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ABSTRACT  

In this study, we investigated orientation selectivity in 
cat primary visual cortex (V1) and its relationship with 
various parameters. We found a strong correlation 
between circular variance (CV) and orthogonal-to-
preferred response ratio (O/P ratio), and a moderate 
correlation between tuning width and O/P ratio. 
Moreover, the suppression far from the peak that 
accounted for the lower CV in cat V1 cells also 
contributed to the narrowing of the tuning width of 
cells. We also studied the dependence of orientation 
selectivity on the modulation ratio for each cell, which 
is consistent with robust entrainment of the neuronal 
response to the phase of the drifting grating stimulus. 
In conclusion, the CV (global measure) and tuning 
width (local measure) are signifi cantly correlated with 
the modulation ratio. 
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INTRODUCTION

Orientation selectivity is an emergent property of neurons 
in the primary visual cortex (V1). In Hubel and Wiesel’s 
feed-forward model, orientation selectivity arises from 
the alignment of the receptive fields of lateral geniculate 
nucleus (LGN) neurons presynaptic to each simple cell [1, 2]. 

However, the mechanisms underlying this selectivity 
are still under debate[3, 4]. There are essentially two models 
explaining the mechanisms of orientation selectivity, the feed-
forward model that relies on the input from the LGN[1, 4-8] and 
the feedback model that relies on global inhibition to refi ne 
the selectivity to a weak bias provided by LGN input[3, 9-12]. 
The complexity of this issue is highlighted by recent studies 
explaining adaptation and learning-dependent orientation 
plasticity[13-15]. To address these issues, we studied the 
variation of orientation selectivity in cat V1 neurons. 

Previous authors have studied the distribution of 
orientation tuning width[16, 17] in cat V1, measuring around 
the peak of the tuning function (local measure). The shape 
(aspect ratio) and number of receptive fi eld subregions are 
major factors that affect the tuning width[18-20]. Orientation 
selectivity is also associated with a broader range of 
stimulus values (global measure). A study in m  acaque 
V1[21] reported that the orthogonal-to-preferred response 
ratio (O/P ratio) has a significant effect on the local and 
global orientation. Further studies[22, 23] have demonstrated 
that untuned suppression is crucial for generating highly 
orientation-selective cells in macaque V1. However, the 
impact of the O/P ratio and the suppression that are far 
from the optimal on orientation selectivity in cat V1 are 
unclear. 

In this study, we measured orientation selectivity with 
drifting sinusoidal gratings in a large population of cat V1 
neurons by using two different quantitative measures, the 
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tuning width and the circular variance (CV). The tuning 
width is a local measure of tuning around the preferred 
orientation, whereas the CV is a global measure of the 
tuning curve[24]. Furthermore, we compared our data in the 
cat primary visual cortex to the results in macaque V1.

MATERIALS AND METHODS

Animal Preparation
This study was performed in strict accordance with the 
recommendations in the Guideline for the Care and Use of 
Laboratory Animals from the National Institute of Health. 
The protocols were specifi cally approved by the Committee 
on the Ethics of Animal Experiments of the Shanghai 
Institute for Biological Sciences, Chinese Academy of 
Sciences (Permit Number: ER-SIBS-621001C). 

Acute experiments were performed on 12 adult cats 
of both sexes (the same animals were also used for other 
parallel projects). Detailed descriptions of animal surgery, 
anesthesia, and recording techniques can be found in 
previous studies [25, 26]. Briefl y, cats were anaesthetized prior 
to surgery with ketamine hydrochloride (30 mg/kg, i.v.), and 
then tracheal and venous cannulations were performed. 
After surgery, the animal was placed in a stereotaxic 
frame for performing a craniotomy and conducting 
neurophysiological procedures. During recording, 
anesthesia and paralysis were maintained with urethane 
(20 mg/kg/h) and gallamine triethiodide (10 mg/kg/h), and 
glucose (200 mg/kg/h) in Ringer’s solution (3 mL/kg/h). 
Heart rate, electrocardiography, electroencephalography 
(EEG), end-expiratory CO2, and rectal temperature were 
monitored continuously. Anesthesia was considered to 
be suffi cient when the EEG indicated a permanent sleep-
like state. Corneal, eyelid, and withdrawal reflexes were 
tested at appropriate intervals. Additional urethane was 
given immediately if necessary. The nictitating membranes 
were retracted and the pupils dilated. Contact lenses and 
additional corrective lenses were applied to focus the retina 
on a screen during stimulus presentation. At the end of the 
experiment, the animal was sacrificed by an overdose of 
barbiturate administered intravenously.

