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Functional imaging with cellular
resolution reveals precise micro-
architecture in visual cortex
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Neurons in the cerebral cortex are organized into anatomical columns, with ensembles of cells arranged from the surface to the
white matter. Within a column, neurons often share functional properties, such as selectivity for stimulus orientation; columns with
distinct properties, such as different preferred orientations, tile the cortical surface in orderly patterns. This functional architecture
was discovered with the relatively sparse sampling of microelectrode recordings. Optical imaging of membrane voltage or
metabolic activity elucidated the overall geometry of functional maps, but is averaged over many cells (resolution >100 xm).
Consequently, the purity of functional domains and the precision of the borders between them could not be resolved. Here, we
labelled thousands of neurons of the visual cortex with a calcium-sensitive indicator in vivo. We then imaged the activity of
neuronal populations at single-cell resolution with two-photon microscopy up to a depth of 400 wm. In rat primary visual cortex,
neurons had robust orientation selectivity but there was no discernible local structure; neighbouring neurons often responded to
different orientations. In area 18 of cat visual cortex, functional maps were organized at a fine scale. Neurons with opposite
preferences for stimulus direction were segregated with extraordinary spatial precision in three dimensions, with columnar

borders one to two cells wide. These results indicate that cortical maps can be built with single-cell precision.

One of the hallmarks of cortical functional architecture' is that
maps vary continuously across the cortical surface, but are punc-
tuated by occasional jumps or discontinuities. Optical imaging of
either metabolically related intrinsic signals or voltage-sensitive
dyes®™ has shown the two-dimensional structure of functional
maps, including discontinuities in orientation® and direction”®
maps in visual cortex. Even in combination with electrophysiology’,
however, it has been difficult to determine whether neurons of
different functional types are mixed or kept separate near disconti-
nuities. More generally, previous methods have been unable to
examine whether there is any fine-scale organization—a functional
micro-architecture—either near discontinuities or in cortical areas
that lack functional architecture, such as rat visual cortex''".

As an alternative to optical imaging of intrinsic signals or voltage-
sensitive dyes, calcium-sensitive indicators'” can be used to measure
activity in single neurons with very high signal-to-noise ratios.
When two-photon microscopy” is used to image intracellularly
loaded neurons in the cerebral cortex in vivo'*" calcium signals in
cell bodies and dendrites can be imaged with submicrometre
resolution. Earlier experiments in vitro'®'” showed that bulk loading
of neocortical cells with cell-permeant forms of calcium-sensitive
indicators allows the activity of hundreds of neuronal cell bodies to
be observed in parallel. We adapted a recent protocol for bulk
loading in vivo'® to study the functional micro-architecture of visual
cortex.

Functional architecture in rat visual cortex

We first examined the functional architecture of orientation selec-
tivity in layer 2/3 of rat primary visual cortex. Several thousand layer
2/3 cells were loaded with a calcium indicator (Fig. 1a and Methods)
injected into a region 200-400 pm in diameter. Responses of
labelled cells to visual stimuli were studied with gratings (light
and dark bars) at four different orientations, each drifted in two
opposite directions. These eight patterns were presented sequen-
tially for 4-8 s each, interspersed with blank (uniform) stimuli of the
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same duration. We imaged cells at a single focal plane continuously
during multiple repetitions of the stimulus protocol. We repeated
this protocol at multiple depths, 10-20 pm apart, to study the three-
dimensional functional architecture of layer 2/3 at single-cell
resolution. At the end of these experiments, we often performed
an anatomical reconstruction with 1-pm spacing in depth (Fig. 1a,
top panel).

