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Abstract

Visual cortical neurons are sensitive to visual stimulus contrast and most cells adapt their sensitivity to the prevailing visual envi-
ronment. Specifically, they match the steepest region of their contrast response function to the prevailing contrast (contrast gain
control), and reduce spike rates to limit saturation (response gain control). Most neurons are also tuned for stimulus orientation,
and neurons with similar orientation preference are clustered together into iso-orientation zones arranged around pinwheels, i.e.
points where all orientations are represented. Here we investigated the relationship between the contrast adaptation properties of
neurons and their location relative to pinwheels in the orientation preference map. We measured orientation preference maps in
cat cortex using optical intrinsic signal imaging. We then characterized the contrast adaptation properties of single neurons
located close to pinwheels, in iso-orientation zones, and at regions in between. We found little evidence of differential contrast
sensitivity of neurons adapted to zero contrast. However, after adaptation to their preferred orientation at high contrast, changes
in both contrast and response gain were greater for neurons near pinwheels compared with other map regions. Therefore, in the
adapted state, which is probably typical during natural viewing, there is a spatial map of contrast sensitivity that is associated with
the orientation preference map. This differential adaptation revealed a new dimension of cortical functional organization, linking
the contrast adaptation of cells with the orientation preference of their nearest neighbours.

Introduction

The response preferences of neurons to a range of stimulus features
(e.g. orientation, spatial frequency, spatial phase and eye of presen-
tation) are correlated with their physical location within the retino-
topic map of the primary visual cortex (Hubel & Wiesel, 1974;
Bonhoeffer & Grinvald, 1991; Ohki et al., 2005; Kara & Boyd,
2009). Figure 1A shows spatial maps of orientation preference from
both hemispheres of a cat’s primary visual cortex (areas 17 and 18).
The maps show that cells with similar orientation preference are
clustered into iso-orientation zones that are arranged in radial
sequence around pinwheel centres. Cells in pinwheel centres have
broader orientation tuning, as measured at the membrane potential
level (Schummers et al., 2002), but not at the spiking level (Mal-
donado et al., 1997; Nauhaus et al., 2008). The local connections to
cells within pinwheel centres are more likely to come from cells
with a range of preferred orientations, whereas in iso-orientation

zones local connections are more likely to come from cells with
similar orientation tuning (Levy et al., 2014).
Carandini & Sengpiel (2004) used intrinsic optical imaging to

examine whether cells might also cluster according to their sensitiv-
ity for visual stimulus contrast, but did not find such a map. How-
ever, contrast coding in the cortex is highly dependent on adaptation
mechanisms; exposure to even short periods of visual stimulation
reduces spike rates (Vautin & Berkeley, 1977; Crowder et al.,
2010), a process known as response gain control. Simultaneously,
contrast gain control shifts the contrast response functions of neu-
rons along the contrast axis in response to the prevailing contrast
(Ohzawa et al., 1982). Together, these mechanisms prevent response
saturation and improve the accuracy of contrast coding by focusing
the dynamic range of the neurons at and above the contrasts present
in the adapting scene (Durant et al., 2007; Hietanen et al., 2007).
There is controversy regarding whether there are maps of contrast

adaptation in the cortex. Off-axis adaptation to a particular stimulus
orientation shifts the orientation tuning of neurons in the opposite
direction relative to the preferred orientation, i.e. a repulsive orienta-
tion shift (Dragoi et al., 2000, 2001). Neurons located in pinwheels
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exhibit greater repulsive shifts in orientation preference than cells in
iso-orientation zones, implying that adaptation might act differently
in pinwheel centres. Sengpiel & Bonhoeffer (2002) investigated this
possibility and found that adaptation strength was invariant across
the cortex. However, Crowder et al. (2006) showed that adaptation
to gratings oriented orthogonally to a cell’s preferred orientation is
significantly greater in pinwheel centres. The methodology of both
of these studies leaves their results open to alternative explanations.
Here we use a combination of optical intrinsic signal imaging,

single-cell recordings, three-dimensional anatomical reconstruction
of electrode tracks and protocols that extract multiple adaptation
metrics to re-evaluate whether there exist spatial maps of contrast
adaptation in the primary visual cortex. Specifically, we ask whether
metrics of contrast and response gain control vary systematically
with respect to the orientation preference map.

Materials and methods

Anaesthesia and surgical procedures

Adult cats (Felis catus; n = 6) were prepared for acute physiological
recordings as described previously (Van Kleef et al., 2010). The
experiments were approved by the Animal Ethics Committees of the
Australian National University, ACT, Australia and the University
of Melbourne, Vic., Australia. Animals were anaesthetized by intra-
muscular injection of ketamine hydrochloride (20 mg/kg) and xyla-
zine (1 mg/kg). Once deeply anaesthetized, as confirmed by the

absence of corneal and toe withdrawal reflexes, animals were placed
on a heated surgery table and the cephalic vein was cannulated to
permit delivery of fluids and intravenous drugs. Animals were then
intubated to ensure adequate respiration and anaesthesia was main-
tained for the duration of the experiment by inhalation of gaseous
halothane (1.0% during surgery; 0.5% during recording) in a
50 : 50 mixture of N2O and O2. Non-invasive physiological indica-
tors, including heart rate, frequency of brain waves (as measured
using electroencephalography), blood pressure, partial pressure of
oxygen (measured using pulse oximetry) and end-tidal CO2 concen-
tration, were continuously monitored to ensure adequate levels of
anaesthesia at all times. Body temperature was maintained at 37 °C
by means of an electric blanket under feedback control (with tem-
perature measured via a probe placed in the oesophagus). The head
was held in a stereotaxic frame using ear bars, a mouth bar and a
head bolt positioned on the skull at the midline approximately
30 mm anterior to inter-aural zero. After surgery, animals were sub-
ject to neuro-muscular blockade to prevent eye movements by con-
tinuous intravenous infusion of gallamine triethiodide (10 mg/kg/h).
During neuro-muscular blockade, animals were mechanically venti-
lated to maintain end-tidal CO2 between 3.5 and 4%. For fluid
replacement, all animals received a constant intravenous infusion
containing Hartmann’s (lactated Ringer) solution (25% by volume),
5% glucose/0.9% NaCl solution (25% by volume) and an amino
acid solution (synthamine-17; 50% by volume) at a rate of 2.5 mL/
kg/h. Animals were given daily injections to reduce salivation
(atropine, 0.05 mg/kg, s.c.), cerebral oedema (dexamethasone

