contrast = max min ©)
Lumpax+Lump, iy

where Lummax is the maximum luminance and Lumuin is the minimum luminance.
When contrast is 0, the screen appears as a homogeneous grey. When contrast is 1,
the amplitude of the sine wave has reached its maximum and this describes the
maximum difference in luminance values that can be presented on the monitor. In
this study, we wished to characterize how contrast adaptation is affected by the
spatiotemporal characteristics of the adapting and test stimulus. Traditional
methods of inducing contrast adaptation rely on prolonged presentations of the
adapting stimulus (Sclar et al., 1989, 1990; Sanchez-Vives 2000a), therefore
exploring the dependence of contrast adaptation on both stimulus SF and TF
simultaneously would require very long recording times. To rapidly assess the
nature of contrast adaptation in the spatiotemporal domain, we used dynamic
contrast ramp stimuli. Contrast ramps have recently been shown to rapidly measure
several important markers of contrast adaptation with fairly short presentation
times (Crowder et al.,, 2008; Stroud et al., 2012). In this study, contrast ramp stimuli

consisted of sine wave gratings that were presented at the preferred orientation and
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patch size for each unit, and grating drift occurred perpendicular to the unit’s
preferred direction. Unlike the contrast step stimuli used to obtain spatiotemporal
response profiles, contrast ramp stimuli present a dynamic range of contrasts over
the presentation time of the stimulus. Contrast ramp stimuli were first presented at
a contrast of 0, and contrast was increased linearly over 2 seconds until it reached 1
(rising phase). The contrast of the stimulus was then ramped back down from 1 to 0
(falling phase) over the next 2 seconds (Figure 5). A full screen grey of mean
luminance was shown between ramp stimuli for 1 second. Contrast ramps were
carried out for each of the 36 spatiotemporal combinations, and presentations of
contrast ramps with different spatiotemporal combinations were randomized and
repeated 8 - 10 times for each combination.

We were interested in determining whether the spatiotemporal combination
that caused maximal firing also caused maximum hysteresis. In order to test this, we
used a symmetrical contrast ramp procedure, which maintained the same
spatiotemporal parameters for both the rising and falling phase of the ramp. In
addition, we were interested in whether the spatiotemporal frequency of the test
stimulus affected contrast adaptation. In order to control for this, we collected peak-
tested contrast ramps from a subset of neurons in which the rising phase of the
ramp was one of the 36 combinations of varying spatiotemporal frequencies, but the
test stimulus (falling phase) was always shown at the neuron’s preferred SF and TF

(See Results), as calculated from the online tuning function.
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Contrast

Figure 5. Schematic Diagram of Contrast Ramps. Stimulus contrast was linearly
increased from 0 to 1 over two seconds and then ramped back down from 1 to 0
over the following two seconds. Total presentation time was 5 seconds, as 0.5
seconds of homogenous grey separated each ramp stimulus. Grating drift was

always perpendicular to a unit’s preferred orientation.
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3.2.4 Initial Data Analysis

As in experiment 1, Spike2 (Cambridge Electronic Design) was used to
complete spike sorting, and a principle components analysis was performed in
order to isolate single units.
3.2.4.1 Strength Of Tuning For Orientation And Patch Size

For each unit, we calculated the degree of orientation and size tuning using a

discrimination index (DI) (DeAngelis and Uka, 2003):

. o s . Res - Resppyi
Discrimination Index = (ReésPMaz - ResPiin) (7

((Respmax + Respain)+2VSSE/(N—M))

Respmax and Respuin are the neuron’s maximum response and minimum response,
respectively. SSE is the sum of squared error of the mean, N is the total number of
presentations of the stimuli, and M is the number of different stimuli presented.
3.2.4.2 Spatial Summation

We classified cells as simple or complex by dividing the first Fourier
coefficient of a neuron’s response to a sine wave grating presented at the
spatiotemporal peak (F1) by the mean time-averaged response to the grating (Fo).
The F1/Fo ratio has been used in previous studies to categorize cells as either simple
or complex (Schiller et al., 1976; Skottun et al,, 1991; Movshon et al,, 1978a,b).
Complex and simple cells have F1/Foratios less than 1 and greater than 1,
respectively.
3.2.4.3 Neural Latency

