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Abstract

We report the results of extracellular single-unit recording experiments where we quantitatively
analyzed the receptive-field (RF) properties of neurons in VV1 and an adjacent extrastriate visual
area (V2L ) of anesthetized mice with emphasis on the RF center-surround organization. We
compared the results with the RF center-surround organization of V1 and V2 neurons in macaque
monkeys. If species differences in spatial scale are taken into consideration, mouse V1 and V2L
neurons had remarkably fine stimulus selectivity, and the majority of response properties in V2L
were not different from those in V1. The RF center-surround organization of mouse V1 neurons
was qualitatively similar to that for macaque monkeys (i.e., the RF center is surrounded by
extended suppressive regions). However, unlike in monkey V2, a significant proportion of cortical
neurons, largely complex cells in V2L, did not exhibit quantifiable RF surround suppression.
Simple cells had smaller RF centers than complex cells, and the prevalence and strength of
surround suppression were greater in simple cells than in complex cells. These findings,
particularly on the RF center-surround organization of visual cortical neurons, give new insights
into the principles governing cortical circuits in the mouse visual cortex and should provide
further impetus for the use of mice in studies on the genetic and molecular basis of RF
development and synaptic plasticity.

Keywords

receptive field; center-surround organization; surround suppression; visual cortex; mouse;
macaque monkey

INTRODUCTION

The mouse has been extensively used as a preferred model in visual neuroscience to explore
the molecular basis of visual cortical development and plasticity during periods of restricted
or altered vision (see reviews by Hensch (2005); Callaway (2005); Tropea et al. (2009)).
However, information on the quantitatively analyzed receptive-field properties of neurons in
the mouse primary visual cortex (V1) are sparse compared to other rodents such as rats
(Girman et al., 1999) and squirrels (Heimel et al., 2005; VVan Hooser et al., 2005) or highly
visual animals including cats and monkeys. Only recently, the availability of transgenic
mice and advanced imaging techniques led to renewed interest in the response properties of
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mouse visual cortex (Cang et al., 2008; Sohya et al., 2007). The comprehensive study of RF
properties of V1 neurons by Niell and Stryker (2008) has unambiguously demonstrated that
neurons in mouse V1 exhibit fine selectivity for spatial and temporal frequencies,
orientation, and direction of stimulus drift that are generally comparable to tuning in higher
species if spatial scales are taken into consideration. With silicon electrode arrays embedded
in V1, they were also able to reveal several response properties that are unique to a certain
group of V1 neurons (e.g., ‘putative’ inhibitory neurons) and clear laminar differences in the
RF properties of individual neurons.

The objectives of this study were three-fold. First, according to these investigators the
standard extracellular microelectrode recording using traditional single metal electrodes is
likely to severely bias sampling and therefore, may not be an adequate technique to be
employed for studies on signal processing in mice visual cortex. In this study, therefore, we
first determined whether the quantitatively analyzed RF properties of mouse V1 neurons,
revealed by our standard recording methods using single ‘traditional’ tungsten-in-glass
electrodes, are significantly different from those reported by Niell and Stryker.

In the primate visual brain, the great majority of V1 output is transmitted to V2 for
information processing. The majority of primate V2 neurons exhibit monocular and
binocular RF properties that are largely similar to those in V1, suggesting that the basic
mechanisms controlling information processing are similar in both areas for the majority of
neurons (Burkhalter and VVan Essen, 1986; Hubel and Livingstone, 1987; Maruko et al.,
2008; Sakai et al., 2006; Solomon et al., 2004; Zhang et al., 2005). Although the topographic
maps of mouse extrastriate visual areas are well explored (Kalatsky and Stryker, 2003;
Wagor et al., 1980; Wang and Burkhalter, 2007), we know nothing about information
processing in mouse V2. Therefore, we next examined whether the tuning properties of
extrastriate neurons (lateral V2 (V2L)) are similar to those in V1.

Cortical circuits known for mediating suppressive RF surrounds of individual neurons in
monkey V1 have been hypothesized to be associated with ocular dominance plasticity in V1
of mice (Hensch, 2005) and kittens (e.g. Trachtenberg et al, (2000)). However, the RF
center-surround organization of V1 or V2 neurons has not been explored in mice. Therefore,
we measured the receptive-field center and surround sizes, and the strength of surround
suppression by obtaining area-summation functions for individual neurons in mouse V1 and
in the adjacent V2L. The results in mice were compared with similar data obtained in the
same laboratory for macaque V1 and V2. Another motivation for studying the mouse RF
center-surround organization was that knowing the nature and the extent of RF surround
suppression should give novel information concerning the role of intrinsic long-range
connections in mouse visual cortex (Van Hooser, 2007) and/or feedback connections from
higher-order visual areas (Angelucci and Bullier, 2003; Bair et al., 2003).

We found that V1 neurons showed fine stimulus selectivity, as reported by Niell and Stryker
(2008), and that V2L neurons in mice had RF properties that were similar to those in V1
with few but significant exceptions. Although a larger proportion of units (mostly V2L
neurons) in mice did not have quantifiable surround suppression and fewer neurons in mice
exhibited robust surround suppression than in monkeys, the basic RF center and surround
organization of neurons in mouse V1 was qualitatively similar in both species. These results
suggest that the circuitry responsible for the spatial and temporal filter properties and the RF
center-surround organization of V1 and V2 neurons is designed with qualitatively similar
principles in mouse and monkeys.
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MATERIALS AND METHODS

Subjects

Preparation

All experimental and animal care procedures used in this study were approved by the
institutional animal care and use committee of the University of Houston and were in
compliance with the Guiding Principles for Research involving Animals and Human Beings.
Microelectrode recording experiments were conducted in anesthetized mice of the C57BI/6
strain ranging in age from 3 to 12 months (n = 8) and in anesthetized and paralyzed adult
monkeys (Macaca mulatta, n = 4). Mice were obtained from Harlan Sprague Dawley Inc.
(Indianapolis, IN) and were housed under a conventional 12h light / 12h dark schedule.

Mice were anesthetized with urethane (1.5 mg/g body weight, i.p.), and if necessary,
additional doses of 4-6 mg urethane were given to induce surgical anesthesia. A
tracheotomy was performed and a short plastic tube was inserted into the open end of the
trachea, just below the larynx. A larger plastic tube blowing 100% oxygen was placed in
front of the opening of the trachea tube enriching the inhaled room air with oxygen. The
animal’s core temperature was kept at 37.6°C. The animal was mounted in a custom-built
stereotaxic frame with the head held in place by two ear bars with fine tips (1.5 mm) and a
mouth bar that fixed the upper incisors. Two electrocardiograph leads were inserted
subcutaneously at the left and right side of the thorax to monitor the heart rate continuously
during the experiment enabling us to assess the depth of anesthesia, which is crucial for
obtaining good visual responsiveness. The animal’s corneas were protected from drying out
by regular application of a 1:1 mixture of mineral oil and Vaseline. With this procedure we
could maintain the reasonably good optical quality of the eyes. Since the nictitating
membrane in mice does not block the cornea under anesthesia and the residual eye drift
following urethane anesthesia (without paralysis) is virtually absent in mice, there was no
need to employ special procedures to control these potential issues of their physiological
optics. The ipsilateral eye was masked by a black cap over the eyeball and responses were
only recorded from the contralateral, right eye. A small (0.5 mm) craniotomy was performed
over the left hemisphere over the central region of V1. After the opening was made, the dura
mater was locally removed using a sharp scalpel. The exposed brain was covered with a
drop of mineral oil to prevent drying. Cardiac or respiratory pulsations of the brain surface
could not be observed when making these small craniotomies.