In rat primary visual cortex (#=9 animals), we found that 25—
75% of stained cells at a given depth in layer 2/3 responded to at least
one stimulus with a significant change in fluorescence (P < 0.01,
analysis of variance (ANOVA) across blank and eight direction
periods; see Methods). Of the visually responsive cells, 61% on
average were selective for the orientation and/or direction of the
stimulus (P < 0.01, ANOVA across eight directions). We found a
smaller proportion of visually responsive cells compared with
previous electrophysiological studies'®'"". This might be explained
by our optimization of stimulus parameters for populations rather
than individual neurons, and by our far more complete sampling of
neurons (see Supplementary Discussion and Supplementary Fig. 1),
some of which might not have been detected with electrophysiology.

As demonstrated elsewhere'®*, somatic calcium signals reflect
action potential activity, rather than subthreshold depolarizations.
Our measurements were therefore sufficient to examine the relative
selectivity of cells for different stimuli (see Supplementary Discus-
sion). Because the drifting stimuli that we used typically evoke
prolonged electrophysiological responses from layer 2/3 cortical
neurons (see below), we could sample the calcium signal at a slow
rate (~1 frames ).

The visually evoked calcium transients were analysed in several
ways. First, we calculated single-condition maps of the change in
fluorescence (AF) by averaging the images collected during each of
the eight visual stimuli and subtracting the average baseline between
stimuli (Fig. 1b, outer panels; see also Supplementary Fig. 2 for AF/F
maps). The maps show cells (seen as light spots) that were active
with specific orientations of visual stimuli. These data were com-
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bined into a single, colour-coded orientation map (Fig. 1c), in
which the hue of each pixel is determined by the best orientation
and the colour saturation is proportional to the sharpness of
orientation tuning®'.

A cell-based analysis of our images allowed us to examine
stimulus selectivity more quantitatively for individual neurons.
First, cells in the anatomical image (Fig. 1a) were identified and
outlined with a semi-automated algorithm. Next, all the pixels
within a cell outline were summed to give a single time course
(AF/F) over the entire duration of the visual stimulation protocol
(eight directions of motion). Single-cell averaged responses showed
clear peaks in fluorescence (up to 30%) during visual stimulation
(Fig. 1d, grey regions) and returned to baseline in the intervals
between stimuli (Fig. 1d, white regions). These time courses are
consistent with the sustained electrophysiological responses evoked
by drifting-grating stimuli (see below) and the calcium kinetics of
neurons (see Supplementary Discussion and Supplementary Fig. 1).
The responses were often selective for stimulus orientation (Fig. 1d,
cells 1-4) and sometimes for direction (cell 3). Selective responses
could often be discerned in single trials (Fig. 1d). Neighbouring
cells, for example cells 1-3 in Fig. le, were often highly tuned to

Figure 1 Functional maps of selective responses in rat visual cortex with single-cell
resolution. a, /n vivoimages of cortical cells stained with a calcium indicator, 0GB-1 AM.
The top panel shows a volume of stained cells (depth of 85—400 p.m including >3,000
cells) reconstructed from images obtained with 1 wm spacing in depth; the bottom panel
is an anatomical image at 290 wm below the pia, averaged over all frames during the
visual stimulation protocol. b, Single-condition maps (AF) for eight directions of visual
stimuli (outer panels; the arrows indicate stimulus direction). Each map is the average of
eight repeats. In this and subsequent figures, the scale bar (AF) only applies to the outer

598

© 2005 Nature Publishing Group

different orientations. Their responses were entirely uncorrelated
(Fig. 1d), confirming that two-photon calcium imaging has single-
cell resolution with little or no cross talk (see Supplementary
Discussion). The orientation maps generated by the pixel-based
and cell-based analyses are similar (Fig. 1c, e). The cell-based
analysis allowed us to examine population statistics and is thus
used in all subsequent figures.