In order to calculate neural latency, we first determined the spontaneous
rate of each unit from the activity during a half second grey screen prior to drifting

sine wave grating onset during the spatiotemporal tuning procedure. A Poisson
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distribution was fitted to the spontaneous firing that occurred during the half
second grey screen and this was used to calculate a response threshold. Neuronal
latency was then calculated by determining when the firing rate exceeded and was
maintained above this calculated threshold for at least 25 ms (Price et al,, 2005).
Contrast ramps were shifted back in time by a unit’s calculated neural latency and
split into the rising and falling phases. The falling phase was folded back onto the
rising phase in order to compare non-adapted and adapted responses, and the x-axis
then represented stimulus contrast.
3.2.4.4 Curve Fitting

A least squares method was used to fit SDFs for both the rising (pre-
adaptation) and falling (post-adaptation) phase of the ramp (Albrecht and Hamilton,

1982), as described by the Naka-Rushton equation:

n
Rmax X ¢;

R(c) = +S (8)

e+
where R(¢;) is the amplitude of the response to the contrast ¢;, Rmax is the maximum
rate of firing, cso describes the contrast at half of the Rmax value and n is the slope of
the curve at the cso. Finally, S is the spontaneous activity of the neuron. Curve fitting
was carried out for contrast ramp responses to each of the 36 spatiotemporal
combinations in order to examine adaptation at each unique combination. r? was
used as a measure of goodness of fit for rising and falling fits at a unit’s preferred
spatiotemporal frequency.

3.3 RESULTS
Spatiotemporal profiles reported in Chapter 2 were the control condition in

this experiment, and were always collected first. Contrast ramp data was collected
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second, and we obtained full data sets for 122 cells: 90 symmetrical ramps, and 32
peak-tested ramps. The discrepancy between the numbers of units for which
complete data sets were recorded in experiment 1 (146) compared to experiment 2
(122) was caused by the premature loss of unit isolation during the recording of
contrast ramp responses due to the additional time it took to record contrast ramps.

The subset of V1 neurons from which we collected ramps had similar
orientation and size tuning compared to our general population measures (Chapter
2, Section 2.4). The median DI for cells in the ramp procedure was 0.49 and 0.57 for
orientation and size tuning, respectively. Using a one-way ANOVA, we found that
only 9 cells in the ramp procedure showed significant surround suppression (F1,14)
> 5.2, p <0.05). From cells which we collected ramps, only 4% were simple cells and
the remainder were complex. There was no difference between responses of either
cell type, so simple and complex cells were pooled for the remaining analyses. The
mean onset latency calculated for our population of V1 neurons was 82.6 + 56.8 ms,
which is comparable to the onset latency reported by Gao et al. (2010).
3.3.1 Spatiotemporal Tuning

The spatiotemporal profile of each neuron allowed us to determine the
combination of SF and TF that elicited maximum firing for each unit when contrast
remained constant. As reported in experiment 1, peak SFs and TFs were broadly
distributed, with preferred SFs that ranged from 0.01 to 0.17 cpd (mean = 0.03 cpd),
and TFs that ranged from 0.25 to 8 Hz (mean = 1.77 Hz).

Figure 6A shows a spatiotemporal profile for a representative unit, with a

SDF for each of the 36 combinations of spatiotemporal frequencies. The mean
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Figure 6. Spatiotemporal tuning of mouse V1 neurons. A shows the spatiotemporal
profile for a representative neuron with spatial frequency on the abscissa and
temporal frequency on the ordinate. The response to each of 36 spatiotemporal
combinations is shown as a SDF. The mean data from A is summarized as a contour
plot in B. The peak preferred spatiotemporal frequency is indicated by a closed

triangle, and this neuron preferred SFs of around 0.04 cpd and TFs of around 1 Hz

