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stimuli with different spatial frequencies may likely involve 
population coding of V1 neurons with different preferred 
stimulus spatial frequencies. (2) Difference in contrast gain 
may underlie the observed contrast sensitivity variation of 
V1 neurons with different preferred stimulus spatial fre-
quencies, possibly from either evolution or postnatal visual 
experiences.

Keywords Contrast detection · Spatial frequency · Neural 
correlates · Visual cortical neurons · Cat

Introduction

Psychophysical investigations on human and vertebrate 
animals have shown that visual contrast sensitivity depends 
strongly on stimulus spatial frequency (SF) (Bisti and  
Maffei 1974; Uhlrich et al. 1981; Hodos et al. 2002; Sowden 
et al. 2002; Jarvis and Wathes 2008). Across species, the 
CSFs have a similar inverted-U shape with a single peak, 
although the spatial frequency domain varies in different 
species and the peak of the CSF shifts slightly with stimulus 
size and luminance (Uhlrich et al. 1981; Jarvis and Wathes 
2008). Despite a progressive understanding that detection 
or discrimination of visual stimuli is related to the contrast–
response functions of visual cortical neurons, the mecha-
nism underlying the CSF has not been fully understood 
(Virsu and Rovamo 1979; Barlow et al. 1987; Geisler and 
Albrecht 1997; Boynton et al. 1999; Goris et al. 2009).

Based on the modulation transfer function (MTF) theory, 
Rovamo and Barton developed a model that related three 
important pre-cortical processes to perceptual CSF (Rovamo 
et al. 1993; Barten 1999). Although this model can predict 
the overall SF domain and the inverted-U shape of CSFs for 
human and non-human species, it treats the cortical detection 

Abstract Psychophysical studies on human and non-
human vertebrate species have shown that visual contrast 
sensitivity function (CSF) peaks at a certain stimulus spatial 
frequency and declines in both lower and higher spatial fre-
quencies. The underlying neural substrate and mechanisms 
remain in debate. Here, we investigated the role of primary 
visual cortex (V1: area 17) in spatial frequency-dependent 
contrast detection in cats. Perceptual CSFs of three cats 
were measured using a two-alternative forced-choice task. 
The responses of V1 neurons to their optimal visual stimuli 
in a range of luminance contrast levels (from 0 to 1.0) were 
recorded subsequently using in vivo extracellular single-
unit recording techniques. The contrast sensitivity of each 
neuron was determined. The neuronal CSF for each cat 
was constructed from the mean contrast sensitivity of neu-
rons with different preferred stimulus spatial frequencies. 
Result: (1) The perceptual and neuronal CSFs of each of 
the three cats exhibited a similar shape with peak amplitude 
near 0.4 cpd. (2) The neuronal CSF of each cat was highly 
correlated with its perceptual CSF. (3) V1 neurons with dif-
ferent preferred stimulus spatial frequencies had different 
contrast gains. Conclusion: (1) Contrast detection of visual 
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process as a scaling constant and ignores its contribution 
to the overall magnitude differences in perceptual CSFs 
between species (Jarvis and Wathes 2008). On the other 
hand, some authors found that CSFs constructed from visual 
evoked potentials were similar to perceptual CSF in terms 
of the overall shape, peak location, and SF domain (Berkley 
and Watkins 1973; Campbell et al. 1973). These observa-
tions suggest that visual contrast sensitivities at different SFs 
are closely related to neuronal activities in the visual cortex. 
Further, Boynton and colleagues compared human psycho-
physical contrast increment thresholds with neuronal activi-
ties inferred from BOLD fMRI signals. They found that the 
contrast gain in early visual cortical areas depends systemati-
cally on stimulus SF and concluded that contrast discrimina-
tion judgements are limited by pooled activities of neurons 
in early visual cortical areas (Boynton et al. 1999). There is, 
however, no direct electrophysiological evidence to support 
these points of view, and it remains unknown whether CSFs 
constructed from neuronal responses in early visual cortical 
areas can predict perceptual CSFs.