The surgical preparation and recording procedures for the monkey experiments were
described in detail elsewhere (Zheng et al., 2007). Briefly, the monkeys were initially
anesthetized with an intramuscular injection of ketamine hydrochloride (15 — 20 mg/kg) and
acepromazine maleate (0.15 — 0.2 mg/kg). A superficial vein was cannulated and all
subsequent surgical procedures were carried out with additional propofol anesthesia (4-6
mg/kg/h, as needed). A tracheotomy was performed to facilitate artificial respiration and,
after securing the subjects in a stereotaxic instrument, a small craniotomy and durotomy
were made over the lunate sulcus. A small plastic well was placed over the craniotomy and
filled with agar and melted wax. After all surgical procedures were completed, the animals
were paralyzed by an intravenous infusion of vercuronium bromide (Norcuron; 0.1 mg/kg/h)
and artificially ventilated with a mixture of 59% N,0, 39% O, and 2% CO». Anesthesia was
maintained by the continuous infusion of a mixture of Propofol (4 mg/kg/h) and Sulfentanyl
Citrate (0.05 pg/kg/h). Core body temperature was kept at 37.6°C. Cycloplegia was
produced by topical instillation of 1% atropine and the animals’ corneas were protected with
rigid gas-permeable, extended wear contact lenses. Retinoscopy was used to determine the
contact lens parameters required to focus the eyes on the stimulus screen. Additional
spectacle lenses were also used if necessary.

J Comp Neurol. Author manuscript; available in PMC 2011 June 1.
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Recording and visual stimulation

Tungsten-in-glass electrodes were used for isolating the activity of individual cortical
neurons. The impedance of our electrode (tip impedance of approximately 1MQ) was higher
than that of the silicon electrodes employed by Niell and Stryker (2008). We found that with
our electrodes, we could obtain both good isolation and excellent stability in mouse V1 and
V2 (as reported by many investigators in the visual cortex of higher species). The angle of
the penetration was about 45° to the surface (see Fig 1) because the vertically oriented
electrode entered the surface that had a slope of about 45° around the V1/V2L border. This
location of electrode penetration with respect to visual areas was determined according to
the published map of V1 and its adjacent visual areas, response properties of neurons and
histological examination of electrode tracks (Kalatsky and Stryker, 2003; Wagor et al.,
1980; Wang and Burkhalter, 2007).

V1 and V2L classification—For each mouse, we made one or two penetrations and
attempted to isolate a unit at about every 50 um (Fig 1). The majority of the neurons we
encountered were located either in the primary visual cortex (V1, Fig 1A) or in the lateral
V2 area (V2L, Fig 1B). Due to the anatomical organization of the mouse brain (Kalatsky
and Stryker, 2003;Van der Gucht et al., 2007;Wagor et al., 1980;Wang and Burkhalter,
2007) and the angles of our electrode penetrations, i.e., tangential to the cortical surface, if a
penetration was made near the border of V1 and V2L, neurons in the deeper layers were
identified as those from V2L by histological verification of the recording site (e.g., Fig 1B).
For all penetrations, each unit was assigned to either V1 or V2L based on the reconstruction
of the recording sites and the location of the V1/V2L border (Fig 1). Specifically, V1 could
be distinguished from V2L through its thicker layer IV, its more densely populated layers IV
and VI and a sublayer with lower cell density at the base of layer V that is less clear in V2L
(van Brussel et al., 2009). Importantly, the detection of the border was based on the sections
with a visible electrode track, and because of the occasional difficulty in precisely locating
the border on the sections with artifacts from the electrode tracks, we always analyzed a
series of adjacent sections, including those that were unaffected by electrode penetrations
(Fig 1C,D).

Action potentials were extracellularly recorded and amplified using conventional methods.
We searched for well-isolated units and if we encountered multiple units, we discriminated
responses from one unit using our standard methods. Our recordings started from the brain
surface and ended either when the electrode entered the white matter or the animal’s
deteriorated physiological situation precluded further recordings. Thus we typically sampled
through all layers of cortex with intervals of at least 50 pm between subsequent cells. For
mice, the center of the receptive field in the great majority of our units (78%) was located
within the central 20° of the center of the visual field, with only a few units as far out as 60°.
We did not find any systematic differences in the RF properties of mouse V1 or V2 neurons
as a function of eccentricity. This is not especially surprising considering the organization of
retina in rodents (Danias et al., 2002; Salinas-Navarro et al., 2009) and the median RF center
diameter of cortical neurons in our mice (28° in V1 and 42° in V2L). In monkeys, all
receptive fields were located within 6.0° of the projected fovea. There was no systematic
difference in their RF properties as a function of eccentricity except for slight increases in
the RF center sizes with eccentricity as previously reported (Cavanaugh et al., 2002).
Recorded action potentials were digitized at 25kHz, sampled at a rate of 140Hz (7.2 ms bin
widths) and compiled into peristimulus time histograms that were equal in duration to and
synchronized with the temporal cycle of the grating, by using data acquisition systems
(System-I1 and System-I11, Tucker-Davis Technologies, Alachua, FL).
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For mice, visual stimuli were generated using custom-developed stimulation software using
Matlab (The MathWorks, Natick, MA) and the Psychophysics Toolbox (Brainard, 1997;
Pelli, 1997). Stimuli were presented on an LCD monitor (frame rate = 60Hz, mean
luminance = 27 cd/m?, 1280 x 800 pixels, 83° x 61°) at a distance of 25 cm from the eyes
either perpendicular to the rostrocaudal axis of the animal for RFs at <30° from this axis, or
at an angle of 45° for RFs at >30°. This limited distortion of the visual stimuli for RFs at
higher azimuths. For monkeys, visual stimuli were generated on a monochrome CRT
monitor (VRG) with ultrashort persistence (frame rate = 140Hz, mean luminance = 50 cd/
m?2, 800 x 600 pixels, 20° x 15°) at a distance of 114 cm, using custom made software.

Data analysis

For mice, receptive fields were first mapped on the tangent screen using moving dark edges.
The receptive-field properties of individual neurons were quantitatively analyzed by
showing drifting sinusoidal gratings that covered the entire monitor (83° x 61°) with a
temporal frequency of 3Hz and a contrast of 99%. Stimulus presentations were interleaved
with blank gray screens of mean luminance (27 cd/m?2) to determine the spontaneous activity
of the neuron. Spontaneous activity was subtracted from visually evoked responses before
tuning curves were analyzed. In all tests, stimulus conditions were shown twice for 10
cycles (3s at 3Hz) in random order and interleaved with >3s of gray background.

For each unit, the orientation tuning was first determined by showing 12 equally spaced
different directions of drifting sinusoidal gratings with a spatial frequency near their optimal
(around 0.02 c/d — 0.06 c/d). At the preferred orientation/direction of each cell, the unit’s
spatial frequency tuning was determined by presenting drifting sinusoidal gratings with 11
different spatial frequencies, ranging from 0.002 c/d to 1.6 c/d. At the optimal orientation
and spatial frequency of each unit, we determined the temporal frequency tuning by varying
stimulus temporal frequency in 6 steps between 2 and 15Hz. With gratings optimized for the
spatial and temporal properties of each unit, its contrast-response function was obtained by
varying stimulus contrast between 2.0% and 99%.