Single-Unit Recordings
Extracellular recordings were made from 168 neurons 
in the primary visual cortex of anaesthetized cats using 

tungsten-in-glass microelectrodes with exposed tips 5–10 
μm in length, and 1–2 μm in diameter[27]. The electrodes 
were advanced into the cortex via a step-motor micro-drive 
(Narishige, Japan) vertically penetrating the cortical layers. 
The signal was amplified and band-pass filtered (0.3–10 
kHz). Spikes were discriminated with a hardware window 
discriminator and time-stamped with an accuracy of 1 ms 
using our own data acquisition system. Only well-isolated 
cells satisfying strict criteria (fi xed shape of action potential 
and the absence of spikes during the absolute refractory 
period) for single-unit recordings were collected for further 
analyses. Spikes were analyzed both during experiments 
and off-line using standard software packages and 
customized software written specifi cally for the purpose. 

Visual Stimulation
Visual stimuli were generated by a Cambridge Systems 
VSG graphics board. The stimuli were patches of drifting 
sinusoidal gratings presented on a high-resolution monitor 
screen (40 cm × 30 cm) at a 100-Hz vertical refresh rate. 
The screen was kept at the same mean luminance as the 
stimulus patches (10 cd/m2). The monitor was placed 57 
cm from the cat’s eyes. All recordings were from the area of 
cortex representing the central 10° of the visual fi eld. 

Procedures
When the single-cell action potentials were isolated, 
the basic attributes of the cell were measured, including 
orientation tuning, spatial and temporal frequency 
tuning, and response function. Each cell was stimulated 
monocularly via the dominant eye and characterized by 
measuring its response to conventional drifting sinusoidal 
gratings (the nondominant eye was occluded).

To locate the center of the classical receptive field 
(CRF), a narrow rectangular sine-wave grating patch 
(0.5°–1.0° wide × 3.0°–5.0° long at 40% contrast) was 
moved at successive positions along axes perpendicular 
or parallel to the optimal orientation of the cell, and the 
responses to its drift were measured. The grating was set 
at the optimal orientation and spatial frequency and drifted 
in the preferred direction at the optimal speed for individual 
recorded cells. The peak of the response profi les for both 
axes was defi ned as the center of the CRF.

We further confi rmed that the stimulus was positioned 
in the center of the receptive field by performing an 
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occlusion test, in which a mask consisting of a circular 
blank patch and concentric with the CRF was gradually 
increased in size on a background drifting grating[28, 29]. If 
the center of the CRF was accurately determined, the mask 
curve would begin at the peak, and the response decrease 
as more of the receptive field was masked. If the curve 
obtained with the mask did not begin at the peak value, 
we considered the stimulus to be offset in relation to the 
receptive fi eld center, and the position of the receptive fi eld 
was reassessed.

Once the center of each cell’s receptive fi eld and the 
excitatory receptive field were identified, the orientation 
tuning of the neuron was re-measured with a 40% contrast 
grating at a fixed diameter of the CRF. The orientation 
tuning curves were obtained using angular steps of 15°. 
Contrast in the subsequent experiments was selected 
to elicit responses that reached ~90% of the saturation 
response for each cell with the center (CRF) contrast 
response function. Our contrast had a range of 20%–70% 
and a mode of 40%.

Modulation Ratio
The modulation ratio (MR) of the response to drifting 
sinusoidal gratings was calculated as MR = F1/F0, where 
F0 is the mean firing rate (DC) of the response and F1 
the magnitude of the first harmonic of the response, 
corresponding to the temporal frequency of the grating 
(usually 3 Hz)[30].