In this study, we intend to examine whether the perceptual 
CSF can be predicted from the CSF derived from neuronal 
responses in V1. To this end, we measured the perceptual 
CSFs for three cats after conditioning training, which was 
followed by single-unit recording of neuronal responses of 
cells in V1 to their respective optimal stimulus in a range 
of luminance contrasts (0–1.0). The contrast sensitivity of 
each neuron was assessed from its contrast–response func-
tion. The neuronal CSF of each cat was constructed from the 
mean contrast sensitivity of V1 neurons with different pre-
ferred stimulus spatial frequencies and was then compared 
with the corresponding perceptual CSF. Additionally, we 
compared the properties of the contrast–response functions 
of neurons with different preferred spatial frequencies, in 
an attempt to understand the mechanism underlying spatial 
frequency-dependent neuronal contrast sensitivity.

Experimental procedure

Subjects

Three adult male cats (age: 2–2.5 years old; body weight: 
2–2.4 kg) with no optical or retinal problems served as sub-
jects. All cats were housed in one room and maintained on 
a 12 h: 12 h light/dark cycle (lights on at 7 am) with ad 
libitum water available. All cats received training in a grat-
ing orientation identification task and could get enough food 
reward during the 2–3-h training period on each weekday 
and were given free access to food on the weekends. Ani-
mal treatments were strictly in accordance with the National 
Institutes of Health Guide for the Care and Use of Labora-
tory Animals.

Psychophysical procedures

The training apparatus was similar to that described in pre-
vious publications (Blake and Petrakis 1984; Orban et al. 
1990; Hua et al. 2010). All cats performed a two-alternative 
forced-choice grating orientation identification task pre-
sented on a CRT and acquired food reward by pushing the 
correct (left or right) nose key in every trial. The visual stim-
uli were windowed sinusoidal gratings generated by MAT-
LAB programs based on Psychtoolbox (Brainard 1997) and 
presented in the center of the CRT. The circular window was 
16 cm or 8° visual angle in diameter at a 57-cm viewing 
distance.

At first, cats received conditioning training in a two-alter-
native forced-choice grating detection task with fixed, high-
contrast (80 %) grating stimuli at a single spatial frequency, 
which were oriented ±45°. To ensure that the measured per-
ceptual CSFs were not biased by the spatial frequency of the 
conditioning stimulus, we used 0.2 cpd for Cat1, 0.4 cpd for 
Cat2, and 0.6 cpd for Cat3 during conditioning (Fig. 1a–c). 
The mean luminance of the grating stimuli was 19 cd/m2, 
and the environmental ambient luminance on the cornea 
was 0.1 lux. In each daily training session, the subject was 
administered 800–1,200 trials in 10–15 80-trial blocks. Sub-
jects took a 5-min break between blocks. The experimenter 
triggered the first trial in the beginning of each training 
block when everything was ready. Each trial started with 
a flashing (3 Hz) bright fixation dot (0.1° visual angle) that 
appeared in the center of the CRT for 1 s. This was followed 
by a 4-s stimulus presentation with a 1-s response denied 
period (RDP) during which pushing the nose keys triggered 
no food reward. Because large-size sine-wave gratings were 
used in the study, eye fixation was not important and not 
monitored. A four-second inter-trial interval (ITI) was pro-
vided between trials.

All cats concluded their conditioning training after 
≥90 % correct performance was attained in 6 consecutive 
days. This was then followed by measurements of the psy-
chophysical contrast sensitivity function. Contrast thresh-
olds at 0.1, 0.2, 0.4, 0.6, 0.8, 1.2, and 1.6 cpd (800 trials of 
test for each SF; all intermixed) were measured to construct 
ten repeated measures of the CSF, one from every 80 trials 
at each spatial frequency.