To measure the size tuning of the unit, the position of the receptive field center was initially
determined using small moving dark edges, fine tuned by locating the position on the
monitor screen where a small circular optimized drifting sinusoidal grating (usually around
10° diameter) produced the strongest response. At this position the size tuning experiment
was performed by varying stimulus size in 16 steps from 1° to 70° in diameter and keeping
all other stimulus parameters optimal for each cell. If the size tuning curve indicated that
stimuli were not centered on the receptive field (e.g., the rising portion of the size tuning
function was shifted to the right (higher values) on the x-axis and the rising portion of the
function had a uncommonly steep slope), we located the central point of the RF center and
the size tuning experiment was repeated until we found the exact position of the RF.

The characterization of these receptive field properties for a given unit took about 40 to 60
min. In some cases, units could not be kept stable to complete all measurements (resulting in
the number of sample units for various measurements to be different). In some units, the
high degree of spontaneous activity, low response rate or intermittent bursting responses
precluded an accurate determination of the center of the receptive field, preventing the
execution of the size tuning experiment. TF tuning experiments were performed in 5 of the 8
mice.

For monkeys, receptive fields for both eyes were mapped using handheld stimuli and
receptive field characteristics were determined by recording responses to high-contrast
(80%) sine wave gratings (about 1.0° in diameter) drifted at 3.1 Hz in the unit’s preferred
direction. Receptive field characteristics were analyzed for both eyes, but the data for the
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dominant eye were used for comparisons in this study. Most stimulus paradigms were
similar to those of mice, except that 5 cycles of each sinusoidal grating were shown and the
recording range for the stimuli was different. For spatial frequency tuning, 12 different
stimuli were shown ranging from 0.2 to 16 c/d. Stimulus temporal frequencies ranged from
0.8 to 51.2Hz in octave steps. Contrast was varied between 1 and 80% and stimulus size
between 0.13° and 10° in diameter.

Cell classification—Cells were classified as simple or complex on the basis of the
temporal characteristics of their response to drifting sine wave gratings of the optimal
orientation and spatial frequency (Skottun et al., 1991). For simple cells, the amplitude of
the first harmonic component (F1) was used as the response measure and for complex cells,
the amplitude of the DC component (the average discharge rate) was used for all analyses.
We used the F1/Fq ratio for cell classification, i.e. neurons with a F1/Fq ratio > 1 were
classified as simple cells and units having the F1/Fq ratio < 1 as complex cells. In some
cases, we encountered episodic bursting that contaminated the DC component of the cells
responses. If clear response modulation in the PSTH was observed, the F; component of
these cells was then used for further analysis of the units’ tuning properties. All curves were
fit using a least squares minimalization algorithm.

Orientation tuning—The preferred orientation and bandwidth for each unit was
determined by fitting the orientation tuning functions with wrapped Gaussian functions
(Swindale, 1998)

R(0)=m), Z:z:exp[(f) — my+180m)%/(2m2)]

Where 6 is orientation, mq is amplitude, my is preferred orientation and mg is SD of the
Gaussian function. Bandwidth was calculated by measuring the half width at the half height.
To determine the unit’s selectivity for stimulus orientation/direction we calculated direction
and orientation selectivity indices (DSI and OSI). To obtain OSI, we used the following
equation,

OSI= (Rpref - Rortho)/(Rpref+R0nho)

where Rprer is the peak response in the preferred orientation, and Roytho is the response in the
orientation orthogonal to the preferred orientation (Niell and Stryker, 2008). Circular
variance (CV) was calculated by the following equation:

CV:I(Z reei20ky/ Z Iy

where ry is response amplitude, 0y is angle ranged from 0 to 360 degree. It is important to
note that the orientation tuning properties of a given neuron could differ depending on which
of these three methods were employed to analyze our data, i.e., OSI, bandwidth, or circular
variance. The orientation selectivity measured with OSI and bandwidth methods is likely to
be similar. However, circular variance takes responses of a neuron to all stimulus
orientations. Consequently, the orientation selectivity of a cell where the cell has clear peak
responses at its preferred orientation but responds with low firing rates to many other
orientations tends to give a relatively higher circular variance values. These mild responses
at non-preferred orientations do not substantially affect the OSI or bandwidth values in most
units while they influence circular variance values.

J Comp Neurol. Author manuscript; available in PMC 2011 June 1.
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DSI was calculated from the fitted function using DSI=(Rpres — Ropposite )/ (Rpref +Ropposite )
where Rprer is the response in the preferred drift direction, and Ropposite IS the response in the
opposite direction (Niell and Stryker, 2008).

Spatial frequency tuning—Each cell’s optimal spatial frequency, spatial resolution and
bandwidth were determined from the fitting of the spatial frequency response data with a
Gaussian function (DeAngelis et al., 1993)

R(sf)=m;exp[ (sf — mp)*/(2m3)]

where sf is spatial frequency, m4 is amplitude, my is optimal spatial frequency and ms is SD
of the Gaussian function. Spatial resolution was determined by locating the highest spatial
frequency where the fitted response level dropped to the rate of spontaneous activity. For
those units that had no spontaneous activity, we located the highest spatial frequency where
the fitted response level dropped to zero.

Based on the fitted function, the left branch of the curve from 1/16 of the optimal spatial
frequency to the optimal spatial frequency (optSF) was used to calculate the Low Spatial
Frequency Variance (LSFV) by the following equation (Xing et al., 2004):

SF
opisi/16 [T R(E) - (log(sf) — log ¢ (0ptSF))? - dlog(sf)

LSFV= SF
optsE/16 [ R(sf) - dlog,4(sf)

Temporal frequency tuning—The temporal frequency response data were fitted with a
Gaussian function described below from which we determined the optimal temporal
frequency, temporal frequency resolution and bandwidth (DeAngelis et al., 1993).

R(tf)=mexpl (tf — m2)*/(2m3)]

where tf is temporal frequency, mq is amplitude, my is optimal temporal frequency and ms is
SD of the Gaussian function. Temporal resolution was determined by locating the highest
temporal frequency where the fitted response level dropped to the rate of spontaneous
activity.

Contrast sensitivity—Contrast response curves were fitted with the nonlinear Naka-
Rushton equation (Albrecht and Hamilton, 1982; Naka and Rushton, 1966)

R(C)=gC"/(C5,+C")

where g is the gain, Cgg the contrast at mid-saturation and n the exponent. To prevent
overestimation of the contrast sensitivity of the unit, responses that were lower than 2 times
the standard error of the spontaneous activity level after subtracting the spontaneous activity
were assigned to zero, before fitting with the Naka-Rushton equation.

Size tuning—Size tuning curves were fitted with the following formula (Cavanaugh et al.,
2002; Zhang et al., 2005): R(x) = KcLc(X)/[1 + KsLs(X)]; Le(X) = [We % erf(x/wg)]?; Ls(x) =
[ws x erf(x/ws)]2. x is the stimulus diameter, K. and K are the gains of the center/surround,
and L and Lg are the summed squared activities of the center/surround mechanisms. The
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spatial extents of the center/surround components are represented by w; and ws. During
curve fitting we always constrained functions so that w; < wg. Based on the area-response
function of each unit, we determined the extent and size of the RF center, defined as the area
in which the smallest circular grating produced the maximum response. The RF surround
size was determined by locating the point in the fitted function at which further increases in
stimulus diameter did not alter response amplitude, i.e., at the asymptote response (Fig 6C).
The asymptotic point was defined as the point of the function where a one-degree increment
of stimulus diameter failed to alter the response rate by 5%. The suppression index (SI),
which expresses suppression as a fraction of the peak firing rate, was calculated from the
fitted curve with the following equation:

SI:(Ropt - Rsupp)/Ropt

where Ropt is the peak response rate and Rgypp is the response rate at the outer edge of the
RF surround, i.e., beyond which stimulation with larger stimuli does not significantly
change the response rate.