Data Analysis and Statistics
To study orientation selectivity across a large population 
of neurons, it is useful to have a single number for each 
orientation-tuning curve that quantifies the degree of 
selectivity of the neuron. We used two different measures 
in our analysis. The fi rst measure of selectivity was the CV 
of the response [24, 31, 32].

The CV was calculated from orientation tuning curve 
as follows. We measured the mean spike rate, rk, in 
response to a grating drifting with angle θk. The angle θk 

ranged from 0° to 360° at equally-spaced intervals. From 
these data, the CV was defi ned as

                 

 The CV ranges from 1 for a completely non-orientated 

(flat) curve to 0 for an exceptionally oriented curve (zero 
response at all orientations except the preferred one).

The other measure of selectivity we used was 
the tuning curve width at half-height (WHH) as used 
previously[24,33]. The orientation tuning curves were fitted 
with the von Mises distribution:

R=Ro+R1e
k[cos2 (Ori-Orip)-1]

where R represents the response of the cell as a function 
of orientation (Ori), and R1, R0, Orip, and k are free 
parameters[24]. We fit the raw data rather than the mean 
response at each orientation. The preferred orientation was 
defi ned as the peak of the fi tted function (Orip). The WHH 
of the fi tted function was used to describe the tuning width, 
which was calculated as follows:

WHH=arccos[(In0.5+k)/k]
The two measures, CV and WHH, provide different 

information about the shape of the tuning curve. CV is a 
global measure that is infl uenced by all of the data points 
on the tuning curve. WHH is a more local measure that 
depends on the shape of the curve around its peak and is 
not sensitive at all to the shape of the curve lying below 1/2 
of the peak response. 

The selectivity measures were calculated based on 
the mean spike rate of the neurons during the response to 
a visual stimulus. For simple cells, one could also define 
a similar measure with the first harmonic amplitude (F1) 
of the response. We did not subtract the spontaneous 
rate of the responses from the visually-driven responses 
before the calculation of CV and bandwidth. The statistical 
signifi cance of the experimental data was evaluated using 
Student’s t-test. In all analysis, P <0.05 was considered to 
be statistically signifi cant. 

RESULTS

We completed quantitative tests and analysis of 168 single 
neurons at eccentricities within 10° of the visual axis. 
The majority of the cells were recorded in superfi cial and 
intermediate layers.

WHH and CV in the V1 Population
There was a wide variation in orientation selectivity in cat 
V1 (Fig. 1). The mean WHH was 45.6 ± 26.9°. This was 
consistent with previous findings on tuning width in cat 
V1 by Watkins and Berkley[16] and Chen et al. [33], and was 
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also similar to observations in the primary visual cortex of 
anaesthetized and alert monkeys[35, 36].

The distribution over the entire CV range was rather 
flat. The mean CV was 0.44 ± 0.26, generally consistent 
with the results in anaesthetized and alert monkey V1[21, 36]. 

To better understand the relationship between CV and 
WHH, we constructed a scatter plot of CV versus WHH 
(Fig. 2), and found that they were strongly correlated in cat 

V1 neurons (r = 0.60, P <0.001), also consistent with the 
results in anaesthetized and alert monkeys[21, 36]. 

The correlation was strong for CV <0.2 where WHHs 
were <40°; for larger CVs, the correlation was not so high. 
It is often the case that a narrow WHH is associated with 
many different CV values.

Orientation tuning curves based on spike counts for 
representative neurons are also displayed in Fig. 2. In 

Fig. 1. Distribution of orientation selectivity in the V1 population. A. Distribution of WHH in the V1 population. The arrow indicates the 
mean WHH of cells. B. Distribution of CV for the V1 population. The arrow indicates the mean of CV of cells.