Fig. 1. (A) Orientation preference maps of the exposed areas of the left and right hemispheres of a cat’s primary visual cortex (areas 17 and 18). Colour
denotes preferred orientation. Orientation preferences are arranged in a series of iso-orientation zones surrounding pinwheels. (B) A contour plot of the LHI
map indicating the six bins used to group the data. The lightest shaded areas indicate the iso-orientation regions, whereas the darkest areas indicate the pinwheel
centres. (C) A three-dimensional reconstruction of a piece of cortex obtained via histological sectioning. White matter (W) and layer boundaries are shown and
the corresponding orientation preference map is shown at the imaging focal plane. Electrode track locations are indicated as black spots on the orientation pref-
erence map. (D) A coronal projection of the primary visual cortex of a single hemisphere from one animal showing the position and orientation of the electrode
penetrations. Layer boundaries were determined using standard histological criteria. The focal plane is shown 600 lm below the surface of the cortex. The loca-
tions of recorded cells along each electrode penetration are shown as black dots. In cats, both areas 17 and 18 are primary geniculo-recipient areas and are
regarded as primary visual cortex (Payne & Peters, 2002).
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phosphate, 1.5 mg/kg, i.m.) and the risk of infection (clavulox, a
broad-spectrum antibiotic, 0.2 mL/kg, i.m.). The eyes were fitted
with neutral-power rigid gas-permeable contact lenses to ensure cor-
neal perfusion, and drops (1% atropine, 10% phenylephrine) were
administered daily to cause pupillary dilatation and to retract the
nictitating membrane. Refractive errors were assessed by reverse
ophthalmoscopy and corrected as required using spherical lenses
placed in front of the eyes to focus the stimulus on the retina. The
scalp was reflected and a small trephine hole was made in the cra-
nium, exposing the visual cortex (areas 17 and 18) in both hemi-
spheres. A stainless-steel recording chamber was fixed to the
cranium with dental acrylic and the dura mater was removed. At the
conclusion of the experiment animals were killed by intravenous
injection of sodium pentobarbitone, 150 mg/kg.

Optical intrinsic signal imaging

For imaging, the recording chamber was filled with silicone oil
(Dow Corning 200, 50 centistokes) and sealed with a glass cover-
slip. The exposed cortex was imaged using a Pantera 1M60P high-
sensitivity 12-bit area scan CCD camera (Teledyne DALSA, Water-
loo, ON, Canada) fitted with a macroscope, formed using a pair of
Nikkor 50 mm f/1.2 lenses arranged front-to-front (Ratzlaff & Grin-
vald, 1991), focused 400–600 lm below the cortical surface
(Fig. 1). The camera was configured to bin sensor pixels 2 9 2 pro-
ducing images with a resolution of 512 9 512 pixels (24 9 24 lm/
pixel). Image acquisition was restricted to a region of interest com-
prising a subset of the full imaging frame. This region of interest
captured areas 17 and 18. During imaging, the cortex was epi-illu-
minated using a custom-built LED light source with a peak wave-
length of 520 nm (HSMQ-C150; Agilent Technologies). Increased
blood flow indicative of neural activity was therefore manifest as a
reduction in cortical reflectance and thereby image intensity. Cortical
responses were imaged during presentation of an ensemble of visual
stimuli (see below). For each stimulus presentation, images were
acquired continuously at a rate of 5 Hz for a period of 10 s, the
onset of which was synchronized to the phase (maximum inspira-
tion) of the respirator. Visual stimuli were presented for 5 s begin-
ning at 2 s after the beginning of image acquisition. Each stimulus
presentation was followed by a 3 s (minimum) recovery period dur-
ing which the monitor displayed an isoluminant mean grey screen.

Single-unit electrophysiology

We made extracellular recordings from 209 cells from the same six
adult cats. Extracellular spiking events were collected with lacquer-
insulated platinum-plated tungsten microelectrodes (FHC, Bowdoin-
ham, ME, USA). The spikes were isolated, amplified, filtered and
then sampled at 40 kHz with a CED1401 interface, and were sorted
based on spike shape and timing using principal components
analysis and clustering in Spike 2 (Cambridge Electronic Designs,
Cambridge, UK).

Computation and analysis of orientation preference maps

For each stimulus presentation we acquired images of cortical reflec-
tance for a period of 10 s, beginning at 2 s prior to stimulus onset,
such that each stimulus presentation resulted in a sequence of 50
images. Images were first binned 2 9 2 in the spatial domain to
reduce high-frequency sensor noise. For each trial, the mean of the
first 10 frames (2 s, immediately prior to stimulus onset) was then
subtracted from the remaining images to create a time-series of dif-

ference images. These difference images were then trial averaged
for each stimulus orientation (combining both directions for each
orientation).
The ‘response’ for each stimulus orientation was then taken as the

mean of the last five frames (1 s) acquired during the stimulus pre-
sentation. This analysis window corresponded to the period of the
largest and most consistent stimulus-driven response. The resulting
set of ‘single-condition maps’ were then high-pass filtered in the
spatial domain by subtracting from each image a low-pass image
obtained by convolution of the image with a two-dimensional Gaus-
sian kernel (r = 528 lm; 11 pixels). The sign of each pixel in the
single-condition maps was then reversed, as a decrease in cortical
reflectance was indicative of an increase in neural activity. To gener-
ate maps of orientation preference, the single-condition maps were
combined (pixel-wise) in a vector sum (Blasdel & Salama, 1986).
The preferred orientation at each pixel location was then defined as
half of the argument of the resultant of this vector sum. No registra-
tion, spatial or temporal filtering (other than those operations just
described) were employed.
As our measure of the local orientation-related functional architec-

ture surrounding each electrode penetration, we calculated the local
homogeneity index (LHI) (Nauhaus et al., 2008) from the corre-
sponding map of orientation preference. The LHI is defined as