Statistics—Because the majority of response properties were not normally distributed, we
used median values to evaluate overall tuning and Kruskal-Wallis rank test was applied in
order to test the significance of differences unless specified otherwise.

At the end of each penetration, two small electrolytic lesions (10s, 5pA, electrode negative)
were made along the electrode track. The animals were given an overdose of sodium
pentobarbital (Nembutal) and perfused transcardially with 0.1M phosphate buffered saline
(PBS, pH 7.4) followed by 4% paraformaldehyde. For monkeys, frozen sections were made,
while for mice 50um-thick Vibratome sections were cut, and stained with Nissl substance
following standard procedures. Photographs of the histological patterns were obtained with a
Zeiss Axio-Imager equipped with a Zeiss Axiocam. Brightness and contrast were adapted
using Adobe Photoshop CS2. Recording sites were reconstructed based on the position of
the electrolytic lesions and the recording depths along the electrode track (Fig 1).

We quantitatively analyzed the receptive-field properties of 96 neurons (69 in V1 and 27 in
V2L) in 8 mice. In addition, we obtained comparable data from 203 units (96 in V1 and 107
in VV2) from 4 macaque monkeys in order to gain insights into possible species differences in
the RF center-surround organization. While these results on the RF center-surround have not
been published, the data from monkeys on the orientation/direction selectivity, the spatial
and temporal frequency tuning properties and contrast sensitivity have been published
elsewhere (Maruko et al., 2008; Zheng et al., 2007)(see Table 1 for summary).

Each neuron was classified as a simple or complex cell on the basis of the temporal
characteristics of their responses to drifting sine wave gratings of the optimal orientation and
spatial frequency, i.e., by calculating F1/Fq response ratios (Skottun et al., 1991). The
distribution of F1/Fg ratios was bimodal for V1 as reported in other rodents and higher
mammals (Fig 2A). However, in V2L, only 4 out of 27 units (15%) were classified as simple
cells (F1/Fq ratios >1.0) whereas 26 out of 69 units (38%) in V1 were identified as simple
cells (Fig 2A). The proportion of V1 simple cells in this study was lower than that reported
by Niell and Stryker (2008) (49%), but higher than the ratio found in V1 of grey squirrel
(26%) (Heimel et al., 2005). The difference in the proportion of simple vs. complex cells
between V1 and V2L is significant (Chi-square test, p <0.03). Although the median F1/Fg
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ratio of V1 neurons in layer IV was higher than those in layers I1-111 or layers V-VI, these
differences were not statistically significant (Fig 2B).

Spatial and temporal tuning and contrast sensitivity

The neuron’s selectivity to stimulus orientation, spatial frequency, temporal frequency and
contrast were quantitatively determined using drifting sinusoidal gratings that extended over
the entire screen from which the optimal stimulus values were extracted for each unit. Figure
3 illustrates representative tuning functions of V1 and V2 neurons for stimulus orientation,
spatial and temporal frequency and contrast. These cortical neurons were remarkably well
tuned to each stimulus parameter and the tuning characteristics were remarkably similar
between V1 and V2.

Orientation/direction selectivity—To analyze orientation/direction selectivity across
our cell population, we calculated the orientation selectivity index (OSI) and direction
selectivity index (DSI)(Niell and Stryker, 2008). The overall selectivity for stimulus
orientation was quite high in V1 as reported by Niell and Stryker (2008), and the median
OSI was similar for V1 and V2L neurons (0.90 for V1 and 1.0 for V2L) (Fig 4A). The range
of orientation bandwidth (half-width at the half-height) was broad for both V1 and V2L
neurons, spanning from only several degrees to over 90 degrees. The median bandwidth
(half width at half height) was relatively narrow for both V1 (21.3°) and V2L units (14.6°)
(Fig 4B). The average bandwidth of orientation selective V1 units (22.2°) was similar to the
mean value found by Niell and Stryker (2008). Although some units showed elevated
responses to one direction and not to an opposite direction, the median DSI was rather low
(Fig 4C), indicating that most units were not sensitive to the direction of stimulus drifts. The
distribution here is similar to that reported by Niell and Stryker (2008). The median DSI for
V1 units (0.22) was better than that for V2L units (0.16) but this difference was not
statistically significant (p > 0.4). Importantly, there were no significant differences in
orientation/direction tuning between V1 and V2L neurons.

Spatial frequency—Our population analysis on the SF tuning showed that the median
optimal SF for V1 units (0.04 c/d) was similar to that of V2L units (0.03 c/d)(Fig 4D). Also
the median spatial resolution of V1 units (0.15 c¢/d) was similar to that for V2L neurons
(0.13 c/d) (Fig 4E). Although some neurons responded preferentially to lower spatial
frequencies, these neurons were relatively well tuned and displayed band-pass
characteristics (Fig 4F). Only 29% of all units were classified as ‘low-pass’ units. The
median bandwidth for V1 neurons was 2.97 octaves while it was 2.48 octaves for V2L
neurons. The difference was not statistically significant (p = 0.30). The mean optimal SF
(0.04 c/d) and bandwidth (2.38 octaves) of V1 units were nearly identical to those
previously reported (Niell and Stryker, 2008).

As in monkey V1, the SF bandwidth was strongly correlated with the low spatial frequency
variance (LSFV) of V1 and V2L neurons, a measure of the degree of response attenuation at
lower spatial frequency (Xing et al., 2004) (Fig 5A). Importantly the LSFV values are also
correlated with circular variance, a measure of global orientation tuning of simple and
complex cells (Fig 5B). These results suggest that ‘global’ inhibition plays a significant role
in spatial frequency and orientation tuning of neurons in mouse V1 and V2L, as suggested
for macaque V1 (Xing et al., 2004).

Temporal frequency—The median optimal temporal frequency was 3.4 Hz for V1 units
and 3.0 Hz for V2 neurons (Fig 4G). This small difference between V1 and V2L was not
significant (p > 0.2). Interestingly, the median temporal resolution of V2L neurons (24.9 Hz)
was significantly higher than that for V1 neurons (12.2 Hz)(p = 0.01). The temporal
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resolution of V1 neurons was similar to but lower than the median temporal high-frequency
cut-off of grey squirrels (Heimel et al., 2005) or rats (Girman et al., 1999). A relatively large
proportion (37%) of all units exhibited low-pass tuning characteristics because their
responses did not drop below half the maximum firing rate at the lowest temporal frequency
tested (2 Hz). More importantly, 75% of V2L units had low pass tuning. The prevalence of
low-pass cells might have been less if we used stimuli with lower temporal frequencies.
Among units with *band pass’ tuning, the mean bandwidths were 1.97 octaves for VV1 and
1.71 octaves for V2L neurons, and there was no statistical difference between V1 and V2L
(p > 0.7)(Fig 41). However, if units with a low-pass characteristic are included in these
comparisons, there was a significant difference between VV1 and V2L (p < 0.04).