Fig. 2. Relationship between WHH and CV. Left panel, scatterplot of orientation WHH and CV for all neurons in the measured V1 
population. A–D in the right panel, examples of individual tuning curves in different locations of the scatterplot. The x-axis 
represents stimulus orientation, from 0 to 180°. The y-axis is the response of the cell in spikes per second. The dashed line 
represents the spontaneous rate of fi ring.
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some cases, the WHHs were similar, while the CVs were 
quite different (Fig. 2A, B), while in other cases the CVs 
were similar, but the WHHs were quite different (Fig. 2C, 
D). This disagreement between CV and WHH indicates that 
the two measures reflect different aspects of orientation 
selectivity: WHH depends on the local shape of the tuning 
curve around the peak, whereas CV weighs the global 
responses at all orientations.

Comparison of CV and WHH with the O/P Ratio
Previous experiments[21] in anaesthetized monkeys found 
that the O/P ratio is strongly correlated with CV, but less 
with bandwidth. Here, we compared the CV and WHH with 
the O/P ratio in cat V1. Scatter plots of the O/P ratio versus 

CV clearly showed that they were strongly correlated (r 
= 0.78, P <0.001) (Fig. 3A). Besides, there was a lower 
correlation (r = 0.47, P <0.001) between WHH and O/P 
ratio (Fig. 3B). These results suggest that the neuronal 
factors that cause low values of O/P ratios also lead to low 
values of CV, and these observations are similar to a report 
in anaesthetized monkeys[21]. Because of the finding that 
a low response far from the preferred orientation is crucial 
for a low CV, we next considered the effect of spontaneous 
activity on CV and WHH.

Relationship between Selectivity and Spontaneous 
Activity
There was a stronger correlation (r = 0.44, P <0.001) 

Fig. 3. Relationship between orientation selectivity and orthogonal/preferred orientation response ratio (O/P ratio) or spontaneous 
fi ring rate. A. Relationship between CV and O/P ratio. There is strong correlation between CV and O/P ratio in all samples. B. 
Relationship between WHH and O/P ratio. There is a moderate correlation between WHH and O/P ratio. C. Relationship between 
spontaneous fi ring rate and CV. D. Relationship between WHH and spontaneous fi ring rate. 
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between spontaneous firing rate and CV (Fig. 3C) and 
a weaker correlation (r = 0.38, P <0.001) between 
spontaneous fi ring rate and WHH (Fig. 3D). 

CV, WHH, Spontaneous Activity, and the Orthogonal 
Response
Additional analysis of the population data revealed that 

other factors determine orientation selectivity besides those 
that determine spontaneous firing rate. We plotted the 
orthogonal orientation firing rate versus the spontaneous 
firing (Fig. 4). Cells with zero spontaneous rates were 
plotted with y-coordinate 0.1. Cells with zero orthogonal 
response were plotted with an x-coordinate of 0.1. For this 
group of neurons (21 cells), both the spontaneous and 
orthogonal fi ring rates were zero.

Cells with low CVs were located above the diagonal, 
which confirms the role of inhibition of non-preferred 
orientation in the generation of high orientation selectivity 
(Fig. 4A). Cells with narrow tuning widths were also located 
above the diagonal, which implies that cortico-cortical 
suppression could also contribute to narrowing the tuning 
width (Fig. 4B). 

Laminar Distribution of Orientation Selectivity of 
Neurons
Because of the uncertainty regarding the exact laminar 
position of our recording sites, we assigned laminar location 
by pooling those neurons estimated to be in the superfi cial 
layers (<600 μm), the intermediate layers (600–1200 
μm), and the deep layers (>1200 μm)[37]. We illustrate the 
difference in laminar distribution focusing on the superfi cial 
and intermediate layers (because most of the cells were 
recorded in these layers). We found that the orientation 
WHH and CV were not uniformly distributed across the 
cortical layers, with a higher proportion of non-selective 
cells in the middle layers, and higher orientation selectivity 
in the superfi cial layers (Fig. 5). 

A scatter plot of WHH versus depth in the cortex 
is shown in Fig. 5A and curves that depict descriptive 
statistical measures of the population data in Fig. 5B. The 
curves show the moving mean of WHH through the depth 
of the cortex using a window width of 100 μm. The curve 
was obtained by selecting, at each cortical depth, all of 
the data points from cells that were no more than 50 μm 
above and below and then computing the median of their 
WHHs. For WHH, there was a clear alteration of orientation 
selectivity with the layer of origin. Cells in middle layer had 
broader orientation tuning, while cells in the superficial 
layer showed sharper orientation tuning.