LHIðxÞ ¼ 1
2pr2

Z
exp

�jjx� yijj2
2r2

 !
expðj2hiÞdy

�����
����� ð1Þ

where r defines the local neighbourhood around the cortical loca-
tion of interest (x) and hi is the preferred orientation at cortical loca-
tion yi. Here we chose r = 180 lm as per Nauhaus et al. (2008),
notionally matching the scale of analysis to the size of dendritic
fields in the superficial layers of the cortex. The LHI ranged from 0
to 1, with 0 representing no orientation preference (complete hetero-
geneity) and 1 representing perfect orientation selectivity (complete
homogeneity).

Visual stimuli

All visual stimuli consisted of luminance-defined gratings presented
within a circular aperture on an isoluminant grey screen matched to
the mean luminance (50 cd/m2) of the gratings. Stimuli were gener-
ated by a ViSaGe visual stimulus generator (Cambridge Research
Systems Ltd, Cambridge, UK) and presented on a calibrated Clinton
Monoray CRT monitor (modified Richardson Electronics
MR2000HB-MED CRT with fast DP104 phosphor, 100 Hz refresh,
1024 9 768 pixels).
During optical imaging, the screen was viewed binocularly from a

distance of 28 cm. Maps of orientation preference were obtained by
presenting high-contrast (Michelson contrast, c = 1.0), large-field
(60°) drifting square-wave gratings of fixed spatial and temporal fre-
quency (0.15 cycles/degree and 2 Hz, respectively) drifting in one
of either 16 or 32 directions equally spaced between 0° and 360°.
Each stimulus direction, together with a blank condition (no grat-
ing), was presented at least 30 times with the order of presentation
randomized across trials to avoid any systematic bias in the
observed responses.
During single-cell recordings, the dominant eye and receptive

field location of each neuron were initially determined by hand. The
non-dominant eye was then covered and quantitative testing was
performed on the dominant eye alone. The location and size of the
classical receptive field, as well as the preferred orientation/direction,
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spatial and temporal frequency, were determined using drifting sine-
wave gratings. All receptive fields were located within 15° of the
area centralis. The adapting stimulus and that for measuring contrast
response functions was an optimally oriented sine-wave grating (op-
timal spatial frequency) presented in a circular aperture (diameter
0.5–3°) matched to the size and position of the classical receptive
field. The sine-wave contrast (c) is defined as

c ¼ Lummax � Lummin

Lummax þ Lummin
ð2Þ

Non-adapted contrast response functions were collected by pre-
senting each contrast (0.04–1) in random order for 0.5 s tests (10
repetitions) interleaved with 4 s of mean luminance grey. Adaptation
conditions consisted of an initial 30 s adaptation period followed by
a series of 0.5 s tests interleaved with 4 s top-up adaptation periods.
A 5–10 min recovery period was left between collecting the data for
every contrast response function.

Quantitative analysis

We measured contrast response functions for each cell following
adaptation to: (i) a blank screen of mean luminance; (ii) a drifting
grating of the cell’s preferred orientation, spatial and temporal fre-
quency; and (iii) a drifting grating with the cell’s preferred spatial
and temporal frequency but with an orientation orthogonal to the
cell’s preferred orientation. At least 10 repetitions of each test con-
trast were obtained for each adaptation condition. The response
latency of each cell was determined as the time taken after stimulus
onset for the firing rate to exceed two SDs above the spontaneous
firing rate. Responses used to construct contrast response functions
were calculated by taking the mean firing rate, across repeats, over
the duration of the test interval (0.5 s) after adjusting for each cell’s
response latency. Contrast response functions (Figs. 2A and B) were
suitably described by a sigmoid function (Sclar et al., 1989) of the
form

RðcÞ ¼ Rmax � cn

cn þ Cn
50

þM ð3Þ

where R(c) denotes the amplitude of the evoked response at contrast
c, M denotes the spontaneous rate, n is an exponent that determines
the slope of the curve, Rmax denotes the maximum elevation in
response above the spontaneous rate, and C50 is the contrast that
evoked a response of half Rmax. Goodness of fit of Eqn 3 to the data
was measured with R2 values. Across all fits this measure formed a
highly skewed distribution with a mean of 0.9, and a median of
0.96. Rarely, contrast response functions did not show saturation at
higher contrasts. In these cases, the upper and lower bounds for the
fitted Rmax were set at � 10% of the maximum measured neural
response above the spontaneous rate.
Adaptation to the blank screen was always performed first to

determine the contrast for subsequent grating adaptation conditions.
Adaptation to the blank screen was then repeated following the grat-
ing adaptation tests to ensure consistency of responses. The adapting
contrast for each cell was the contrast (C50) that produced half of
the maximum firing rate (Rmax) when adapted to the blank screen.
We adapted the formulas relating to Fisher information from

Nover et al. (2005) and Dean et al. (2005), and applied them to
contrast response functions as in previous studies (Durant et al.,
2007; Hietanen et al., 2007). Fisher information was calculated as a
function of contrast according to

FiðcÞ ¼ oRiðcÞ=ocð Þ2
kRiðcÞ T ð4Þ

where Fi(c) denotes the Fisher information for a single neuron i,
when tested at contrast c, T denotes the length of time that the test
contrast was present, and k is a constant relating the spiking rate to
the response variance. It is important to note that k was calculated
using the variance between the mean response of single trials, pre-
venting an inflation of variance in simple cells produced by the ran-
domized phase of the stimulus. This formula assumes that the noise
between neurons is not correlated and that the cells are independent.
As information from multiple independent sources can be thought of
as additive, the total Fisher information for our population of neu-
rons as a function of contrast is given by