Contrast—All contrast versus response data could be adequately fitted with a Naka-
Rushton equation (a hyperbolic function). The Csg of this equation is the mid-saturation
contrast, reflecting the overall sensitivity of the unit to stimulus contrast while the exponent
n indicates the steepness of the function. The contrast sensitivity is the reciprocal of
threshold stimulus contrast at which a unit still fired above the spontaneous firing plus two
standard errors. Both the Csq and contrast sensitivity of these units indicated that neurons in
mouse visual cortex require high contrast gratings to reliably initiate responses above noise.
The median Cgg was 49.0% for V1 units and 53.9% for V2L neurons while the median
contrast sensitivity was 4.1 for both V1 and V2L (Figs 4J and 4L, respectively). The range
of Cgg and contrast sensitivity among units was large, e.g., contrast sensitivity ranged from
very sensitive (sensitivity > 100) to nearly insensitive (sensitivity < 2, indicating a contrast
threshold > 50%). While the majority of V1 and V2L units had Csq values in a higher range,
up to 26% of both V1 and V2 units were observed having a Csg > 100% (i.e., showing no
signs of saturation). For the calculation of the median Csgg values, these units were excluded.

The median slope of the contrast response functions (the exponent n) was 1.9 for V1 units
and 2.4 for V2L neurons (Fig 4K). The spread of exponent values was very large, with a
sizeable number of units with exponent > 10, indicating that these units did not exhibit
contrast saturation. There were no significant differences between V1 and V2L (p > 0.3).
The Cgp, n, and sensitivity values of V1 neurons were generally similar to those for rat and
grey squirrels (Girman et al., 1999;Heimel et al., 2005). However, the Csg value of mouse
V1 reported by Niell and Stryker (2008) was about one-half of the median Cg of this study.
Taken together, our data in mouse V1 were generally consistent with the comparable data
from the previous studies in mice, rats and squirrels, and the temporal resolution was the
only tuning property that significantly differed between V1 and V2L in mice.

Simple vs. complex cells—Next, we asked whether these tuning properties differ
between simple and complex cells in V1 and V2L because this issue has never been
explored in mouse V1 (Fig 6). Since there were only 4 simple cells in V2L, we did not
segregate V1 and V2L data. Although there were small differences in several tuning
properties (e.g., OSI, DI, SF bandwidth, optimal TF, TF bandwidth, Csq, and contrast
sensitivity), none of these differences reached statistical significance except that the optimal
spatial frequency and the spatial resolution of complex cells were significantly higher than
V1 simple cells (p < 0.05).

Layer differences—Previous studies of rodent’s V1 reported that many response
properties of individual neurons vary considerably between the upper (11-111) and the lower
(V-VI) layers (Girman et al., 1999; Heimel et al., 2005; Niell and Stryker, 2008). Therefore,
we segregated V1 units into three groups (the most frequently employed method in the
literature), those belonging to layers Il - 111, layer IV, and layers V - VI, and compared the
tuning properties (Fig 7). Despite some mild layer differences that are consistent with
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previous reports (e.g., OSI, orientation bandwidth, and SF bandwidth), there were no
significant differences for any RF property.

Spontaneous activity, peak firing rate and tuning properties—The spontaneous
and peak firing rates of our V1 and V2L units were substantially higher than those
previously reported for rodents (e.g. (Girman et al., 1999; Heimel et al., 2005; Niell and
Stryker, 2008))(Figs 7G, 7H, 8A and 8B). It is important to note that the peak firing rate
here, as in all other measurements of tuning properties, represents the response rate after
subtracting spontaneous firing rate from the recorded response rate for each unit. In contrast
to the previous studies in mice, rats, and squirrels where neurons in the upper layers have
lower spontaneous firing rates than in the lower layers, we did not find similar layer
differences (Fig 7G). Therefore, we first compared the peak firing rate of each cell as a
function of its spontaneous firing (Fig 8C). We found a relatively strong correlation between
the peak firing rate and noise (r = 0.71, p < 0.001). Thus, signal processing was not likely to
have been affected by the presence of moderately high spontaneous activity. To further
examine the effects of spontaneous activity, we compared the tuning properties of neurons
as a function of their spontaneous activity level. Each neuron was divided into three
categories according to its spontaneous firing (SP), low SP (SP < 1.0/spike/sec), Medium SP
(1.0 < SP < 10 spikes/sec), and High SP (> 10 spikes/sec). The median tuning properties are
illustrated for each of the three categories of neurons in Fig 8D-0O. Except for DSI in V1,
there was no significant difference in tuning properties between cells with low, medium, and
high spontaneous activity.

Size tuning and RF center-surround organization

We characterized the receptive-field center-surround properties of V1 and V2 neurons by
measuring the response amplitude of each unit as a function of the diameter of drifting
sinusoidal gratings optimized for orientation and spatial frequency. Stimulus contrast was
kept at 99% and temporal frequency was set at 3 Hz. The results from mice were compared
to those obtained in 4 macaque monkeys. The data on the area summation functions for
monkey V1 (n = 96) and V2 (n = 107) were newly acquired and were never used in any
previous publications although similar data were published in separate publications (Zhang
et al., 2005). Units in monkey V1 and V2 were encountered around the V1 and V2 border
posterior to the lunate sulcus and their RFs were located within 6° of the foveal
representation. Size tuning functions were fitted with a ratio of Gaussians (Cavanaugh et al.,
2002).

The most important discovery was the overall similarity in the RF center-surround
organization of V1 neurons between mice and monkeys. Figure 9 illustrates examples of the
size tuning functions of V1 (Fig 9A-D) and V2 (Fig 9E-H) neurons from mouse and
monkey. In V1 and V2 neurons of both species, the discharge rate was very low for the
smallest patches and monotonically increased with expansion of stimulus diameter, up to a
point beyond which further increases in stimulus diameter resulted in suppression of the
center responses (e.g. Fig 9A) or in further increase of neuron’s response rate (e.g. Fig 9B).
In some units in mice, responses kept increasing with stimulus diameter up to the largest
stimuli we could present (70°). However, we encountered more units that exhibited clear
surround suppression than those without surround suppression in both mice and monkeys.

RF center size—The RF center size (diameter) in mice was about 20-30 times larger than
in monkeys. The median RF center size in monkeys was 1.29° for V1 and 1.58° for V2
neurons, while the median center size in mice was 28.9° for V1 and 41.9° for V2L units (Fig
10A and 10E). The differences in the RF center size between V1 and V2 in mice and
monkeys were significant (p < 0.02 for mice and p < 0.01 for monkeys). Interestingly the
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difference in RF center size between simple and complex cells was much greater in mice
than in monkeys (Fig 11A and 11E). The median center size for simple cells in mice was
21.3° whereas for complex cells it was 37.0°. This difference was significant (p < 0.001). In
monkey V1, the median center size for simple cells was 1.18° and it was 1.3° for complex
cells (p =0.9).

RF surround size—In those units that had a suppression index (SI) greater than 0.10, we
determined their surround sizes. The median RF surround size was over 10 times larger in
mice than in monkeys. Specifically, the median surround size of V1 neurons in mice was
92.5° and it was 93.3° for V2L neurons compared to 8.3° for V1 and 7.56° for V2 in
monkeys (Figs 10B and 10F). The median surround size for simple cells was 90.9° while it
was 94.2° for complex cells in mice compared to 8.3° for simple and 7.6° for complex cells
in monkeys (Fig 11B and 11F). Note that the surround size for mice was estimated from fit
functions up to 100° in diameter and that over 40% of all units from mice had no measurable
RF surround.