Functional architecture in cat visual cortex

Previous single-unit electrophysiological studies have failed to
discern any order in the orientation preference of nearby neurons
in rat visual cortex'®'". Even with our far more complete sampling at
single-cell resolution, we found no discernible local structure (see
Supplementary Discussion). By contrast, in cat visual cortex the
overall functional architecture is exquisitely organized. For
example, intrinsic-signal optical imaging has shown that area 18
of the cat visual cortex has regions with roughly constant orien-
tation® and direction preferences’” (for ferret, see ref. 8). These
regions are punctuated by singularities in the orientation map
(pinwheels®) and reversals in the direction map”®. The low resolu-
tion of optical imaging, however, could not show the degree of

0° 90° 180° 270 0® 90° 180° 270°
L+ XTR XL+ XTR
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L RAL S

panels. The central panel is re-drawn from a. ¢, Pixel-based orientation map, in which hue
is determined by the best orientation (see text and Methods), overlaid with the anatomical
image in a. d, Time courses of four orientation-selective cells (1-4) in e. The upper traces
show the average response to eight repeats (*s.e.m. in grey); lower traces show three
individual repeats. Visual stimulation periods for eight directions are indicated by grey
bars. e, Cell-based orientation map. Visually responsive cells (P << 0.01, ANOVA;
45/115) are coloured according to their preferred orientation. Scale bars, 100 pm.
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uniformity of iso-direction or iso-orientation domains. It was
therefore unknown whether all the neurons in a domain had similar
responses, or some interspersed cells were tuned to very different
orientations or directions. Furthermore, optical imaging could not
be used to determine the spatial scale of either orientation singu-
larities or the boundaries between directional domains, although
electrophysiological studies have given some hints>**?*.

We therefore studied the functional micro-architecture of layer
2/3 in cat visual cortical area 18 (n=10 animals). Out of 6,734 cells
identified, 63% were visually responsive (P < 0.01; ANOVA across
blank and eight direction periods). Of the responsive cells, 97%
were selective for orientation and/or direction (P < 0.01; ANOVA
across eight directions). Of these, 86% were direction selective
(direction index >0.33; see Methods for definition). One possible
reason for the unresponsive cells (37%) is low signal-to-noise ratio
in some dimly stained cells, particularly at the edges of the stained
region. Another factor is that the stimulus parameters (bar size and
drift velocity) were not optimized for all cells. However, it should be
noted that in some cases, 100% of identified cells were responsive
and tuned to orientation and/or direction.

In two out of ten experiments, we found regions where orien-
tation and direction selectivity varied slowly over the entire field
of view (a square region 240-300 pm on a side: smaller than the
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Figure 2 Smoothly changing direction map in cat visual cortex. a, Single-condition maps
(AA imaged 200 wm below the pia are shown in the outer panels. The central panel
shows the anatomical image as in Fig. 1. Because of the wide brightness range, some
stained cells are not discernible in this image. b, Vector map of preferred direction,
calculated from cells with significant visual response and selectivity (per cent change
>5% and P < 0.01, ANOVA). Red and green vectors indicate the magnitudes of the
preferred and null responses, respectively. Preferred direction of identified cells changes
smoothly (in a down and rightward direction) with no cells preferring upward motion.

¢, Colour-coded direction map, according to the colour keys in a. Scale bars, 100 p.m.
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400-pm spatial scale of direction or orientation domains®”). In one
of these cases, single-condition maps (Fig. 2a, eight outer panels)
showed that responses to 90° or 135° predominated. Of the 65 cells
with statistically significant tuning for orientation or direction
(P < 0.01), all had similar direction selectivity: no cells responded
better to the opposite directions (270° and 315° Fig. 2b). Further-
more, the transition of the preferred direction from 90° to 135° was
smooth and ordered; each cell responded similarly to its nearest
neighbours (Fig. 2b, ¢).

This uniformity and smoothness of direction maps leads to the
question: what is the fine-scale structure near borders or disconti-
nuities in the map? Because orientation pinwheels are sparsely
scattered over cat visual cortical area 18 (refs 6, 24), we chose to
examine the transition zones between regions of opposite direction
preferences. The strict dichotomy between opposite directions
offered an ideal opportunity to study the precision of a columnar
border in the cerebral cortex. Optical imaging demonstrated over-
lap between regions that respond to opposite directions”, but it
could neither determine the spatial scale of the boundary between
regions, nor indicate whether cells with opposite direction prefer-
ences are mixed together.