FðcÞ ¼
XN
i¼1

ðoRiðcÞ=ocÞ2
kRiðcÞ 0:5 ð5Þ

The assumptions concerning independence and uncorrelated noise
(see, for review Cohen & Kohn, 2011) are not quantifiable using
serial neural recordings, and so the absolute value of the Fisher
information that we report represents an upper bound. However,

Fig. 2. Contrast response functions for two example cells: a cell located in
a pinwheel centre (A) and a cell located in an iso-orientation zone (B). Mean
responses spikes/second (Spk/s) at each of the test contrasts are shown as
points with error bars representing � 1 SEM. The thick and thin lines show
sigmoidal fits to the responses following adaptation to a blank screen (0%
contrast) and to an optimal drifting grating, respectively. The adaptation con-
trast is indicated with a large white arrow. Response gain control is quanti-
fied by the change in the maximum response of the cell following adaptation
(DRmax). Contrast gain control is quantified by the rightward shift of the con-
trast response function following adaptation (DC50). Cells in regions with
low LHI (A) exhibit greater response gain control, and slightly more contrast
gain control than cells in regions with high LHI (B). Average contrast
response functions for the population of cells located within pinwheel centres
(C) and iso-orientation zones (D), before (thick lines) and after (thin lines)
adaptation. Contrast gain control is indicated by the arrows. Shaded areas rep-
resent the SEM across cells. Note the change in scale on the ordinate between
C and D indicating that, on average, the cells in pinwheel centres show higher
unadapted peak responses (C) than cells in iso-orientation zones (D).
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examining the relative differences in Fisher information between
conditions is still appropriate.

Histology

We sectioned the brains after experiments. Histological slices were
obtained in the coronal plane using cryo-sectioning with a section
width of 24 lm. These slices were mounted on subbed slides, and
then stained with thionin for Nissl substance (Crowder et al., 2006;
Price et al., 2006). Subsequently the slices from each animal were
digitized using a 4 mega-pixel camera attached to a microscope with
49 magnification. Layer boundaries in the primary visual cortex
were determined using standard markers such as cell size and den-
sity (Payne & Peters, 2002). This process was repeated for every
section and the sections were then aligned using the surface and
grey/white matter boundaries as registration points using AMIRA
(FEI, OR, USA). Electrode penetration locations were concurrently
identified during this process. An example of a three-dimensional
reconstruction showing identified layer boundaries and electrode
penetrations is presented in Fig. 1C and D. This process allowed us
to establish precisely the recording locations in depth and horizontal
extent relative to the specific features of the orientation maps at the
focal plane (Fig. 1C).

Results

Cortical maps and three-dimensional reconstructions

We constructed orientation preference maps of the primary visual
cortex (areas 17 and 18) in adult cats using optical intrinsic signal
imaging (Fig. 1). Using these maps we were able to calculate the
specificity for orientation tuning in each local region in the map
using an LHI (Fig. 1B) (Nauhaus et al., 2008). Regions of the
cortex with high LHI indicate regions selective for a particular
stimulus orientation (iso-orientation zones). Areas of the cortex
with low LHI are known as pinwheel centres and indicate regions
that respond to a broad range of stimulus orientations (Fig. 1B).
During experiments we drove electrodes into areas 17/18 perpen-
dicular to the cortical surface at locations within the imaged
region. We were careful to keep the electrode penetrations midway
between the midline and lateral sulcus (Fig. 1C) as this provided
the maximum chance of keeping the penetrations within a single
column because cortical curvature is least in this region of the
cortex (Fig. 1D). After experiments we created three-dimensional
models of the cortex and electrode tracks to establish precisely the
recording locations in depth and horizontal extent relative to the
specific features of the orientation preference maps (Fig. 1D). This
was an essential step in the process because surface location was
not always a good indicator of where the electrode tip was located
relative to vertical columns in the cortex and orientation maps
(Fig. 1D). Importantly, the mean orientation tuning recorded from
single cells at each electrode penetration location matched with
high reliability the expectations from the orientation preference
maps obtained using optical imaging. The mean and median abso-
lute differences between orientations obtained using optical imag-
ing and electrophysiology were 17.4° and 8.5°, respectively. It
should be noted that these values include the orientation prefer-
ences obtained from pinwheel centres where orientation preference
is weak when measured using optical imaging and has greater
variance between cells when measured using electrophysiological
methods. As such, we propose that the median absolute difference
is a better measure of the coincidence of orientation preferences

measured using optical imaging and electrophysiological tech-
niques.

Contrast responses prior to adaptation

Extracellular recordings from 209 neurons were collected across
multiple penetrations in six animals. Recordings were made at ran-
dom locations until such time that we had reasonable cell numbers
in each of six equally spaced portions of the LHI spectrum (cell
numbers in each LHI bin, with the pinwheel category first, were 20,
30, 27, 31, 75, and 26). The selection of six LHI bins was driven
by the need to balance: (i) the need to sample the LHI as finely as
possible; (ii) collecting sufficient recordings for each bin; and (iii)
ensuring that the location of each electrode penetration could be
accurately assigned to the correct bin. Inevitably, we collected fewer
cells in pinwheel centres and iso-orientation regions because they
cover less area in the orientation maps (Fig. 1B). Each cell’s prefer-
ences for many stimulus parameters, such as direction, orientation,
receptive field size, and spatial and temporal frequencies, were
obtained prior to assessing their adaptation properties, and these
were used to optimize the adapting and test stimuli. Figure 2 shows
example contrast response functions for single cells located in a pin-
wheel centre (LHI, 0.16; Fig. 2A) and an iso-orientation zone (LHI,
0.9; Fig. 2B). Below these single examples, we present the mean
responses for the 20 cells located in pinwheel centres (Fig. 2C) and
the 26 cells located in iso-orientation zones (Fig. 2D). In each case,
the black line shows the mean contrast response function for cells
adapted to a uniform grey screen (the control condition). The spik-
ing responses across all contrasts and repeats were fit with sigmoidal
functions, from which we extracted Rmax and C50. The maximum
spiking rate (Rmax) of cells was negatively correlated with the LHI
(r = �0.25, P < 0.001) (Fig. 3A). However, there was no correla-
tion between the unadapted C50 and LHI (r = �0.01, P = 0.785)
(Fig. 3B). ANOVA showed that there were significant effects of the
LHI on unadapted Rmax (F1,1690 = 32.82, P < 0.0001) and una-
dapted C50 (F5,1690 = 8.33, P < 0.0001). A series of a priori trend
analyses were conducted, with the contrast weights presented in
Table 1. The trend analysis between the LHI and unadapted Rmax