Although the RF center and surround sizes were very large in mice, species differences in
the proportionality of surround versus center size were not as large as differences in
measured absolute size values (Figs 10D and 10H). Specifically, we found that the median
surround/center ratio was 3.27 for V1 and 2.67 for V2L in mice, whereas the median ratio in
monkeys was 5.86 for V1 and 4.43 for V2. Interestingly, the median surround/center size
ratio in mice was 3.37 for simple cells and 3.05 for complex cells, whereas in monkeys the
median ratio was 5.86 for simple cells and 5.77 for complex cells. The largest surround /
center ratio were 7.51 for mice and 21.04 for monkeys. The range of the surround/center
ratios was far greater in monkeys than in mice largely because there were many more units
with very high ratios (e.g., ratios > 10) in monkeys than in mice (Fig 10H). Those units in
monkeys with very high surround/center size ratios and large Sl values were V2 neurons
that had very small RF centers with exceptionally large surrounds and nearly complete
surround suppression (SI > 0.9)(e.g., “special units’ in Zhang et al. (2005)). These
differences between the two species appear to reflect the species difference in their retinal
organization (i.e., fovea in monkeys vs. crude retinal streak in mice).

Surround suppression—The overall strength of surround suppression in mice was not
as strong as in monkeys (Fig 10C and 10G). Only 16% of all units in mouse visual cortex,
compared to 57% in monkeys, exhibited moderate to strong surround suppression (SI > 0.5).
More importantly, there was a clear-cut difference in the strength of surround suppression
between V1 and V2 in mice (Fig 10C) while we did not find similar differences between V1
and V2 in monkeys (Fig 10G). Also simple cells in mouse visual cortex (median SI = 0.38)
had much stronger surround suppression than complex cells (median SI = 0.11)(Fig 11C and
11D). This difference was statistically significant (p < 0.001). In monkeys, there were no
differences in median Sl between simple cells (0.62) and complex cells (0.59). The
differences in Sl values between mice and monkeys were highly significant for both simple
and complex cells (p < 10°4).

In monkey V1 and V2, neurons with smaller RF centers are likely to exhibit a higher degree
of surround suppression and there was moderate negative correlation between the RF center
size and the strength of surround suppression both in mice (r=0.63) and monkeys (r = 0.50)
(Fig 12A). The strength of surround suppression was mildly but positively correlated with
surround size both in mice (r = 0.45) and monkeys (r = 0.47)(Fig 12B). Importantly, there
was a strong positive correlation between the strength of surround suppression and the
surround/center size ratio of individual neurons that was qualitatively similar in mice (r =
0.73) and monkeys (r = 0.80)(Fig 12C). These results reinforce the notion that the RF
center-surround organization of V1 and V2 neurons in mouse and monkey visual cortex is
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fundamentally similar except for the strength (and the presence/absence) of surround
suppression.

Layer differences—For both mice and monkey, we compared the center-surround
organization of V1 and V2 units across three groups, those belonging to layers 11 - 111, layer
IV, and layers V - VI (Fig 13). While in monkeys, some center-surround properties were
clearly different from layer to layer (surround/center size ratio in V1 and V2, p < 0.01;
center and surround size in V2, p < 0.05; suppression index in V1, p < 0.05), no significant
differences were observed in mouse V1 or V2L, with the exception of a somewhat larger
center size in the upper layers of V1 (p < 0.05).

DISCUSSION

The most important finding of this study was that the receptive-field center-surround
organization of V1 neurons in mouse visual cortex is qualitatively similar to that in macaque
monkeys. We found that the majority of V1 neurons have a large area outside of the classic
RF where stimulation causes suppression of the RF center responses. As in higher species
(e.g. (Cavanaugh et al., 2002; Walker et al., 2000), the RF center and surround mechanisms
can be well described by a ratio of Gaussians (Cavanaugh et al., 2002). Another important
finding was that the RF properties of V2L neurons in mice were qualitatively similar to
those in V1, paralleling the overall similarities in the RF properties of macaque V1 and V2
neurons (Maruko et al., 2008; Zhang et al., 2005; Zheng et al., 2007). The notable difference
between the two species was that unlike in the primate V2, the RF surround of V2L neurons
in mice was much weaker or absent in the great majority of our sample neurons, and that the
proportion of simple cells was remarkably low in V2L.

Comparison with previous studies in rodents and methodological consideration

Comparison to previous studies in mice—Despite substantial differences in
recording methods, the results of this study mostly agree well with the findings from the
recent comprehensive study that uncovered remarkably sharp tuning of mouse V1 neurons
(Niell and Stryker, 2008). As briefly mentioned in the result section, the RF size is very
similar between the two studies (see below). The overall orientation tuning (OSI or
bandwidth) was nearly identical between the two studies. The median optimal spatial
frequency for our population of cells are very similar to that in mouse V1 (Niell and Stryker,
(2008) and the mouse LGN (Grubb and Thompson, 2003), and the spatial frequency
bandwidth in this study was comparable to the bandwidth reported by Niell and Stryker.

However, there were notable differences in some RF properties between this and previous
studies. For example, the study by Niell and Stryker revealed many qualitative differences in
tuning properties between V1 units in layer 5 and those from other layers. We did not find
similar differences although the great majority of neurons in our layers VV-VI came from
layer V (Fig 7). It is worthwhile to note that the nature and extent of laminar differences in
tuning properties vary widely between species, and also within species in different studies
(Heimel et al., 2005;Van Hooser, 2007). For example, the spontaneous firing rate of this
study was considerably higher than that in mice (Niell and Stryker, 2008) or in grey
squirrels (Heimel et al., 2005), but similar to that in rat V1 (Girman et al., 1999). The
optimal temporal frequency in this study (3.0-4.3 Hz) was moderately higher than the peak
temporal frequency (1.5-2.0 Hz) found in V1 (Niell and Stryker, 2008), lower than in grey
squirrels (5.3 Hz) (Heimel et al., 2005), but was similar to that in rat V1 (Girman et al.,
1999) and the LGN neurons in mice (Grubb and Thompson, 2003).

Importantly we observed significantly higher Csq values (median Csg = 39.8% — 46.3%)
than earlier studies in mouse V1 (around 20%)(Niell and Stryker, 2008), in squirrel V1
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(35%)(Heimel et al., 2005) or dLGN (also around 35%)(Grubb and Thompson, 2003), but
our values on Csq were similar to the mid-saturation value found in rat V1 (Girman et al.,
1999). Moreover, about 26% of all mouse units exhibited no saturation (100% in Fig 4J and
6J). This represents a novel finding in that V1 units exhibiting no or little contrast saturation
are very rare in cats and monkeys (e.g., (Ohzawa et al., 1985; Sclar et al., 1990; Zheng et al.,
2007), while they are commonly found in the LGN of these animals (Ohzawa et al., 1985;
Sclar et al., 1990).

The source of the apparent differences in Cgg for mouse V1 is unclear. The data on Csg in
Niell and Stryker’s study were based on a much smaller sample size (n = 32) than ours (n =
97) and our data showed a wider range of Cgq values. Moreover, the higher Csg values of
our V1 units would predict lower n values (the slope of the contrast-response functions).
However, the median n-value of V1 in this study was 2.21, which is nearly identical to 2.4 in
Neill and Stryker’s study. Another unusual nature of their data on contrast sensitivity is that
their median Cgq (19.8%) is nearly identical to the median Csg value (18.6%) we found for
macaque V1 (Zheng et al., 2007). This implies that mouse V1 is as sensitive to stimulus
contrast as macaque V1. Considering the qualitative differences in the anatomy and
functional organization of the retina between mice and monkeys described earlier, these
similarities in contrast sensitivity of V1 for the two species are difficult to explain.