(B).
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response to each of the 36 combinations was summarized as a contour plot (Figure
6B), and it is evident this neuron preferred SFs of around 0.04 cpd and TFs of
around 1 Hz.
3.3.2 Response to Contrast Ramps

After we obtained the spatiotemporal profile of a neuron, we collected
symmetrical contrast ramps at each of the 36 spatiotemporal frequencies in order to
test for contrast adaptation at each unique combination. Figure 7A shows a typical
symmetrical ramp response obtained near the preferred SF and TF of a sample
neuron. A considerable degree of hysteresis is evident in this response, and this
effect was further emphasized when the response to the falling phase was flipped
left-to-right and re-plotted (Figure 7B). We fit both the rising and falling phases of
ramps to a sigmoidal function, as indicated by the thin lines in Figure 7B. Sigmoidal
fits became poorer as the SF and TF combination being presented deviated away
from the spatiotemporal peak of each neuron due to lower responsivity at these
non-preferred SF and TF combinations. Therefore, cso values were only extracted
from sigmoid fits to responses at the neuron’s peak SF and TF. The cso values for the
rising and falling phases are represented in Figure 7B by the upward and downward
facing triangles, respectively. The cso values from the rising phase were significantly
smaller than the cso values from the falling phases for a neuron’s peak
spatiotemporal frequency (paired t test, p < 0.001, df = 89), and this is consistent
with earlier observations of ramp responses in mice and cats (Stroud etal., 2012;

Crowder et al., 2008).
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Figure 7. Response to contrast ramps. A shows the response for a representative
neuron to the rising and falling portions of the contrast ramp as a SDF. During the
rising portion contrast is linearly ramped up from 0 to 1 and during the falling
portion back down from 1 to 0. In B, the data from A is shifted back in time by the
unit’s calculated neural latency and the falling portion of the ramp is flipped from
left to right. Both the rising (black) and falling (grey) portions of the contrast ramp
response are fit with sigmoidal functions, and the black upward and grey downward
facing triangles represent cso values obtained from fits to the rising and falling

responses, respectively. The rightward shift in cso is a hallmark of contrast
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adaptation. The black and grey filled circles represent Rmax values taken from the

sigmoid fit to the rising and falling phases, respectively.
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For the symmetrical ramps we were interested in whether maximum
hysteresis occurred at the preferred spatiotemporal frequency of the neuron. Since
measures of cso were unreliable for spatiotemporal combinations away from the
peak, we measured adaptation by calculating the mean difference between the
rising and falling phases of the contrast ramps. During adaptation, the semi-
saturation contrast of the falling phase ramp response shifts to higher values,
causing the falling ramp response to be lower than the rising phase response at
most contrasts. This method of analysis has been shown by Stroud et al. (2012) to
capture the major features of contrast adaptation without relying on fitting the
ramp SDFs to sigmoid functions. Figure 8A shows a grid of 36 ramp responses to all
36 combinations of SFs and TFs. Rising phases are shown as black lines, falling
phases are shown as grey lines, and it is obvious that for nearly every combination
falling phase responses are below rising phase responses. The mean difference
between the response to the rising and falling portions of the ramp, for each of the
36 combinations, were summarized as a contour plot in figure 8B, and the location
of maximum hysteresis is readily apparent (SFs of 0.04 cpd and TFs of 1 Hz).

For neurons from which we collected both spatiotemporal tuning and a ramp
hysteresis profile, it was possible to compare the spatiotemporal locations of
maximum firing and maximum hysteresis. For the sample neuron shown in figure
9AB, it appeared that adaptation was maximal at a spatiotemporal location different
from the peak spatiotemporal frequency, but for the neuron shown in 9CD the
spatiotemporal peak locations were similar. In order to quantify whether our

population of neurons adapted maximally to the same spatiotemporal frequency to
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Figure 8. Hysteresis profile of mouse V1 neurons. A shows the hysteresis profile for
an example neuron where the response to rising (black) and falling (grey) phases of
contrast ramps at 36 spatiotemporal combinations is shown as a SDFs as in figure
7B. The largest difference between rising and falling responses occurs around SFs of
0.04 cpd and TFs of 1 Hz. The mean difference between rising and falling phases is
summarized as a contour plot in B (See Results). The spatiotemporal location of