was best described as an increased Rmax for the three lowest LHI
bins (LHI < 0.5) compared with the three highest LHI bins
(LHI > 0.5) (F5,1690 = 212.88, P < 0.0001), although it was also
well described by a significant linear trend (F5,1690 = 186.06,
P < 0.0001). The relationship between the LHI and unadapted C50

was best described using a quadratic trend such that cells located
within pinwheel centres and iso-orientation zones were sensitive to
lower contrasts than cells located in intermediate regions
(F5,1690 = 67.72, P < 0.0001).

Adaptation to the preferred orientation

The thin lines in Fig. 2 show the contrast response functions after
adaptation to an optimally oriented grating with a contrast equal to
the unadapted C50 for each cell. It is clear that the maximum
responses at 100% contrast are reduced and the contrast response
curves shift rightwards, as indicated by the differences in the fitted
C50s. It is also evident that the changes in both C50 and Rmax are
larger in pinwheel centres (Fig. 2A and C) than in iso-orientation
zones (Fig. 2B and D).
We measured responses after adaptation to a blank screen (the

control condition) and after adaptation to optimal drifting gratings.
We denote the maximal response in each case as Rmax_c and Rmax_a,
respectively. Rmax_c was correlated with the LHI (r = �0.24,
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P < 0.001) (Fig. 3A). We therefore normalized the change in
response gain (DRmax) using the formula

DRmax ¼ Rmax a � Rmax c

Rmax a þ Rmax c
ð6Þ

Figure 3C plots the mean DRmax after adaptation to preferred ori-
entation gratings against the LHI for the entire cell population.

There were reductions in response gain for cells in all LHI regions.
However, the maximum reduction in response gain occurred in cells
that reside in pinwheel centres (Fig. 3C, leftmost bar, LHI < 0.17).
Less reduction in response gain occurred in cortical regions outside
pinwheels (Fig. 3C, five rightmost bars, LHI > 0.2). An ANOVA

showed that there was a significant difference in DRmax due to the
LHI (F5,1690 = 10.5369, P < 0.0001). A series of a priori trend
analyses were conducted, with the contrast weights presented in

Fig. 3. (A) The mean peak response (Rmax) for cells located in each LHI bin in the unadapted (control) condition. Cells located close to pinwheels are signifi-
cantly more responsive than cells in iso-orientation zones. (B) The mean semi-saturation contrast (C50) for cells located in each LHI bin in the unadapted (con-
trol) condition. Cells located in pinwheels and iso-orientation zones show slightly greater contrast sensitivity than cells in moderate LHI regions. (C) The
change in peak response (DRmax) as a function of the LHI. DRmax is always negative, indicating a reduction in firing rate after adaptation. This reduction is
greatest for cells located near pinwheel centres compared with cells at any other location across the map. (D) The change in semi-saturation contrast (DC50) as
a function of LHI. DC50 is always positive, indicating that the contrast tuning function moves towards higher contrasts after adaptation. Cells located near pin-
wheel centres (darkest bars) exhibit significantly greater shifts than cells located at any other location across the map. The shade of each bar matches the corre-
sponding regions in the map for LHI in Fig. 1B.

Table 1. ANOVA a priori trend analysis coefficients to determine the relationship between contrast adaptation measures and the LHI

Hypothesis tested

LHI

0–0.17 0.17–0.33 0.33–0.5 0.5–0.67 0.67–0.83 0.83–1

Pinwheel differs �5 1 1 1 1 1
Iso-orientation differs �1 �1 �1 �1 �1 5
Pinwheel vs. iso-orientation �1 0 0 0 0 1
LHI (< 0.33) vs. LHI (> 0.67) �1 �1 0 0 1 1
LHI (< 0.5) vs. LHI (> 0.5) �1 �1 �1 1 1 1
Linear trend �5 �3 �1 1 3 5
Quadratic trend 5 �1 �4 �4 �1 5
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Table 1. This analysis revealed that the most significant trend
between LHI and DRmax occurred for the case in which cells in pin-
wheel centres (LHI < 0.17) were compared with those in all other
LHI regions (LHI > 0.17). In this case, cells in pinwheel centres
showed a significantly greater reduction in response gain than cells
in any other region (F1,1662 = 62.23, P < 0.001).
The C50 was obtained for the control and adapted conditions