Finally, despite substantial differences for a couple of response properties between this and
previous study in mouse V1 (e.g., contrast and spontaneous activity) and many advantages
of employing the multielectrode array to study information processing in mouse V1, the
present study demonstrated that the use of single metal electrodes in a conventional
extracellular single-unit recording setup is more than adequate to generate useful data for
developmental and other studies on information processing in mouse visual cortex.

Comparisons of stimulus selectivity between mice and monkeys

What can we conclude regarding the information processing of V1/VV2 neurons between
mice and monkeys? Table 1 summarizes the mean (z se) values of the major RF tuning
properties of V1 and V2 neurons for the two species. As expected, a robust species
difference was found for the optimal spatial frequency and spatial resolution. Another
obvious species difference was found for contrast sensitivity both in V1 and V2. As will be
discussed below robust quantitative species differences were found for the center-surround
organization. However, the spatial frequency bandwidth, expressed in relative term
(octaves), was similar for both V1 and V2 in these two species. Also the orientation
bandwidth was similar in mice and monkeys. These relatively fine orientation and spatial
frequency tuning properties of mouse V1 neurons raise an interesting point. Rodent’s V1 is
known to lack the kind of columnar organization that is present in cats and monkeys
(Antonini et al., 1999;Hubener, 2003). This appears to suggest, therefore, that the orientation
and spatial frequency columns may not significantly contribute in determining the degree of
tuning in individual neurons. However, the more subtle contributions of intrinsic long-range
axons in e.g. cats and monkeys that interconnect the orientation columns of similar preferred
orientations have been amply demonstrated (Bosking et al., 1997;Gilbert and Wiesel, 1989).

RF center-surround organization of V1 and V2 neurons in mice and monkeys

The present study represents the first and only attempt to characterize the tuning properties
of V2 neurons and the RF center-surround organization of V1 and V2L neurons in mice.
Neurons that exhibit ‘length-summation’, ‘end-stopping’, and length tuning have been
qualitatively described in squirrel (Van Hooser et al., 2006) and rat V1 (Girman et al.,
1999). We found overall similarities in the center-surround organization of VV1 neurons
between mice and macaque monkeys if spatial scales are taken into consideration.
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Center size—The RF center sizes found in this study (median size of 21.3° for simple and
37.0° for complex cells) are generally similar to that reported by Wang and Burkhalter
(2007) (mean size of around 20°), but appear to be much larger than that reported by Niell
and Stryker (2008) for V1 (mean size between 5° and 12° depending on cortical layers with
the overall mean size of about 7°). However, if the RF center size reported by Niell and
Stryker (2008)(i.e., ‘radius at half-height for the Gaussian fit response profile’) were to be
multiplied by a factor of 4 in order to make measurements in these studies ‘comparable’,
that would bring the mean center size of V1 neurons in their study to about 28° in diameter.
Thus, the center sizes reported in the two studies are consistent. Interestingly, all earlier
studies where classic RFs were mapped for V1 units with hand-held stimuli reported
considerably smaller RF sizes than those described above (Drager, 1975; Mangini and
Pearlman, 1980; Metin et al., 1988; Simmons and Pearlman, 1983). However, the RF size,
determined qualitatively by hand-held stimuli, is known to be much smaller than that
measured with drifting sine wave gratings in monkeys ((De Valois et al., 1985) and in cats
(Walker et al., 2000).

Surround size and suppression—One of the more obvious differences between mice
and monkeys was that slightly over 40% of units in mice (mostly complex cells), as opposed
to only 4% in monkeys, did not have suppressive surrounds, and the median size of
suppressive surround in both simple and complex cells in mice had diameters exceeding 70°.
Many of those units with no surround in our study were identified as V2L neurons (Fig 1).
This finding in V2L neurons in mice is very different from the RF surround of V2 neurons
in macaque monkeys where surround suppression is highly prevalent and robust (Zhang et
al., 2005). It is important to remember that because of the limitation imposed by the size of
our monitor screen (83° x 61°), we could not determine the surround size beyond 100° even
using our fit area summation functions. Consequently, the surround size and the strength of
surround suppression (SI) in mouse visual cortex, in particular for V2L, might have been
underestimated. Nevertheless, the surround size was mildly correlated with suppression
index and the level of this correlation was similar to that found for monkey V1 and V2. It
should be noted that the median center and surround sizes of primate VV1 and V2 neurons of
this study are slightly larger than those of published data (e.g., (Cavanaugh et al.,
2002;Solomon et al., 2004;Zhang et al., 2005)), the small differences may reflect differences
in anesthesia, sampling of units, and/or the method to determine the RF center and surround
sizes.

What are the anatomical substrates for the RF surrounds in mouse V1 that support such large
RF surrounds? In monkey V1, both the intrinsic long-range horizontal connections in V1
and the feedback connections from extrastriate areas (where individual neurons have
increasingly larger RFs) are thought to contribute to the surround size and the strengths of
surround suppression in V1 neurons (Angelucci et al., 2002; Bair et al., 2003; Schwabe et
al., 2006). There is little information in the literature on either the long-range horizontal
connections within mouse V1 or the feedback connection to V1 from extrastriate cortex.
However, because the average RF size of neurons in mouse extrastriate areas (as determined
by hand mapping) are 1.5 to 4 times larger than that in their V1 (Wang and Burkhalter,
2007), the feedback connections from mouse extrastriate neurons could support the
suppressive RF surrounds of many V1 neurons in this study. For example, the average size
of RFs in area LM lateral to V1, which corresponds to a sub-region of V2L initially defined
by Rosa and Krubitzer (1999) and, later, by Kalatsky and Stryker (2003), is about 1.5 times
larger than the average size in V1 (Wang and Burkhalter, 2007). Therefore, LM neurons
could provide suppressive feedback signals to V1 neurons with relatively smaller RF centers
in this study. Also suppressive influence of the LM feedback connections on V1 has been
recently suggested for mice (Dong et al., 2004).
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With respect to the long-range horizontal connections within V1, the horizontal connections
in squirrel VV1 are not ‘patchy’ as in higher mammals, but extend about 1 — 2 mm over
cortical space (Van Hooser et al., 2006). This is similar to the distance described for rat V1
(Burkhalter, 1989; Johnson and Burkhalter, 1997). Moreover, the responses of these neurons
in squirrels show length summation in 42% of units and ‘end-stopping’ properties in 16% of
all units studied (Van Hooser et al., 2006; Van Hooser and Nelson, 2006). Whether these RF
properties reflect the involvement of the intrinsic horizontal connections and/or feedback
connections is unclear. In our study, 40% of cortical neurons in mice had *area summation’
with no surround inhibition and the remaining 60% exhibited a broad range of surround
suppression. Finally, the ratio of RF surround size over RF center size in each unit was well
correlated with the strength of its surround suppression and this relationship was similar in
mice and monkeys. This result suggests that the cortical circuits supporting the RF center-
surround organization of visual cortical neurons are similar in these two species.

Taken together, despite being a nocturnal creature with relatively small visual cortex and
having poor visual acuity (Prusky et al., 2000), the processing of visual stimuli by individual
neurons of mouse visual cortex appears to be guided by similar fundamental principles as in
animals with higher visual needs. As we described above, there were significant quantitative
differences in the strength of surround suppression. However, the qualitative similarities in
the RF center-surround organization of V1 neurons between mice and macaque monkeys
that we found in this study provide further justification for the use of mice as an animal
model to study the molecular basis of synaptic plasticity in developing visual brain, in
particular, the study of the cortical mechanisms that regulate the timing of the critical period
by modulating the balance between cortical inhibition and excitation (e.g. (Hensch, 2005;
Hensch et al., 1998; Morishita and Hensch, 2008; Trachtenberg et al., 2000)).
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Figure 1.