maximum hysteresis is indicated by a closed triangle.
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there is a readily apparent difference between the location of the optimal

spatiotemporal frequency from the tuning procedure (SF: 0.02 cpd, TF: 3 Hz) and
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the spatiotemporal location of maximum hysteresis from the contrast ramp
procedure (SF: 0.04 cpd, TF: 1 Hz). For the neuron shown in C and D there is
substantial overlap between the optimal spatiotemporal frequency (SF: 0.02 cpd,
TF: 4 Hz) and the spatiotemporal location of maximum hysteresis for this neuron
(SF: 0.02 cpd, TF: 4 Hz). In order to quantify this difference between the location of
the peak spatiotemporal response and the spatiotemporal location of maximum
hysteresis, we calculated the octave difference in SFs and TFs for our population of
V1 neurons, as summarized in E. Across the population, maximal contrast

adaptation usually occurred at higher SFs than the spatiotemporal peak.
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which they fired maximally, we calculated the octave difference in peak SF and TF
between the spatiotemporal tuning and contrast ramp contour plots. The
spatiotemporal peak of each neuron was normalized to zero, and the peak from the
hysteresis profile was plotted as a vector from this origin (Figure 9E). For the
symmetrical ramps the average octave difference in peak spatiotemporal frequency
between the tuning and ramp procedure was 0.65 and -0.19 octaves for SF and TF,
respectively. Only the octave change in SF was significantly different from zero, and
maximal adaptation appeared to consistently occur at higher spatial frequencies
(paired t tests, p < 0.001, Bonferroni correction critical p value = 0.0125). While
many of the cells that had large differences between the spatiotemporal profile and
the hysteresis profile appeared to adapt more to lower temporal frequencies, this
change in TF was not significantly different from zero (paired t test, p = 0.67,
Bonferroni correction critical p value = 0.0125).

Earlier studies that have used top-up protocols to measure adaptation had a
test stimulus that was of the preferred SF or TF of the cell. These studies showed
that maximal adaptation occurred when the adapting stimulus was similar to the
test stimulus (Movshon and Lennie, 1979; Albrecht et al., 1984; Maddess et al,,
1988; Saul and Cynader, 1989a). Because these studies made use of test stimuli that
was of the optimal SF or TF, maximal adaptation appeared to occur at this
combination. Many neurons in our symmetrical ramp procedure showed maximal
adaptation away from their spatiotemporal peak when the falling phase of each
ramp was different, so we used an additional ramp condition to control for the effect

of the falling phase (test stimulus) on the measure of adaptation. For these peak-
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tested ramps the rising phase was one of the 36 combinations of spatiotemporal
frequencies, but the falling phase (test stimulus) was always shown at the neuron’s
preferred spatiotemporal frequency (obtained in the spatiotemporal tuning
procedure). This stimulus allowed for a more direct comparison to previous tests
that used a test stimulus of the preferred SF or TF. For peak-tested ramps we also fit
rising and falling contrast ramp responses at the peak SF and TF to sigmoidal
functions, and adaptation was apparent just like in the symmetrical ramps, as the cso
values from the rising phase of peak-tested ramps were significantly smaller than
the cso values from the falling phases for a neuron’s optimal spatiotemporal
frequency (paired t test, p < 0.001).

Unlike with the symmetrical ramps, where the rising and falling phases were
always maintained at the same spatiotemporal frequency, in the peak-tested ramps
the rising and falling phase matched for only one of 36 cases. To characterize
adaptation for the peak-tested ramps, we instead compared the falling phase at the
preferred spatiotemporal frequency to the falling phase at every other combination
(Figure 10A). Therefore, for the one ramp stimulus in which the spatiotemporal
frequency of the rising and falling phase matched (the neuron’s preferred
spatiotemporal frequency calculated in the tuning procedure), the difference
between the two falling phases would be 0. When comparing the falling phases of all
other ramps to the preferred falling phase, the difference would be large if no
contrast adaptation occurred, or small if contrast adaptation did occur. We again
represented adaptation at each unique combination as a contour plot, and compared