In eight out of ten experiments, our images included boundaries
between regions of opposite direction selectivity. In one such case,
single-condition direction maps (Fig. 3a) showed activation of cells
(and neuropil to a lesser extent, see Supplementary Fig. 2) almost
exclusively to stimuli of one orientation moving in either direction
(45° and 225°). More importantly, the clusters of cells that were
activated by opposite directions were highly segregated. To quantify
the spatial scale of the direction border at single-cell resolution, we
identified cells that were selective to orientation and colour coded
them for their preferred direction (Fig. 3b). The time courses of
single-cell responses (Fig. 3¢) illustrate the reproducibility between
individual trials and also the degree of direction tuning on both
sides of the direction border.

Cells closer to the direction border were progressively less
directionally selective. Nonetheless, almost all of these cells had a
measurable bias so that a preferred direction could be assigned
(Fig. 3b, grey—green and grey-red cells). The border between cells
that were biased for opposite directions was so sharp that a straight
line perfectly segregated them (vertical line in Fig. 3b). A second
example from a different animal also shows a precise direction
fracture (Fig. 3d).

The degree of segregation on either side of the direction border in
Fig. 3b was quantified for three depths separated by 20 pm (Fig. 4;
see also Supplementary Fig. 3) to examine the columnar border in
three dimensions. At all three depths, the direction discontinuities
(or fracture lines) were found to be precise at the scale of neigh-
bouring cells: ~10-20 pm (Fig. 4a—c). As noted, neurons were
progressively less directional (with direction index <0.33) in a
transition zone 30-50 pm wide (Fig. 4d—f), but even the weakly
biased cells had the same preferred direction as their neighbours on
the same side of the border. The scales of the transition zone (30—
50 pm) and particularly of the direction discontinuity (10-20 pm)
are surprising given the 250-400-pm width of dendritic trees of
neurons in cortical layer 2/3 (refs 25-27).

As a control, the direction tuning of calcium signals was com-
pared with single-unit electrophysiology in two additional experi-
ments. Calcium signals were imaged briefly at low laser power,
followed by extensive electrophysiological recordings. In one of
these experiments, calcium images showed both smoothly changing
orientation domains and a direction discontinuity (Fig. 5a). Mul-
tiple penetrations with tungsten microelectrodes were made in
different direction domains. Four representative cells responded
in a sustained fashion to the drifting gratings for the entire period
of stimulation (Fig. 5b, histograms). The direction selectivity of
the electrophysiological responses matched the selectivity seen
with calcium imaging in all four sites (Fig. 5b, polar plots),
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including smoothly changing orientation domains (sites 1 and 3),
weakly directional responses near the border (site 4), and opposite
direction tuning across the border (site 2).

Three regimes of functional micro-organization

We have demonstrated three qualitatively different regimes of
functional micro-organization in the visual cortex. The differences
between these three regimes are illustrated in Fig. 6 for single
experiments, but similar results were obtained for our entire sample
(see Supplementary Discussion). First, in rat visual cortex the
distance between cells had no relationship to their relative direction
preferences (Fig. 6a; r2=0.005, P > 0.1) or orientation preferences
(not shown): highly tuned cells were distributed across the cortex
with no apparent local structure (as in Fig. 1; but see also Sup-
plementary Discussion). Second, in cat visual cortical area 18,
direction domains are quite uniform; there are no interspersed
cells tuned to the opposite directions (Fig. 2). Furthermore, the
preferred direction varies smoothly at the level of neighbouring
cells. Consequently, differences between preferred directions are
positively correlated with the distance between cells (Fig. 6b;
r2=0.16, P < 10~ ). Third, we have found that when there are
direction discontinuities in cat area 18, the borders are extra-