Reconstruction of electrode tracks and recording sites in V1 (A) and V2L (B) in mouse
visual cortex. Adjacent sections where the electrode track and lesions were not visible are
shown in C and D. Layers are easily identifiable and indicated on the left and right.
Electrolytic lesions at the end of penetrations are labeled. Preferred orientation of each unit
is also indicated by a short bar. Note that in V1 (A), there were two penetrations and the
second penetration that was made perpendicular to the surface ended in layer 4. The
penetration in panel B shows that the majority of units were from V2L except the first 3
units that were in V1. WM signifies the white matter. The markers indicate the location of
the borders between V1 and V2L and V2L and auditory cortex. V1 could be distinguished
from V2L by its thicker layer 4 and a less densely packed layer 5, in particular immediately
above layer 6 where a sublayer with fewer cells is visible in V1 but not V2L.
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20 1

Layers

(A) Frequency distributions of F1/Fg ratios for mouse cell population (n=96). Cells with the
ratio > 1.0 were classified as simple cells and those having the ratio < 1.0 were classified as
complex cells (Skottun et al., 1991). The frequency distribution for V1 cells is indicated by
open bars (n=69), for V2L cells by filled bars (n=27). (B) Layer differences in F1/Fg ratio in
mouse V1 (open circles) and V2L (closed squares). Circles or squares indicate the median
values while short bars indicate quartile values. The number at the top indicates the number

of units for each group.
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Figure 3.
Representative tuning curves for stimulus orientation (A-B), spatial frequency (C-D),
temporal frequency (E-F), and contrast (G-H) in mice.
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Figure 4.

Frequency distributions of spatial and temporal response properties and contrast sensitivity
of V1 and V2L neurons in mice. Histograms of orientation/direction selectivity (A-C),
spatial frequency selectivity (D-F), temporal frequency selectivity (G-1), and contrast
sensitivity (J-L). In each panel, open bars indicate V1 neurons and filled bars represent V2L
neurons with corresponding triangles indicating median values.
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Relationships between response attenuation at low spatial frequency (LSFV) and spatial
frequency bandwidth (A) and circular variance (CV) (B) in mice. V1 neurons are shown in

black triangles, V2L units by red circles.
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Frequency distributions of spatial and temporal response properties and contrast sensitivity
of simple and complex cells of V1 and V2L neurons in mice. Histograms of orientation/

direction selectivity (A-C), spatial frequency selectivity (D-F), temporal frequency

selectivity (G-I), and contrast sensitivity (J-L). In each panel, open bars indicate simple cells

and filled bars represent complex cells with corresponding triangles indicating median

values.
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Figure 7.

Layer differences in orientation (A-C) and spatial frequency tuning (D-F) and spontaneous
(G) and peak (H) firing rates in mice. Circles indicate the median values and short bars
indicate quartile values. The sample size for each layer group is the same as that in Fig 2B.
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Relationships between the spontaneous activity and the peak firing rate, spatial and temporal
tuning properties and contrast sensitivity of mouse V1 and V2L neurons. Frequency
distribution of spontaneous activity of V1 (open bars) and V2L (Filled bars) neurons (A),
and peak firing rate (B). Peak firing rate as a function of spontaneous activity in V1 (open
circle) and V2L (open square) (C). Spatial and temporal tuning properties and contrast
sensitivity (D-O) as a function of spontaneous firing rates. Cells were arbitrarily divided into
low (sp < 1.0 spikes/sec), middle (1.0 < sp < 10.0 spikes/sec, and high (sp > 10/spikes/sec)
spontaneous groups.
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Representative size tuning functions of V1 (A-D) and V2 neurons (E-H) in mice (top:
A,B,E,F) and macaque monkeys (bottom: C,D,G,H). Data points were fitted with the ratios
of Gaussians (Cavanaugh et al., 2002). For each species, units with and without surround

suppression are illustrated.
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Figure 10.
Receptive field center and surround properties of V1 and V2 neurons in mice and monkeys.
Frequency distribution of V1 (open bars) and V2 (filled bars) neurons of RF center size (A),
surround size (B), suppression index (C) and surround/center size ratio (D) in mouse visual
cortex. Triangles indicate median values. Frequency distributions of center size (E),
surround size (F), suppression index (G) and surround/center size ratio (H) in monkeys. No
Srd signifies those neurons without measurable RF surrounds.
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Figure 11.

Receptive field center and surround properties of V1 and V2 neurons in mice and monkeys.
Frequency distribution of simple cells (open bars) and complex cells (filled bars) of RF
center size (A), surround size (B), suppression index (C) and surround/center size ratio (D)
in mouse visual cortex. Triangles indicate median values. Frequency distributions of center
size (E), surround size (F), suppression index (G) and surround/center size ratio (H) in
monkeys. No Srd signifies those neurons without measurable RF surrounds.
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Figure 12.

Correlation between the strength of RF surround suppression (SI) and RF center size (A),
surround size (B), and surround/center size ratio (C) of individual neurons in mice (red) and
monkeys (black). Triangles signify V1 neurons and circles indicate V2 neurons. Dotted lines
with r-values indicate fit for mice and continuous lines with r-values indicate fit for
monkeys.
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Figure 13.

Layer differences in center size (A, E), surround size (B, F), suppression index (C, G) and
surround/center size ratio (D, H) in mice (A-D) and monkey (E-H). Circles and squares
indicate the median values of V1 and V2L units respectively and short bars indicate quartile
values. Numbers of units per layer and brain region are indicated on top.
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Table 1

Summary of the mean (z se) values for selectivity for stimulus orientation, spatial frequency, temporal
frequency, size and contrast of V1 and V2 neurons in mice and macaque monkeys

V1 V2

Mouse Monkey Mouse Monkey

Orientation tuning
Orientation bandwidth (deg) 22.15+1.63 20.28+2.35  18.43+2.54  22.84+2.54
Direction selectivity ~ 0.27+0.03 0.45+0.06 0.23+0.05 0.53+0.08
Spatial frequency tuning
Optimal SF (c/deg)  0.04+0.002  2.43+0.22  0.04+0.0015  2.69+0.65
Spatial resolution (c/deg)  0.15+0.01 9.83+0.78 0.15+0.02 9.68+0.42
SF bandwidth (octave)  2.38+0.15 2.54+0.24 2.11+0.17 2.67+0.32
Temporal frequency tuning
Optimal TF (Hz)  3.79+0.34 5.09+0.33 3.06+0.63 5.23+0.31
Temporal resolution (Hz)  15.39+1.57 19.85+1.17  26.22+4.43  18.76+1.04
TF bandwidth (octave)  1.97+0.27  3.08+0.12 1.71+0.46 2.92+0.12
Contrast tuning
C50 (%) 42474329 24.59+156  43.41+5.09 19.51+1.52
N  6.86+2.19 3.05+0.19 3.72+0.78 3.61+0.36
Threshold (%) 11.13+#3.82  8.63+0.60 18.30+3.94  10.70+1.12
Size tuning
Center size (deg) 34.93+2.63  1.28+0.11  47.13+4.75 1.7740.11
Surround size (deg) 81.66+3.44  7.96+0.26 87.40+7.64 7.52+0.29
Suppression  0.24+0.035  0.59+0.03 0.11+0.04 0.55+0.04
Surround/Center Ratio  3.46+0.18  7.01+0.33 2.91+0.26 5.46+0.34
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