(C50_c and C50_a, respectively). Absolute changes to the C50 of each
cell after adaptation were quantified by calculating
DC50 = C50_a�C50_c. Adaptation led to an increase in C50 at all
LHIs; however, the size of the change was larger among cells
located in pinwheels (Fig. 3D). The mean change for cells in pin-
wheels was 24.53 contrast percentage points, whereas the mean
change across all other LHI regions was 17.60 contrast percentage
points. Therefore, the strongest contrast gain control occurred in an
absolute and relative sense in pinwheel centres, whereas lower levels
of gain control occurred in other LHI zones. This finding was con-
firmed by ANOVA (F5,1690 = 2.28, P = 0.04). A subsequent trend
analysis confirmed that the most significant trend was for the case in
which cells in pinwheels showed larger changes in contrast gain
than cells in any other region (F1,1662 = 20.30, P < 0.001).
We combined the effects of contrast and response gain control,

and took account of the variance in the responses by calculating the
Fisher information of the responses before and after adaptation (see
Materials and methods) (Durant et al., 2007; Hietanen et al., 2007).
Fisher information is presented as the number of natural units of
information for each second of stimulation. Figure 4 shows Fisher
information as a function of stimulus contrast for cells in pinwheel
centres (Fig. 4A) and iso-orientation zones (Fig. 4B). We compared
the contrast (CMFI) at which maximum Fisher information occurred
across adaptation conditions. It is evident in both cases that cells
showed profound increases in CMFI following adaptation. We nor-
malized the change in CMFI as follows

DCMFI ¼
CMFIa � CMFIc
CMFIa þ CMFIc

ð7Þ

where CMFI_a and CMFI_c are the contrasts that produced maximum
Fisher information in the adapted and control conditions, respec-
tively. There was a significant increase in CMFI at all LHIs
(F5,1690 = 3.23, P < 0.01) (Fig. 4C). However, a priori trend analy-
sis revealed that adaptation was significantly stronger in the lowest
LHI bin (pinwheel centres) than in the remaining LHI bins
(F1,1690 = 23.24, P < 0.001). Adaptation also produced a profound
increase in the total Fisher information available across the contrast
range, i.e. the area under the curves after adaptation was larger than
in the control conditions (Fig. 4A and B). Note that this increase is
not obvious in the Fisher information curves because the x-axis is
shown on a log scale. Nonetheless, the total information exhibited a
significant increase in all LHI regions (t1695 = 18.65, P < 0.0001).
The mean increase in Fisher information did not show a consistent
trend in relation to LHI. Therefore, we averaged the mean increase
across all LHI regions; the mean increase was 63% compared with
the Fisher information for the control condition. This increase in
total Fisher information was largely the result of the slope of the
contrast response function remaining constant as the curve shifted
toward higher contrasts after adaptation.

Adaptation to the orthogonal orientation

Figure 5A shows DRmax as a function of LHI, following adaptation
to the orthogonal orientation. The changes in response gain after

adaptation to the orthogonal orientation were significantly different
to those just described for adaptation to the preferred orientation
(c.f. Fig. 3C; F5,1690 = 17.86, P < 0.001). A priori trend analysis
revealed that the most significant trend was that the two lowest LHI
bins showed larger changes in Rmax than the two highest LHI bins
(F1,1690 = 54.81, P < 0.001). Additionally the data were well fit
with a significant negative linear trend such that the change in
response gain decreased as LHI increased (F1,1690 = 32.14,
P < 0.001). The situation for changes in C50 was less clear. After
adaptation to the orthogonal orientation we found that there was a
significant increase in C50 for all LHI regions (F5,1690 = 3.84,
P < 0.01; Fig. 5B). Interestingly, the LHI region that showed the

Fig. 4. (A and B) Average Fisher information as a function of contrast for
the cells presented in Fig. 3A and B. The contrast at which maximum Fisher
information (CMFI) occurs is shown, in each case, by the solid vertical lines.
The shift in CMFI after adaptation (DCMFI) can be interpreted as information
gain control and is depicted using an arrow. The adapting contrast is shown
as a large white arrow. Following adaptation, the contrast information curve
shifts rightward. This change following adaptation is slightly greater for cells
in pinwheel centres than for cells in iso-orientation zones. (C) The DCMFI as
a function of LHI. The shade of each bar matches the map for LHI in
Fig.1B, and the location of the example cells in Fig. 4A (unfilled circle) and
in Fig. 4B (filled circle) are shown in their respective LHI bins in Fig. 4C
(Pinwheel: unfilled circle, Iso-orientation: filled circle). DCMFI is always posi-
tive, indicating that peak contrast accuracy moved towards higher contrasts.
Cells located in pinwheel centres (darkest bar) exhibit significantly greater
shifts in CMFI than cells located at any other location across the map. Total
Fisher information across the contrast range is the area under the Fisher
information curves (shaded regions in A and B). The total Fisher information
increases following adaptation (the mean increase across all cells was 163%)
but the change did not vary systematically with LHI (not shown). nats/s, nat-
ural units of information for each second of stimulation.
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largest increase in C50 was the second lowest (i.e.
0.17 < LHI < 0.33), rather than the lowest (i.e. LHI < 0.17). Over-
all, the relationship between DC50 and LHI was best fit with a trend
such that the three lowest LHI bins (LHI < 0.5) showed stronger
contrast gain control than the three highest LHI bins (LHI > 0.5)
(F1,1690 = 10.77, P < 0.001). The data was also well fit with a sig-
nificant negative linear trend such that contrast gain control
decreased as LHI increased (F1,1690 = 6.60, P < 0.001).
An analysis of the Fisher information following adaptation to the

orthogonal orientation revealed that DCMFI was dependent on the
LHI (F5,1690 = 4.36, P < 0.001) (Fig. 5C). The battery of a priori
trend analyses revealed that this relationship was well fit with a
quadratic trend such that adaptation was stronger at moderate to low
LHI (0.17 < LHI < 0.50) and weaker in both pinwheels and iso-
orientation zones (F1,1690 = 44.49, P < 0.001). Similarly to the
change in C50, DCMFI was also well fit with a trend such that the
three lowest LHI bins (LHI < 0.5) showed stronger contrast gain
control than the three highest LHI bins (LHI > 0.5)
(F1,1690 = 19.72, P < 0.001).