A 2-correct down/1-error up staircase procedure was 
used to measure contrast thresholds: Stimulus contrast in 
each trial was reduced to 0.9 times of that of the previous 
trial if the subject made correct responses in two consecutive 
trials or increased to 1.1 times if the subject made an incor-
rect response in the previous trial. The procedure asymp-
totically converges to a contrast threshold at 70.7 % correct. 
A reversal results when the staircase changes from increas-
ing to decreasing contrast or vice versa. Following standard 
practice, we averaged the contrasts of an even number of 

Author's personal copy



379Exp Brain Res (2013) 225:377–385 

1 3

reversals to estimate the contrast threshold. Contrast sensi-
tivity at each spatial frequency was defined as the log of the 
reciprocal of the mean threshold contrast value. The contrast 
sensitivity functions were fit with the Gaussian equation:

where f is the spatial frequency of the grating, A is the maxi-
mum sensitivity, f0 is the peak spatial frequency, and width 
is related to the low and high cutoff spatial frequencies of 
the CSF.

Electrophysiological recording

Following the psychophysical measurement of CSF, all 
three cats were prepared for extracellular single-unit record-
ing using procedures described in previous publications 
(Hua et al. 2006, 2009). Briefly, cats were anesthetized with 

(1)CSF( f ) = CSF0 + A exp
[

−
( f − f0)

2

width2

]

,

ketamine HCl (40 mg/kg) and xylazine (2 mg/kg). After the 
intravenous and tracheal cannulae were inserted, cats were 
placed in a stereotaxic apparatus. Pupils were maximally 
dilated with atropine (1 %) and fitted with contact lens (no 
power) to protect the cornea from dryness. An artificial 
pupil (4 mm in diameter) was placed in front of the cor-
nea, as close to the contact lens as possible. Neosynephrine 
(5 %) was administered to retract the nictitating membranes. 
A mixture of urethane (20 mg/h/kg body weight) and gal-
lamine triethiodide (10 mg/h/kg body weight) was infused 
intravenously to maintain anesthesia and paralysis. Expired 
pCO2 was maintained at approximately 3.8 %. Heart rate 
(about 180–220 pulses/min) and EKG were monitored 
throughout the experiment to assess the level of anesthesia 
and ensure that the animals were not responding to pain.  
A small hole was drilled in the skull 4 mm posterior to the 
ear bars and 2 mm lateral to the midline. A glass-coated 
tungsten microelectrode (with an impedance of 3–5 MΩ) 
was positioned and advanced using a hydraulic microma-
nipulator (NARISHIGE, Japan). The small hole was filled 
with a 4 % agar solution in saline and sealed with wax. Prior 
to each penetration, we removed the agar over the cortex 
and dried the cortical surface with soft tissue, and then 
covered the cortex again with agar after the microelectrode  
made contact with the cortical surface. To ensure that we 
randomly sampled neurons from all cortical layers, we con-
fined electrode penetrations (at least 20 penetrations for each 
cat, with ≥400 μm inter-penetrations space) in the medial 
bank of the lateral gyrus (V1), a region where the corti-
cal surface ran approximately parallel to the white matter  
(Hua et al. 2008), and isolated units at a vertical depth within 
2,000 μm from the pial surface at each penetration.

After completing all pre-recording preparations, the 
optic disks of the two eyes were reflected onto a movable 
transparent tangent screen, which overlapped with the CRT 
monitor used for stimulus presentation. The area centralis of 
each eye was located prior to physiological recording based 
on the position of the optic disks reflected onto the tangent 
screen (Bishop et al. 1962).

Single-unit responses were measured with moving sinu-
soidal gratings generated with MATLAB programs based on 
Psychophysics Toolbox (Brainard 1997). The mean lumi-
nance of the grating stimuli and the environmental ambient 
luminance on the cornea were the same as those used in 
psychophysical experiments. The visual stimuli were shown 
on the CRT monitor (resolution 1,024 × 768, refresh rate 
85 Hz), placed 57 cm away from the animal’s eyes. When 
a single unit was isolated, the center of the cell’s receptive 
field was carefully mapped by consecutively presenting a 
series of computer-generated light spots on the CRT and then 
marked on the movable transparent tangent screen. Next, we 
determined the optimal grating stimulus (optimal orienta-
tion and motion direction, spatial and temporal frequency, 