Figure 3 Direction discontinuity in cat visual cortex. a, Single-condition maps (AF)
imaged 180 wm below the pia are shown in the outer panels. The central panel shows the
anatomical image as in Fig. 1. Cells were activated almost exclusively by stimuli of one
orientation moving in either direction (45° and 225°). To the non-preferred stimuli, such
as 90°, the calcium responses were so small and the noise was so low that the single-
condition maps are almost indistinguishable from zero. b, Cell-based direction map;
100% of cells had significant responses. Colour specifies preferred direction (green,
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ordinarily sharp (Figs 3 and 4). In maps with discontinuities, cell
pairs separated by any given distance have relative directional
preferences that are bi-modally distributed (Fig. 6¢). This bi-
modal distribution follows from the sharp fracture between cells
with opposite direction preferences (Fig. 4a—c).

The differences between the visual cortex in cats and rats raise the
question of the role of functional architecture in cortical compu-
tations®. As we have confirmed, cells in the rat can be orientation
selective although there is no apparent functional architecture'’;
however, cats* have narrower orientation and direction tuning than
rats''. One might therefore speculate that well-ordered cortical
maps may provide an advantage in the sharpening of visual
responses by connections between neighbouring neurons with
similar stimulus selectivity.

Discussion

The ability to examine the receptive-field properties of almost every

neuron in a local volume opens up a new realm of experimental

investigations of the cerebral cortex. As illustrated in this study, it

can show the degree of homogeneity and precision in cortical maps.
Maps that are locally disordered, such as the orientation map of

rat visual cortex (Fig. 1), seem inconsistent with the theory that
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225° red, 45°). The cells responding to both 45° and 225° are displayed as grey,
according to their direction index (see colour scale on right). The vertical white line below
the arrow indicates approximate position of the direction discontinuity. The discontinuity
was curved in the upper right of the panel (see Supplementary Fig. 3), so we excluded the
neurons above the arrow from quantitative analysis. ¢, Single-trial time courses of six
cells, numbered (1-6) as in b. Five trials (out of ten) are superimposed. d, Direction
discontinuity from another animal, imaged 240 p.m below the pia. Scale bars, 100 pm.
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Figure 4 Sharpness of direction discontinuity at multiple depths. a—c, Preferred direction
of each cell plotted against the distance from the direction discontinuity (vertical white line
below arrow in Fig. 3b; see Supplementary Fig. 3). Single-cell precision was observed at
three depths (@, 180 pm; b, 200 wm; ¢, 220 wm). The three discontinuity lines were
shifted by 6 pm between sections, so they all fell in a near-vertical plane. d—f, The signed
direction index (SDI, negative for 225°; positive for 45°) plotted against the distance from
the direction discontinuity. Between two regions of high selectivity, the transition

(ISDI| < 0.33; bounded by grey lines) was very rapid, in the range of 30-50 wm.

cortical connections are determined solely by the spatial extent of
dendritic and axonal arborizations™. Instead, connections onto cells
with overlapping dendritic arborizations might be selective, as in
the case of thalamic inputs to cat visual cortex’'. For instance,
groups of layer 2/3 neurons with similar orientation preferences
might be selectively interconnected to form partially isolated
subnetworks.

a2+ imaging

Figure 5 Correspondence of direction tuning obtained by calcium imaging and single-unit
electrophysiology in cat visual cortex. a, Calcium imaging at 160 wm from the pia. Single-
condition maps (AA are shown in the outer panels. The central image is a hue-lightness-
saturation map, in which preferred direction is colour coded according to the key shown
as arrows in outer panels. b, Histograms are post-stimulus time histograms (PSTHs) of
four single-unit responses, showing the average spike rates in response to the visual
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Figure 6 Three regimes of functional organization. For all pairs of cells, the difference in
preferred direction is plotted against distance between them. a, Rat visual cortex (from
Fig. 1e). b, A smoothly changing direction map in cat visual cortex (from Fig. 2c). ¢, A
direction discontinuity in cat visual cortex (from Fig. 3b).