Discussion

The presentation of optimally oriented stimuli in the receptive fields
of neurons in the primary visual cortex leads to changes in their

contrast response functions (Vautin & Berkeley, 1977; Ohzawa
et al., 1982). The contrast response functions shift to the right along
the contrast axis (contrast gain control) and the maximum overall
firing rate is reduced (response gain control). There is a substantial
literature discussing the functional benefits of contrast and response
gain control (Ohzawa et al., 1982; Attwell & Laughlin, 2001; Chir-
imuuta et al., 2003; Lennie, 2003; Hietanen et al., 2007). In brief,
these adaptation mechanisms prevent response saturation and align
the limited dynamic response range of the neurons with the prevail-
ing contrasts in the environment, thus optimizing contrast gain
(Ibbotson, 2005). These two mechanisms have been shown to be
necessary to generate stable, biologically plausible orientation maps
that are capable of adapting to the prevailing visual environment
(Stevens et al., 2013). It is also the case that a large proportion of
neurons in the primary visual cortex adapt to orthogonally oriented
gratings, even though those orientations do not evoke spiking
responses from the cells (Crowder et al., 2006). This latter observa-
tion suggests the involvement of network connections in which
neighbouring cells with orthogonal orientation preferences influence
a cell’s adaptation state. The influence of network connections in
the cortex is further illustrated by the observations that off-axis
adaptation leads to changes in orientation tuning, which imply both
reductions in response gain at the adapting orientation and the
release from inhibition on the opposite flank of the orientation tun-
ing curve after adaptation (Dragoi et al., 2000).
Neurons with selectivity for similar stimulus features are clustered

together (orientation: Hubel & Wiesel, 1962, 1968; ocular domi-
nance: Blasdel & Salama, 1986; Ts’o et al., 1990; Kara & Boyd,
2009; binocular disparity: Kara & Boyd, 2009; spatial frequency:
H€ubener et al., 1997; Kim et al., 1999; Issa et al., 2000; Sirovich
& Uglesich, 2004; Yu et al., 2005; Nauhaus et al., 2012; surround
suppression: Vanni & Casanova, 2013). This anatomical organiza-
tion has significant implications for cortical development and
imposes restrictions on the connectivity of cells within the map
(Alexander & Leeuwen, 2010), partly because the dendritic fields of
the neurons within the cortex tend to be near-circular wherever they
are positioned in the map (Martin & Whitteridge, 1984; Levy et al.,
2014). Therefore, local connections at pinwheel centres occur
between neurons with many orientation preferences, whereas con-
nections in iso-orientation zones are between neurons with similar
orientation preference (primate: Malach et al., 1993; cat: Levy
et al., 2014).
It is therefore well established that contrast adaptation is a funda-

mental mechanism that appears ubiquitous among cortical neurons
and feature selectivity is organized in a regular anatomical fashion.
These considerations lead to the question that we asked, i.e. is there
a map for contrast adaptation? The answer is unequivocally yes. We
found that cells in pinwheel centres exhibit stronger contrast gain
control, shifting their C50s to contrasts on average 10% points above
other map regions. This leads to a corresponding increase in contrast
accuracy (Fisher information) at higher contrasts. Therefore, these
cells are optimized for the processing of higher contrasts after adap-
tation than other cortical regions, and are less sensitive to low con-
trasts.
Our findings demonstrate that adaptation increases the total Fisher

information available in all LHI regions and that contrast accuracy
is shifted towards higher contrasts. The increase in total Fisher infor-
mation following adaptation is interesting as it suggests that the cor-
tex adapts to process a wider range of contrasts when environmental
contrasts are high, and information is abundant. When adapted to a
low-contrast environment (where information is scarce), the cortex
has lower total Fisher information across the contrast spectrum,

Fig. 5. Normalized adaptation metrics as a function of the LHI following
adaptation to the orthogonal orientation. (A) Change in peak response
(DRmax) following adaptation, as a function of LHI. (B) Change in semi-
saturation contrast (DC50) as a function of LHI. (C) Change in peak Fisher
information contrast (DCMFI) as a function of LHI. For all metrics the great-
est changes following adaptation to the orthogonal orientation occurred for
the second LHI bin (0.16 < LHI < 0.33). Trend analyses that capture these
relationships are discussed in the main text. The shade of each bar matches
the map for LHI in Fig. 1B.
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reserving its coding capacity to a range closer to the prevailing low
contrast. The contrast at which peak Fisher information occurs is
shifted to higher values in cells located in pinwheel centres. This
suggests a specialization of pinwheel centres for the detection of
high-contrast stimuli regardless of orientation. Conversely, cells not
located in pinwheel centres specialize in detecting oriented stimuli
at contrasts just above the prevailing contrast of the stimulus. As
discussed in Hietanen et al. (2007), discriminating contrasts just
above the prevailing value may represent an energy-efficient coding
strategy by reducing the metabolic cost associated with spiking
(Lennie, 2003) and keeping the cortex in a constant state of prepara-
tion for increased contrast. This may also correlate with strategies
for efficient saccadic search; high-contrast targets produce shorter
saccadic latencies and reduce saccadic distraction, so adaptation dur-
ing fixation may bias cortical neurons, particularly in pinwheel cen-
tres, such that selection of higher contrast saccade targets is more
likely (Born & Kerzel, 2011).

Cortical maps of contrast sensitivity

The functional separation of contrast adaptation between pinwheel
centres and the remainder of the cortex could be interpreted as an
adaptation-dependent map for contrast sensitivity. Carandini &
Sengpiel (2004) measured cortical maps using optical intrinsic signal
imaging at a range of contrasts with the cortex in a relatively una-
dapted state. The orientation maps were contrast invariant, with uni-
form values of C50 and Rmax, showing that cells sensitive to low
contrasts were not clustered into specific columns. We correlated
our single-cell recordings (in the unadapted state) with our optical
imaging maps and the findings correlate well with the optical imag-
ing data of Carandini & Sengpiel (2004), i.e. we found no correla-
tion between the unadapted C50 and the LHI (r = �0.01). However,
the maximum spiking rate (Rmax) of cells was correlated with the
LHI (r = �0.25), such that maximum unadapted firing rates were
higher in pinwheel centres than elsewhere on the map. After our
adaptation protocol, cells were in a highly adapted state and showed
map-specific variations in contrast sensitivity, indicating the emer-
gence of an adaptation-related change in contrast sensitivity.
Cytochrome oxidase (CO) blobs have been identified in the cat