Fig. 1  Visual signals A, B, and C were used for conditioning training  
of cat1, cat2, and cat3. For all three cats, stimuli were sine-wave 
gratings oriented ±45°. All gratings had a fixed mean luminance of 
19 cd/m2 and contrast of 80 %. The spatial frequency of the gratings 
was set at 0.2, 0.4, and 0.6 cpd for cat1, cat2, and cat3, respectively
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and size) for each cell by presenting a series of stimulus 
conditions. Correct focus of artificial pupil was established 
by comparing the cell’s responses to gratings with different 
spatial frequencies as different spectacle lens were in place. 
Subsequently, neuronal responses to the optimal stimuli 
with varied contrast levels (0–1: 0, 0.01, 0.04, 0.09, 0.16, 
0.25, 0.36, 0.49, 0.64, 0.81, and 1.0) were systematically 
recorded. The sequence of stimulus presentations at differ-
ent contrast levels was randomized with each stimulus pre-
sented 4–6 times to the dominant eye. The duration of each 
stimulus presentation was less than 5 s (varied with tem-
poral frequency of the stimulus). There was a 2-min inter-
val between stimulus repeats for functional recovery of the 
recorded neuron. Single-unit recordings were made in the 
central visual field of both eyes. After recording, the eccen-
tricity of the receptive field of each cell was determined by 
measuring the distance between the center of the receptive 
field and the area centralis of the animal’s dominant eye.

After the signal was amplified with a microelectrode 
amplifier (NIHON KOHDEN, Japan) and differential 
amplifier (Dagan 2400A, USA), action potentials were fed 
into a window discriminator with an audio monitor. The 
original voltage traces were digitized using an acquisition 
board (National Instruments, USA) controlled by IGOR 
(WaveMetrics, USA) and saved for later analysis. Post-
stimulus time histograms (PSTHs) of the response were 
also obtained. The response of a cell to a drifting sinusoi-
dal grating was defined as the mean response value cor-
responding to the time of stimulus modulation, which was 
used to draw the response-contrast tuning curve (Fig. 2a, b).  
The preferred stimulus orientation, motion direction,  
spatial and temporal frequency, and size for each cell were 
pre-determined as previously described (Schmolesky et al. 
2000; Hua et al. 2006). Because a previous study showed 
that V1 neurons generally sharpened their response tuning 

curves around the preferred stimulus spatial frequency 
as stimulus contrast decreased toward a threshold level  
(Sceniak et al. 2002), we chose the contrast sensitivity at 
the preferred stimulus spatial frequency as the best meas-
urement of each neuron’s contrast sensitivity. Based on 
recent studies that suggest that the visual system may com-
bine information across neurons tuned to different spatial 
frequencies in processing low-contrast sinusoidal gratings 
(Goris et al. 2009; Hua et al. 2010), we constructed neu-
ronal CSFs from the mean contrast sensitivity of V1 neu-
rons with different preferred stimulus spatial frequencies. 
To determine the contrast sensitivity of each V1 neuron, we 
fitted its contrast–response function with the Naka-Rushton 
equation (Albrecht 1995) (Fig. 2b):

in which R(C) represents the neuron’s visually driven 
response to a visual stimulus with contrast value of C, 
Rmax is the neuron’s maximal visually evoked response to 
visual stimuli, M is the neuron’s spontaneous activity or 
baseline response, C50 corresponds to the stimulus contrast 
that evokes half of the neuron’s maximal response, and N 
represents the slope of the neuron’s response-contrast func-
tion. Threshold contrast (Tc) of each neuron is defined as 
the contrast that evokes a response that is 1.414 times of its 
baseline response (M) (Hua et al. 2010). Contrast sensitivity 
of a neuron was represented by the inverse of its Tc, called 
Tc-contrast sensitivity (TcCS). Cells with less than 95 % 
goodness of fit were not included in our data analysis.