this adaptation profile to each neuron’s spatiotemporal profile. We then calculated
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Figure 10. Comparison of peak spatiotemporal frequency and maximal adaptation
for peak-tested contrast ramps. A shows the ramp responses for an example neuron
in the peak-tested procedure. We compared the falling phase at the peak
spatiotemporal frequency calculated in the tuning procedure (black) to the falling
phases for the other 35 combinations of spatiotemporal frequencies (grey). Falling

phase responses around the neuron’s optimal spatiotemporal frequency (SF: 0.02

cpd, TF: 2 Hz) were similar in magnitude to the peak falling response, indicating that
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the degree of adaptation was similar to that seen at the spatiotemporal peak. At
spatiotemporal frequencies away from the peak, the response to the other falling
phases is usually greater than the peak falling phase, indicating that less adaptation
occurred. In order to calculate whether there was a difference in the optimal
spatiotemporal frequency and the location of maximal hysteresis for V1 neurons in
the peak-tested ramp condition, we calculated the octave change in SF and TF (B).
There was no consistent change in SF or TF, and preferred spatiotemporal

frequency was similar to the spatiotemporal location of maximal adaptation.
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the octave difference in SF and TF for peak-tested ramps in order to determine
whether there were any differences between the preferred spatiotemporal
frequencies and the stimulus that produced maximal adaptation. For the peak-tested
ramps, changes appeared smaller than those seen in the symmetrical ramp
procedure, with a mean octave change of -0.09 and -0.15 for SF and TF, respectively
(Figure 10B). For this control condition, the octave changes in SF and TF were not
significantly different from zero (SF: p = 0.66, TF: p = 0.43; Bonferroni correction
critical p value = 0.0125), which is similar to earlier studies that have shown
adaptation is maximal at the preferred spatiotemporal frequency when the test
stimulus is always shown at the optimal spatiotemporal frequency of a neuron.
3.4 DISCUSSION

In this study we measured the dependence of contrast adaptation on spatial
and temporal frequency simultaneously in mouse V1 neurons using single unit in
vivo electrophysiology. We used a dynamic contrast ramp stimulus, which allowed
for the collection of adaptation responses at each of 36 unique spatiotemporal
combinations. This is novel in that previous studies have used top-up adaptation
protocols that, due to their extended presentation time, allow for the collection of
only a small set of spatial or temporal frequencies, which are tested independently
of one another (e.g.,, Movhson and Lennie, 1979; Saul and Cynader, 1989a,b).

We were interested in determining whether the spatiotemporal frequency
that elicited maximum firing to steady-state stimuli for a neuron also induced
maximum contrast adaptation. Adaptation was evident as response hysteresis in the

symmetrical ramp procedure, and in our population we found that adaptation was
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usually strongest at a higher SF than the peak SF determined by spatiotemporal
tuning. The results of our symmetrical contrast ramp were different from previous
investigations that used a top-up protocol to measure adaptation and a test stimulus
that was of the optimal SF or TF for the cell. These studies reported that maximum
adaptation occurred when the adapting stimulus was similar to the test stimulus
(Movshon and Lennie, 1979; Albrecht et al., 1984; Saul and Cynader, 1989a). The
discrepancy between previous studies and our findings may be because these
studies used test stimuli that were of the optimal SF or TF, which would result in
maximal adaptation occurring at this combination. Therefore, we also used a peak-
tested ramp in which the adapting stimulus was one of 36 combinations of
spatiotemporal frequencies and the test stimulus (falling phase) was always shown
at the neuron’s optimal spatiotemporal frequency. When neurons were tested with
this ramp procedure, we found no significant difference between the optimal
spatiotemporal frequency collected in the tuning procedure and the spatiotemporal
frequency that elicited maximum hysteresis, which is similar to what was shown in
previous studies (Movshon and Lennie, 1979; Albrecht et al., 1984; Maddess et al,,
1988).