The orientation CV throughout all layers of cat V1, as 
the laminar scatter plot and statistical measures are shown 
in Fig. 5C and D. Although the WHH and CV of a single cell 

Fig. 4. Scatter plot for the orthogonal response (x-axis) versus the 
spontaneous firing rate (y-axis). The diagonal represents 
when the response at the orthogonal was equal to the 
spontaneous fi ring rate. A. CV as a function of spontaneous 
fi ring rate and the response at the orthogonal. The size of 
each data point corresponds to the CV of the tuning curve 
of the neuron as illustrated by the scale on the right. Points 
above the diagonal indicate that the cells have strong 
orientation selectivity, points below it indicate they have 
weak orientation selectivity. B. The size of each data point 
corresponds to the WHH of the tuning curve as illustrated 
by the scale on the right. The fi gure shows that cells with a 
narrow WHH are also located above the diagonal.
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need not agree in their assessment of selectivity (Fig. 2), 
there was some concordance in the laminar patterns for the 
two different measures. Cells in the middle layers had higher 
CVs, while cells in the superfi cial layers had lower CVs.

Relationships of CV and WHH with MR
V1 neurons differ in the temporal modulation of the 
response to a drifting sinusoidal grating that is quantified 
by the F1/F0 ratio[30], with simple cells exhibiting values 
>1.0, and complex cells having ratios <1.0. However, it 
has been reported recently that the MR, when derived 
from the subthreshold membrane potential instead of from 
spike rate, is unimodally distributed[38]. So, we studied the 
correlation between measures of orientation selectivity and 
the MR (continuous distribution).

Interestingly, there were almost equal correlations of 
CV (r = –0.41, P <0.001) and WHH (r = –0.42, P <0.001) 

with the MR (Fig. 6A, B), different from the results in 
anaesthetized monkeys[21].

Relationships of O/P Ratio and Spontaneous Activity 
with MR
Because of the indication that the MR is crucial for CV 
and WHH, we next considered whether MR affects the 
O/P ratio or spontaneous activity. We found a negative 
correlation between the two values (r = –0.32, P <0.001) 
(Fig. 6C). There was also a negative correlation between 
spontaneous activity and MR (r = –0.36, P <0.001) (Fig. 
6D).

DISCUSSION

Diversity
Our data point to the wide diversity of orientation selectivity 

Fig. 5. Laminar analyses of WHH and CV for the V1 population. A. Plot of WHH against relative cortical depth. Each point represents a cell (n 
= 168). B. Statistical summary of the scatterplot data in A. The curve represents the mean bandwidth at different cortical depths. A 
window size of 100 μm, centered at each location, was used. C. Plot of CV against relative cortical depth. D. Statistical summary of 
the scatter plot data in C. Shaded area denotes ± SD in each bin. The cells located in layers >1800 μm are not shown because their 
number was small.
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in the population of cat V1 neurons, especially in the 
CV data, which are in agreement with the findings in V1 
neurons in anaesthetized macaques[21]. 

The factors that control WHH are likely to be different 
from those determining CV. We found a stronger correlation 
between CV and the O/P ratio than WHH and the O/P ratio 
(Fig. 3). Thus, the diversity of the relative heights of the 
plateau and peak would strongly infl uence the diversity of 
CV, whereas the aspect ratio of the feedforward input might 
affect the variability of WHH[1, 18, 19]. 

A previous study reported that suppression far from 
the peak could account for low values of CV[21, 22]. In the 
present study, we showed that cortico-cortical suppression 
also contributed to the narrowing of the WHH (Fig. 4B).

MR and Orientation Selectivity
We found that cells with a low MR had a higher CV and 
WHH than those with a high MR (Fig. 6A, B). Neurons 

with a high MR are usually called simple cells, and those 
with a low MR are called complex cells. Previous studies 
have reported that simple cells have narrower tuning than 
complex cells in cat V1[16, 17], simple cells have a higher 
orientation selectivity index (OSI, equal to 1 − CV) than 
complex cells[36, 37], and the orientation tuning width is 
linearly related to the OSI (r = 0.54, P <0.001)[39]. These 
fi ndings are similar to our results.