Statistical comparisons between cell populations 
responding preferentially to different SFs were carried out 
using ANOVA. All values were expressed as mean ± stand-
ard deviation (SD) or standard error of the mean (SEM).

(2)R(C) = Rmax
C N

C N + C50
N

+ M ,

Fig. 2  A typical neuron’s response to its optimal visual stimulus.  
a The voltage trace of the neuron’s response to the optimal stimulus 
at 64 % contrast. A spike with an amplitude surpassing the horizontal 
broken line is counted as an action potential. The neuron’s response 
was evoked by 5 cycles of grating stimulation, equivalent to a stimu-
lus duration of about 1.7 s. Spontaneous activity (M) was acquired 1 s 
prior to visual stimulus presentation. b Contrast–response function of 

the neuron (mean ± SD). The smooth curve represents the best fit-
ting Naka-Rushton equation (r2 = 99.2 %). M and Rmax represent the 
neuron’s spontaneous activity and maximal visually evoked response 
to visual stimuli. C50 denotes the stimulus contrast that evokes half of 
the neuron’s maximal response. N represents the slope of the neuron’s 
contrast–response curve. Tc is the threshold stimulus contrast that 
evokes a response 1.414 times of the neuron’s spontaneous activity
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Results

Perceptual contrast sensitivity function

All three cats (cat1, cat2, and cat3) succeeded in condition-
ing training, that is, identifying the orientation (±45°) of 
high contrast (80 %) sinusoidal gratings at >90 % correct 
performance for six consecutive days after 3–5 months of 
training.

ANOVA indicated that the contrast sensitivity function 
(CSF) of each cat showed a significant main effect of stim-
ulus spatial frequency (SF) (Cat1: F(6,63) = 63.47, Cat2: 
F(6,63) = 169.2, Cat3: F(6,63) = 92.99, all p < 0.0001). 
Based on the best fitting Gaussian function (Eq. 1), the CSFs 
peaked around 0.4 cpd for all three cats (Cat1: 0.37 cpd; 
Cat2: 0.37 cpd; Cat3: 0.39 cpd) (Fig. 3a–c). The CSFs were 

significantly different among the cats (F(2,189) = 9.725, 
p < 0.001), but exhibited no significant SF/cat interaction 
(F(12,189) = 1.686, p > 0.10). This result suggests that the 
three cats showed a varied ability in visual contrast detec-
tion at different SFs, but their CSFs shared a similar shape.

Neuronal contrast sensitivity functions

To uncover the neural correlates of perceptual contrast sen-
sitivity function, we calculated the mean contrast sensitiv-
ity of V1 neurons with different preferred stimulus spatial 
frequencies using the reciprocal of their threshold contrasts 
(Tc). A total of 66 cells from Cat1, 69 cells from Cat2, and 
68 cells from Cat3 were studied (Table 1). The receptive 
fields of all cells included in this study were located within 
8° of the central area of the dominant eye.

ANOVA indicated that the neuronal CSF (Tc-contrast 
sensitivity function) in each cat exhibited a significant main 
effect of stimulus spatial frequency (Cat1: F(6,59) = 5.258; 
Cat2: F(6,62) = 21.83; Cat3: F(6,61) = 9.586, all 
p < 0.0001). Based on the best fitting Gaussian function 
Eq. (1), the neuronal CSFs also reached their peaks around 
0.4 cpd (Cat1: 0.39 cpd; Cat2: 0.38 cpd; Cat3: 0.38 cpd) 
(Fig. 3a–c). The neuronal CSFs showed significant differ-
ences between cats (F(2,182) = 3.784, p < 0.05), but no SF/
cat interaction (F(12,182) = 0.333, p > 0.5).

Comparison between perceptual and neuronal CSFs

To examine the relationship between neuronal and percep-
tual CSFs, we computed the correlation between them for 
each cat.