If maps are structured at a finer spatial scale than the dendritic
trees of local neurons, as seen in the borders between direction
columns in cat area 18, then what are the mechanisms driving this
precision? There are several possibilities: (1) that selective connec-
tions between individual neurons with similar tuning dictate the
receptive-field properties on either side of the border; (2) that
smaller anatomical features, such as bundles of apical dendrites®,
are functionally important; or (3) that precise inhibitory circuits
might dominate neuronal response properties. Single-cell calcium
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stimuli. Polar plots (to the right of PSTHs) show the normalized magnitude of responses to
eight stimulus directions, obtained from calcium imaging (red) and single-unit activity
(blue). Responses of single units were obtained from the PSTHs by summing firing during
the stimulus period. Calcium signals were summed over a square region, 40 wm on a side
(white boxes in a), which were selected to match the electrode positions, but not
necessarily at the same depth.
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imaging combined with other techniques might address these
different possibilities. For example, stronger correlations between
anatomy and physiology could be achieved by labelling cells
to reveal their transmitters or other molecular markers, their
projection patterns, or their detailed dendritic and axonal
morphology.

From its inception, the idea of functional architecture has been
considered both at a macroscopic scale, hundreds of micrometres to
several millimetres, and at a microscopic scale, mini-columns
~50 pm wide**. Until now, the microscopic scale could only be
studied with microelectrodes, which typically sample neurons
sparsely and without precise localization. Single-cell calcium
imaging in vivo promises to elucidate the relationship between
anatomy and physiology in neuronal ensembles at an unprece-
dented level of completeness. Combined with a characterization of
the sensory or motor function of single neurons, it could permit the
study of micro-functional architecture throughout the cerebral
cortex and reveal other examples of maps that have single-cell
precision. ]

Methods

Animal preparation

Long Evans rats (postnatal days 27-31) and cats (postnatal days 19—40) were prepared for
in vivo two-photon imaging. Rats were anaesthetized with urethane (1.5 gkg ™",
intraperitoneally), supplemented by ketamine (20 mgkg ') during surgery. In cats,
anaesthesia was induced with a mixture of ketamine (20 mgkg™") and acepromazine
(0.2mgkg ™!, intramuscularly), and continued with isoflurane (1-2% in surgery, 0.25-1%
during imaging). Cats were paralysed with vecuronium bromide (0.2 mgkg "h™",
intravenously) and expired CO, regulated at 3.5-4.5% via mechanical ventilation. In rats
and cats, a small craniotomy was made over the visual cortex, the dura reflected and the
underlying cortex covered with agarose (3% in artificial cerebrospinal fluid, ACSF).

Dye loading and in vivo two-photon imaging

We modified the protocol of ref. 18 to load cortical neurons with a calcium-sensitive dye
under continuous visual guidance through the two-photon microscope. A total of 0.8 mM
Oregon Green 488 BAPTA-1 AM (OGB-1 AM) was dissolved in DMSO with 20% pluronic
acid and mixed in ACSF containing 40 pM Alexa Fluor 594 (all from Molecular Probes). A
patch pipette (tip diameter of 1 pm for rats, 4-6 pm for cats) was filled with this solution
and inserted into the cortex to a depth of 200-370 pm from the surface. OGB-1 AM and
Alexa Fluor 594 were pressure-ejected from the pipette (5-10 p.s.i. for 40-80s). On the
basis of the calibrations in ref. 18, we estimate our injection to be <1 pl, although we did
not measure this directly. Because OGB-1 AM is weakly fluorescent before it becomes
internalized in cells, the amount of OGB-1 AM ejection was inferred from Alexa Fluor
594, as visualized through the two-photon microscope. Full loading of the OGB-1 AM
dye by cortical somata took 0.5-1h in rats and 1.5-3 h in cats. After confirming loading,
the pipette was withdrawn and the craniotomy sealed with a glass coverslip. Two-photon
imaging of changes in calcium fluorescence in cortical cells was monitored with a
custom-built microscope and a Tsunami (Spectra Physics) mode-locked Ti:sapphire
laser (810 nm) or on a Leica TCS SP2 microscope coupled with a Mira 900 (Coherent
Systems) mode-locked Ti:sapphire laser (810 nm). All of the cat data and some of the rat
data were collected on the Leica system; the remaining rat data (including Fig. 1) were
collected on the custom-built system. Excitation light was focused by X 40 immersion
objectives (0.8 numerical aperture). The average power delivered to the brain was
<45mW.