Contrast adaptation can arise through both lateral shifts of a neuron’s
response function and decreases in maximal firing, which are called contrast gain
control and response gain control, respectively (Bonds, 1991; Carandini and Ferster,
1997). There has been a range of mechanisms reported to underlie contrast
adaptation, though conclusive evidence for any single mechanism is lacking. One

proposed mechanism underlying response gain control is deleterious fatigue
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(Carandini, 2000), where upon being exposed to a stimulus that causes maximal
firing, a neuron becomes too metabolically taxed to continue firing at high levels
(Albrecht et al., 1984; Carandini, 2000; Kohn, 2007). Perceptually, post-adapted
stimuli are seen as weaker than the true contrast, which has been attributed to this
reduction in neural responsivity. Changes in the response of a neuron can also be
caused by lateral shifts in its contrast response function. This contrast gain control
results in altered perception via shifts in the response function of a neuron, and not
by a simple reduction in firing (Crowder et al., 2006). Unlike deleterious fatigue
where the firing of a neuron is reduced and the contrast response function is shifted
downward, the neuron can still achieve maximal firing even though it is in an
adapted state. A proposed mechanism that could account for both response gain
control and contrast gain control is a tonic hyperpolarization of the membrane
potential, which is associated with negligible change in synaptic input (Carandini
and Ferster, 1997; Sanches-Vives et al., 2000a,b). Electrophysiological studies in V1
have substantiated both reductions in dynamic range of a cell and reductions in
contrast sensitivity, but support for the latter appears to be more widespread (cat:
Dean, 1983; Crowder et al., 2006; macaque: Sclar et al., 1989). Similar to these
previous studies, our results support a lateral shift in a neuron’s response function,
which could act to center a neuron’s most sensitive range around the contrast of the
adaptor (Sclar et al., 1989; Bonds, 1991; Crowder et al., 2006). We saw a significant
lateral shift in cso values in the falling phase compared to the rising phase of our
ramp procedures. For the falling phase responses, cso values were always shifted

towards higher contrasts. In the symmetrical contrast ramps, the spatiotemporal
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location of maximum adaptation was often separated from the spatiotemporal
location of maximum firing. Under the assumptions of deleterious fatigue as a
source of contrast adaptation, the stimulus that caused maximum firing would also
be assumed to create maximum fatigue, and therefore adaptation. Because of the
differences in spatiotemporal locations between maximum firing and adaptation in
our data set our results do support deleterious fatigue, and may be better explained
by contrast gain control. Contrast gain control would presumably readjust a
neuron'’s sensitivity to contrast in order to center the dynamic range around the
average contrast of recently viewed stimuli (Kohn, 2007).

The characteristics of contrast adaptation have been studied at the cortical
level in various animal models, and have been described extensively in macaque V1
neurons (Sclar et al., 1989; Carandini et al., 1997; Sceniak et al., 1999) and cat V1
neurons (Maffei et al.,, 1973; Movshon and Lennie, 1979; Ohzawa et al., 1982;
Carandini and Ferster, 1997; Crowder et al., 2006), but only recently in mice (Niell
and Stryker, 2008; Stroud et al., 2012). Like in V1 neurons of other species, our
results appear to support a spatiotemporal filter for contrast adaptation in mouse
V1 neurons (Saul and Cynader, 1989b; Dhruv et al., 2011). The spatial filter we see
in mice could represent the different adaptable cell populations described by Dhruv
et al. (2011), and these cell populations appear to have different characteristics in
different species. In macaque and cat V1, neurons have been reported to show
stronger adaptation at high TFs (macaque: Dhruv et al.,, 2011; cat: Maddess et al,,
1988). We instead found that mouse V1 neurons appear to adapt more at high SFs.

Although there appears to be a species difference between adaptation
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characteristics of V1 cell populations in mice and macaques, the idea of separate
adaptable cell populations could still be tested in mice as long as these differences
are taken into account.