The neuronal CSF in each cat was highly correlated 
with the corresponding perceptual CSF (Cat1: R = 0.990, 
p < 0.0001; Cat2: R = 0.996, p < 0.0001; Cat3: R = 0.991, 
p < 0.0001). As shown in Fig. 4, linear regression of neu-
ronal versus perceptual CSFs was excellent for all three cats 
(all p < 0.0001). This result suggests that perceptual contrast 
sensitivities at different SFs are linearly correlated with the 
mean contrast sensitivities of V1 neurons responding prefer-
entially to stimuli with the corresponding SFs.

Mechanisms of contrast sensitivity of V1 neurons

Contrast sensitivity variation of V1 neurons with differ-
ent preferred stimulus SFs may depend on four factors 
(Li et al. 2008; Hua et al. 2010): (1) Spontaneous activity 
(M), (2) Maximal response (Rmax), (3) Slope of the con-
trast–response function (N), and (4) Contrast gain (1/C50). 
To test these possibilities, we systematically compared 
the best fitting parameters of the Naka-Rushton equa-
tion between neurons with different preferred spatial 
frequencies.

Fig. 3  Perceptual and neuronal CSFs (contrast sensitivity functions) 
of three cats. The filled and open circles with error bars (1 SEM) 
represent the perceptual and neuronal contrast sensitivity at different 
SFs, respectively. The solid and dotted lines are the best fits to the 
perceptual and neuronal CSFs, respectively
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No significant variation was found between neurons 
responding preferentially to stimuli with different SFs in 
terms of spontaneous activity (F(6,182) = 0.228, p > 0.5), 
maximal response (F(6,182) = 0.373, p > 0.5), and slope of 
the contrast–response function (F(6,182) = 0.318, p > 0.5) 
(Fig. 5a–c). However, there was a significant difference 
between neurons with different preferred stimulus spatial 
frequencies in terms of C50 (F(6,182) = 33.194, p < 0.0001) 
(Fig. 5d), and the difference was independent of the subject 
(interaction of spatial frequency and cat: F(12,182) = 0.229, 
p > 0.5). In each cat, the mean C50 value was lowest for neu-
rons with preferred SF at 0.4 cpd, but increased gradually 
for neurons with preferred SFs higher or lower than 0.4 cpd 
(Fig. 5d).

Fig. 4  Scatter plots of neuronal versus perceptual CS at different 
SFs (0.1, 0.2, 0.4, 0.6, 0.8, 1.2, and 1.6 cpd) for each of the three cats 
(Filled square Cat1; Filled circle Cat2; Open circle Cat3). The neuronal 
and perceptual CS values were normalized to their maximum for each 
cat. The solid, dotted, and broken lines are the best linear regressions

Fig. 5  Spontaneous activity (a), maximal response (b), contrast–response function slope (c), and C50 (d) of V1 neurons responding preferen-
tially to different stimulus spatial frequencies. Black, patternrd, and white bars represent Cat1, Cat2, and Cat3, respectively

Table 1  Mean contrast sensitivity of V1 neurons with different preferred stimulus spatial frequencies

Subjects N/CS Spatial frequency (cpd)

0.1 0.2 0.4 0.6 0.8 1.2 1.6

Cat1 N 10 20 15 7 5 5 4

TcCS 9.3 ± 1.5 11.2 ± 1.6 15.8 ± 2.2 11.6 ± 0.8 5.9 ± 0.5 3.3 ± 0.3 2.6 ± 0.2

Cat2 N 10 16 20 11 5 4 3

TcCS 9.0 ± 0.5 12.3 ± 0.5 17.6 ± 1.5 12.5 ± 0.4 6.3 ± 0.6 2.5 ± 0.4 2.2 ± 0.2

Cat3 N 6 10 22 14 9 4 3

TcCS 10.5 ± 0.9 13.3 ± 1.4 16.9 ± 1.4 11.9 ± 0.9 6.6 ± 1.0 3.6 ± 0.7 3.2 ± 0.7

N and CS represent cells number and contrast sensitivity, respectively. TcCS is Tc-contrast sensitivity (1/Tc), which is expressed as 
Mean ± 1SEM
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We conclude that contrast sensitivity changes of V1 
neurons with different preferred stimulus spatial frequen-
cies may result from different contrast gains. Neurons with 
preferred SFs closer to the optimal perceptual SF (0.4 cpd) 
have higher contrast gains (lower C50), whereas neurons 
with preferred SFs away from the optimal perceptual SF 
have lower contrast gains (higher C50).