Visual stimulation, image data acquisition and electrophysiology

Drifting square-wave gratings (100% contrast, 1-2 Hz) were presented on a 14-inch LCD
monitor at eight directions of motion in 45° steps. Spatial frequency was set at 0.025—
0.05 cycles per degree in rats and 0.11-0.33 cycles per degree in cats. Each stimulus started
with a blank period of uniform grey (4-8s) followed by the same period of visual
stimulation. The eight stimuli were presented sequentially and repeated five to ten times.
Great care was taken to shield the microscope objective and the photomultipliers from
stray light. Our observation that even neighbouring neurons responded to different
orientations makes it unlikely that there were artefacts caused by stray light from the
stimulus. Images were obtained by Leica software or the software developed by ref. 34. A
square region of cortex 150—-300 pm on a side was imaged at either 256 X 256 or 512 X 512
pixels at 0.81-1.63 s per frame. In all experiments, images were obtained at least from three
depths separated by 10 or 20 pm. In some experiments, multiple images were obtained at
1-pm spacing for three-dimensional anatomical reconstruction. In two additional cats, we
performed extracellular single-unit recordings with tungsten microelectrodes™, after
calcium imaging.

Data analysis

Images were analysed in Matlab (Mathworks) and Image] (National Institutes of Health).
When the brain was drifting slowly, more than 2 pm (but not more than several
micrometres) over >10 min of scanning time, images were realigned by maximizing the
correlation between frames. Cells were automatically identified (1,992 cells from rats,
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6,734 cells from cats) through a series of morphological filters that identified the contours
of cell bodies based on intensity, size and shape. Cell outlines were visually inspected and
the rare but clear errors were corrected manually. Time courses of individual cells were
extracted by summing pixel values within cell contours. Occasionally, slow drift of the
baseline signal over minutes was removed by a low-cut filter (cut-off, 2—4 min). Visually
responsive cells were defined by ANOVA across blank and eight direction periods

(P < 0.01; 737 cells from rats, 37%; 4,246 cells from cats, 63%). Of these, selective cells to
orientation/direction were defined by ANOVA across eight direction periods (P < 0.01;
452 cells from rats, 61%; 4,113 cells from cats, 97%). In cell maps (Figs 2b, ¢ and 3b, d),
only selective cells are colour coded. For selective cells, the direction index was defined as
1 — (response to null direction)/(response to preferred direction). If the direction index
was larger than 0.33 (ref. 36), the cell was considered to be direction selective (3,522 cells
from cats, 86% of the total of orientation-selective cells). Preferred orientation was
obtained by vector averaging™. Preferred direction was defined as the angle that showed
maximum response in the interpolated tuning curve”. For pixel-based analysis, images
were averaged over stimulus repetitions, and spatially smoothed (gaussian, o=1 pm).
Fluorescence change (AF) maps were obtained by subtracting images during the blank
period from images during which one of eight directions was presented. In Fig. Ic, a hue-
lightness-saturation orientation map®' was overlaid on the anatomical image.
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