Assuming that contrast adaptation is beneficial to visual perception, there
must be a functional advantage provided by this phenomenon. One of several
proposed functional benefits of contrast adaptation is that lateral shifts in the
contrast response function would allow for neuron’s to maintain maximum
discriminability by shifting the most sensitive part of the response function to
correspond to the prevailing contrast (the adaptor; Kohn, 2007). Lateral shifts in cso
have been consistently substantiated physiologically in V1 neurons of various
species (cat: Crowder et al., 2006; macaque: Sclar et al., 1989; mouse: Stroud et al,,
2012). However, perceptual data from psychophysical studies that support
enhanced performance after adaptation is lacking, with inconsistent results
demonstrating only weak or no enhancement in performance (contrast: Barlow et
al,, 1976; Maattanen and Koenderink, 1990; Abbonizio et al., 2001; orientation:
Regan and Beverley, 1995; Clifford et al., 2001; Dragoi et al., 2002; motion: Clifford
and Wenderoth, 1999; Hol and True, 2001). The finding that contrast adaptation
appears to be stronger at higher SFs (than those that produce maximal firing) could
act to preserve visual acuity in the mouse, and for this species improved contrast
discrimination may depend on the spatial frequency of the adaptor. This perceptual
benefit may be more readily testable in mice, compared to larger mammals, because
of access to a combination of genetic, physiological, and psychophysical techniques

in this species.
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CHAPTER 4 CONCLUSIONS

Traditionally, cortical visual processing has been studied in non-human
primates and cats. The purpose of the research presented in this thesis was to
characterize spatiotemporal tuning and contrast adaptation in mouse V1 neurons.
Though mice have been historically neglected in vision research, the mouse model is
now becoming an attractive alternative to cats and primates due to the ability to
create conditional knock outs/ins, and genetically target specific cell types and
circuits. To make use of the mouse as a model of visual processing, we must examine
the basic visual properties of mice so that we can measure deviations from normal
functioning induced by genetic manipulation, and make comparisons to higher
mammals.

Probing the interaction between spatial and temporal frequency tuning in V1
neurons provides a strategy to characterize how aspects of the visual scene, such as
motion, are processed. We are able to test these interactions by examining the
selectivity of neurons to sine-wave gratings of different spatial and temporal
frequencies. A recent study using calcium imaging in mouse V1 has revealed that
neurons are not selective for stimulus speed (Andermann et al., 2011). Because this
finding is in opposition to what has been described in macaque V1, we were
interested in whether this result could be confirmed using standard
electrophysiological techniques such as those used to measure speed tuning in
macaque V1 (Priebe et al., 2006). In experiment 1, we used 36 different

spatiotemporal frequencies to obtain representative spatiotemporal profiles for
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mouse V1 neurons. Our results substantiate that any subset of neurons in mouse V1
selective for stimulus speed must be small. Consequently, our results do not support
a transformation carried out at the level of V1 neurons in mice that is later inherited
by extrastriate areas, such has been proposed in macaque (Priebe et al., 2006). In
mouse V1, the lack of inseparable spatiotemporal tuning observed in this study, and
also by Andermann et al. (2011), may support transformations carried out at the
level of PM, or multiple extrastriate areas, as there is still a discrepancy between the
spatiotemporal inseparability reported for area PM (Q =-0.36) and optomotor head-
tracking sensitivity to speed (Q =-0.12; Umino et al., 2008). Therefore, our results
support a qualitative difference between spatiotemporal transformations and
inseparability in striate areas of mice and macaque.

In experiment 2, we characterized the dependence of contrast adaptation on
spatiotemporal tuning in mouse V1. Single units were tested with a dynamic
contrast ramp, which allowed us to measure the dependence of adaptation on both
spatial and temporal frequency simultaneously. We showed that for most mouse V1
neurons there was a difference between the sine wave grating that elicited
maximum firing, and the sine wave grating that caused maximum adaptation, such
that adaptation was usually stronger at higher SFs. When adaptation was measured
in neurons using a test stimulus of the optimal spatiotemporal frequency, we saw
little difference between the grating that elicited maximal firing and the grating that
caused maximum adaptation. Our measure of contrast adaptation at each of 36
unique spatiotemporal combinations represents the most complete

parameterization of contrast adaptation in any species.
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