Discussion

Perceptual CSFs

In this study, perceptual CSFs of three cats were measured 
using a 2-AFC task with a 2-down/1-up staircase procedure. 
The CSFs of the three cats shared similar shapes and peak 
spatial frequencies, although there were some differences.

The overall amplitude of the perceptual CSFs in our study 
is significantly lower than that in previous studies (Blake  
et al. 1974; Pasternak and Merigan 1981). Pasternak and 
Merigan used a stimulus luminance (16 cd/m2) quite close 
to ours and a size (11°–14° visual angle) slightly larger 
than ours but reported a CSF amplitude higher than ours  
(Pasternak and Merigan 1981). Therefore, the CSF ampli-
tude difference could not be attributed to variations of stim-
ulus luminance and size. It is likely that other factors may 
contribute to the difference: (1) The task in our study, iden-
tification of a ±45° grating near threshold, is different from 
detecting a grating on a uniform background used in the lit-
erature; (2) In this study, the CSFs were constructed based on 
an average of 10 blocks (80 trials/block) of contrast threshold 
measurements at each SF. On each testing day, tests at differ-
ent SFs were pseudorandomly interleaved. Previous studies 
measured CSFs by continuously tracking contrast threshold 
at each SF till asymptotic performance, which could have 
over-estimated the contrast sensitivity at each SF.

Neural basis of contrast detection or discrimination

The neural basis mediating contrast detection or discrimi-
nation has been investigated for more than 30 years. Some 
authors recorded from single neurons in cat and monkey 
primary visual cortex and compared the contrast–response 
functions of V1 neurons with behavioral measures of 
absolute contrast detection thresholds (Tolhurst et al. 
1983; Hawken and Parker 1990). They found that behav-
ioral thresholds could be well predicted by the responses 
of the most sensitive single neurons. Geisler and Albrecht 
recorded the responses of neurons from the primary visual 
cortex of cats and monkeys and used those measurements 
to predict entire contrast discrimination threshold curves. 
They showed that behavioral contrast discrimination func-
tions were similar in shape to the neuronal discrimination 

functions of the most sensitive cells and the contrast dis-
crimination functions obtained by optimal pooling of the 
entire population of cells (Geisler and Albrecht 1997; Clat-
worthy et al. 2003; Chirimuuta and Tolhurst 2005).

Why behavioral contrast detection or discrimination sen-
sitivity varies with stimulus spatial frequency has also been 
explored by some researchers. A theoretical model proposed 
by Rovamo and Barton (Barten 1999; Rovamo et al. 1999; 
Jarvis and Wathes 2007, 2008) suggests that three important 
pre-cortical factors, including image formation through the 
optics of the eye, and receptor sampling and lateral inhibi-
tion in the retina, contribute to spatial vision characterized 
by contrast sensitivity. Recent investigations showed that 
the Rovamo–Barton model could describe the overall spa-
tial contrast sensitivity in a diverse range of species (Jarvis 
and Wathes 2007, 2008; Jarvis et al. 2009). However, this 
model ignored the role of visual cortex and treated cortical 
processing as a scaling constant (Jarvis and Wathes 2008). 
Other studies indicated that neurons in visual cortex, rather 
than subcortical locations, played a major part in contrast 
gain control (Ohzawa et al. 1985; McLean and Palmer 1996; 
Sanchez-Vives et al. 2000). In this research, we first meas-
ured the perceptual CSF in three cats and then constructed 
neuronal CSF based on the contrast–response functions of 
V1 neurons with different preferred stimulus spatial fre-
quencies. We found that the neuronal and perceptual CSFs 
in each cat were highly correlated; they shared a very simi-
lar shape, peak SF, and amplitude in the measured range of 
SFs. These results suggest that the neural site responsible 
for SF-dependent contrast detection might be in V1. This 
conclusion is consistent with a previous fMRI study, which 
demonstrates that neuronal signals that are correlated with 
performance in contrast discrimination are presented in V1 
(Boynton et al. 1999).