McLaughlin et al. (2000)[40] and Wielaard et al. (2001)[41] 
proposed that simple cells might receive more intracortical 
inhibition, which would be consistent with the lower 
spontaneous fi ring rate and orthogonal response rate. There 
is another possibility. A recent study based on the model[42] 
reported that well-defi ned LGN spike trains reduce the noise 
and elevate the response to the preferred stimulus. It is 
known that the relay cells are distributed nonrandomly in 
the LGN of cats and monkeys[43-47]. So the alignment of the 
receptive fields of relay cells in the LGN[1, 5, 7, 8] could also 

Fig. 6. Relationship between modulation ratio and CV, WHH, O/P ratio, or spontaneous rate. A, CV. B, WHH. C, O/P ratio. D, spontaneous 
rate.
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explain the lower spontaneous response. However, there is 
perhaps only one possibility to explain the low spontaneous 
rate of complex cells: the strong cortico-cortical inhibition.

Comparisons with Other Species
The diversity of orientation selectivity in cat V1 reported 
here is general ly consistent with the results from 
anaesthetized macaque V1[21]. Interestingly, CV and WHH 
were signifi cantly correlated with the MR, which is different 
from the results in anaesthetized macaque V1[21]. Our 
results showed that the neurons of high MR (simple cells) 
had significantly narrower WHH than the neurons of low 
MR (complex cells) in cat V1 (Fig. 6B). 

A type of simple-cell-like, orientation-tuned inhibitory 
neuron (driven by the thalamus)[48] is the main inhibitory 
component to form the orientation selectivity of simple 
cells in cat V1. Although both tuned and global sources 
of inhibition contribute to the orientation dynamics in 
monkeys[49], only the interneuron with bordering tuning for 
orientation has been reported in monkeys[50]. Moreover, 
in recent years, studies[3, 22, 23] have mainly focused on 
global inhibition (driven by the cortex)  which has a crucial 
influence on the generation of highly orientation-selective 
cells (global measure for selectivity - CV) in monkey V1, 
and the effect of tuned suppression narrowing bandwidth in 
the most highly tuned cells has seldom been studied[49].

Using genetic and imaging tools, recent evidence 
for orientation selectivity in mouse V1 has not found 
inhibitory neurons with simple-cell-like RFs, but has 
found interneurons with complex-cell-like RFs and hardly 
any orientation selectivity[51]. More evidence shows that 
the push-pull circuit (in cat V1)[1, 52, 53] cannot be a major 
synaptic mechanism underlying simple RFs in mouse V1 
and the inhibitory circuit (driven by cortex) may contribute in 
a different way than in cat V1 to form orientation selectivity 
in simple cells[51, 54, 55].  

Highly orientation-selective neurons (simple cells in 
layer 4) are already present in the first stage of cortical 
processing in cat V1[56], and their generation of orientation 
tuning relies on a substantial feed-forward mechanism[1, 7, 57, 58]. 
Although this is true for other carnivores[59], it is not a 
universal rule. For example, cells in layer 4 of the tree 
shrew cortex are not tuned to stimulus orientation[60], but the 
orientation selectivity in layer 2/3 of the tree shrew appears 
to depend on the axial bias in its feed-forward input from 

layer 4, further refi ned by the intracortical circuits[61].
In primates, the parvo- and magno-cellular pathways 

remain separate in the LGN. Parvo- and magno-
cellular relay cells target different sub-laminae of cortical 
layer 4C[62]. Cortical cells in the magnocellular stream 
have orientation-selective responses[63], similar to the 
organization in cats. However, the poor orientation tuning in 
the parvocellular stream may be similar to the organization 
in the tree shrew [62].

In future work, it will be necessary to analyze the 
inhibitory and excitatory input to cells in layer 4C of 
primates. Perhaps many of the same arguments that we 
make here for the cat visual cortex might apply to the 
primate visual cortex.
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