cortex (Murphy et al., 1995). CO blobs indicate areas of high meta-
bolic activity (Wong-Riley, 1989), have higher densities of blood
vessels (Borowsky & Collins, 1989; Zheng et al., 1991; Woolsey
et al., 1996; Fonta & Imbert, 2002; Tieman et al., 2004), and in
monkeys appear to contain neurons that are particularly sensitive for
low contrasts (Edwards et al., 1995). A similar bias for sensitivity to
low contrasts in CO blobs at the single-cell level has been briefly
reported in abstract form for the cat cortex (Schulze et al., 1999) but
contrast sensitivity has been previously reported as uniform at the
population level using optical imaging (Carandini & Sengpiel, 2004).
The CO blobs are found close to the middle of ocular dominance
regions (Bartfeld & Grinvald, 1992), as is the case for pinwheel cen-
tres (Crair et al., 1997); however, the CO blobs and pinwheel centres
are not necessarily coincident (Bartfeld & Grinvald, 1992). Data
from our unadapted control condition show that the cells located
within pinwheel centres and iso-orientation zones are marginally
more sensitive to low contrasts than cells in intermediate regions
(Fig. 3B). Also, cells located closer to pinwheel centres show higher
peak spiking rates than cells in iso-orientation zones (Fig. 3A).
Therefore, in the unadapted state, we report slightly higher sensitivity
for low contrasts and higher spiking activity in pinwheel centres,
which are similar to those reported in CO blobs. It is possible that
stronger response gain control is necessary in regions that are more

metabolically active, simply to decrease overall energy demands in
the cortex (Lennie, 2003). Any reduction in the responsiveness of a
cell that does not lead to a functional deficit in contrast accuracy will
improve the overall contrast coding efficiency by reducing cortical
energy consumption (Attwell & Laughlin, 2001).
Although the existence of maps of contrast sensitivity in the una-

dapted state remains controversial, our findings show that, in the
adapted state, a cortical map for contrast coding emerges. Neurons
in pinwheel centres become less sensitive to low contrasts and
improve their contrast sensitivity at high contrasts. Cells in the
remainder of the cortical sheet show a small reduction in sensitivity
to low contrasts and an improvement in contrast sensitivity at mod-
erate contrast levels. It appears more efficient to enhance contrast
accuracy at high contrasts only in cortical areas that are capable of
coding multiple orientations. It is possible that the protection against
response saturation provided by response gain control may improve
the ability to distinguish between orientations.
Nowak & Barone (2009) showed that adaptation helps to main-

tain contrast-invariant orientation tuning in the primate cortex. Off-
axis stimulation has more impact on orientation tuning in pinwheel
centres (Dragoi et al., 2000) and our data show that gain control is
generally stronger in pinwheel centres. It is plausible that neurons
surrounded by cells with widely differing orientation preferences
have more need for adaptation to maintain contrast-invariant orienta-
tion tuning. Such a concept is reinforced by the observation that, at
the membrane potential level, cells in pinwheel centres have broader
orientation tuning (Schummers et al., 2002). These cells may require
adaptation to refine their tuning widths at the spiking level.

Influence of orthogonal adaptation

In addition to examining adaptation to the preferred orientation, we
also measured the influence of adaptation to the orthogonal orienta-
tion. If neurons in pinwheel centres connect with cells with many
orientation preferences, they may be influenced more strongly by
adaptation to non-preferred orientations. Conversely, if cells in iso-
orientation zones are connected primarily to cells with the same ori-
entation tuning, then adaptation is likely to arise only at the pre-
ferred orientation. Previous work had suggested that cells showing
stronger adaptation to orthogonal gratings were clustered in pin-
wheel centres, whereas few cells in iso-orientation zones exhibited
orthogonal adaptation (Crowder et al., 2006). However, intrinsic
optical imaging was not used in that study to guide electrode place-
ment, so there may have been inaccuracies in the designation of
local map regions. Interpretation was further confounded by the
observations of Sengpiel & Bonhoeffer (2002), who did not find a
correlation between pinwheel centres and orthogonal adaptation.
They used optical intrinsic signal imaging to target regions in the
cortex but may not have optimized their ability to detect differences
in adaptation behaviour (Crowder et al., 2006).
An aim of our study was to try to resolve this controversy. We

used optical intrinsic signal imaging to target electrode placement
and carefully backed this up with three-dimensional reconstructions
of the cortex to ensure that electrode tips were appropriately aligned
with the correct columns relative to the optical focal plane. When
adapting to the orthogonal orientation, we showed that response gain
control was large in regions with low LHI (0 < LHI < 0.33) but
weak in other regions of the cortex. Changes in C50 and the location
of the peak Fisher information along the contrast axis were more
difficult to reconcile with local map structure. For these measures,
after orthogonal adaptation, cells in both pinwheel centres and iso-
orientation zones showed similar shifts along the contrast axis.
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However, cells in the LHI band from 0.17 to 0.33 showed larger
shifts along the contrast axis than all other regions. Sengpiel & Bon-
hoeffer (2002) only compared pinwheel centres and iso-orientation
zones, so they are likely to have missed the effect on the areas
immediately surrounding the pinwheel centres. It might well be that
the connections between orthogonally tuned cells are stronger in the
‘para-central’ region than in the pinwheel centre itself. One tentative
possibility for this apparent para-central region of high orthogonal
adaptation could be some association between the para-central
region and CO blobs. The CO blobs have high activity and are
known to be located in the same central area of the ocular domi-
nance bands as pinwheels, but are not coincident with pinwheels
(Bartfeld & Grinvald, 1992). This possibility deserves further inves-
tigation.
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