Mechanism of contrast sensitivity variation of V1 neurons

As shown in this study, V1 neurons with different preferred 
stimulus SFs exhibited different contrast sensitivities. This 
could result from changes of spontaneous activity (M), 
maximal response (Rmax), slope of contrast–response func-
tion (N), and/or contrast gain (1/C50) (Li et al. 2008; Lu and 
Dosher 2008). Through systematic comparison, we found 
that the variation of contrast sensitivity of V1 neurons with 
different preferred stimulus SFs did not result from changes 
of spontaneous activity, nor maximal response, nor slope 
of the contrast–response functions (Fig. 5a–c), but rather 
from differential contrast gains. Neurons with preferred SFs 
near the optimal perceptual SF (0.4 cpd) had higher contrast 
gains, whereas neurons with preferred SFs higher or lower 
than the optimal perceptual SF had lower contrast gains. 
This result indicates that contrast sensitivity differences of 
V1 neurons with different preferred stimulus SFs might be 
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caused by contrast-gain variations in different neuronal pop-
ulations, which could be an important cellular mechanism 
underlying SF-dependent contrast detection. Our result was 
consistent with a phenomenon observed in a previous physi-
ological and anatomical study, which reported that striate 
cortical neurons with different contrast sensitivities dis-
played to some extent a match for neurons with different 
optimal SFs according to their distance from the center of 
cytochrome oxidase (CO) blobs (Edwards et al. 1995).

Why V1 neurons with different preferred SFs show dif-
ferent contrast gains is unclear. Based on the receptive field 
(RF) architecture of V1 neurons and synaptic transmission 
theory, we propose that contrast gains of V1 neurons to 
their preferred stimuli may depend on the density of excita-
tory synapses or postsynaptic receptors. It is possible that 
neurons with preferred SFs closer to the optimal percep-
tual SF have denser synaptic connections with presynaptic 
excitatory cells or have more postsynaptic receptors, and 
thus could be easily activated by lower stimulus contrast. 
Another possibility is that neurons with bigger RFs or lower 
preferred SFs receive more excitatory synaptic inputs from 
large-scale horizontal connections, but the integration effi-
ciency of postsynaptic potentials decreases with the distance 
from the RF center. And neurons with preferred SFs closer 
to the optimal perceptual SF may achieve larger input-inte-
gration ratio and thus exhibit higher contrast gains. Further 
studies are needed to clarify these possibilities.

Biological significance of contrast sensitivity functions

The observation that visual contrast sensitivity varies with 
stimulus spatial frequency is a phenomenon common to 
human and many vertebrate animal species examined  
(Uhlrich et al. 1981; Sowden et al. 2002; Jarvis and Wathes 
2008). Each species is characterized by a certain SF domain 
within which visual targets are discriminable. Moreover, 
each species retains an optimal SF at which visual signals 
are most easily detected even under low luminance con-
trasts. Such a species-specific property of vision certainly 
has great implications for animals’ daily functions, such 
as preying and escaping (Northmore and Dvorak 1979). 
It is unknown how each species develops a characteristic 
SF domain and optimal SF. One possibility is that different  
species may retain different genes that based on the visual 
properties that are most beneficial to its living and social 
activities. Another possibility is that each species may 
develop the neural circuits that best match the meaningful 
visual stimuli presented in its living environment during 
postnatal visual experiences. In fact, even learning in the 
adulthood could produce substantial neural plasticity and 
modify the sensitivity of contrast detection on visual sig-
nals (Zhou et al. 2006; Hua et al. 2010). Further studies are 
needed to clarify these issues.
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