
Exp Brain Res (2009) 192:379–389

DOI 10.1007/s00221-008-1545-z

RESEARCH ARTICLE

Sensitivity to relative disparity in early visual cortex of pigmented 
and albino ferrets

C. Kalberlah · C. Distler · K.-P. HoVmann 

Received: 11 June 2008 / Accepted: 6 August 2008 / Published online: 23 August 2008
©  The Author(s) 2008. This article is published with open access at Springerlink.com

Abstract To investigate binocular interactions as the
neuronal substrate for disparity sensitivity in the ferret
(Mustela putorius furo), we measured the eVects of relative
horizontal disparities on responses of neurons in areas 17
and 18 of the visual cortex. Stimulation by moving bars and
sinusoidal gratings showed that about half of our sample in
pigmented ferrets was sensitive to relative horizontal dis-
parity. This also included many neurons, which were classi-
Wed as only monocularly activated when testing either eye
alone. However, the tuning width was about two or three
times coarser (median tuning width 4° of visual angle) than
that in the cat. In albino ferrets, only 8% of the neurons in
the early visual cortex displayed some sort of disparity-
dependent binocular interactions, but none could be clearly
identiWed as relative disparity-coding neuron.

Keywords Mustela putorius furo · Albinism · 
Striate cortex · Disparity sensitivity

Introduction

Because of the manifold anatomical and physiological
alterations in their visual system, albinos experience a num-
ber of behavioural defects (for review, see JeVery 1997;

HoVmann et al. 2004; Hupfeld et al. 2006). In short, due to
a mutation aVecting the tyrosine metabolism, the spatiotem-
poral maturation in the retina is altered, and the decussation
pattern shows a reduction of ipsilateral projections (Morgan
et al. 1987). One of the consequences is an abnormal repre-
sentation of the visual Weld in areas 17 and 18, a reduced
binocularity in visual cortex (e.g. Hubel and Wiesel 1971;
Shatz 1977; Antonini et al. 1981; Akerman et al. 2003), and
absence of stereopsis in the Siamese cat (Packwood and
Gordon 1975). Albino strains are readily accessible in fer-
rets. Thus, the ferret oVers a unique opportunity to study the
pathology of cortical mechanisms underlying depth percep-
tion in albinos and compare it to wild-type conspeciWcs.

While the existence of monocular cues for depth percep-
tion was known already in ancient times and was rediscov-
ered in the early sixteenth century primarily by Leonardo
da Vinci (Howard and Rogers 1995), Wrst behavioral and
psychophysical studies of stereopsis as a result of binocular
disparity were conducted by Wheatstone (1838) and
extended by Julesz (1971). Neurophysiological studies by
Barlow et al. (1967) and Pettigrew et al. (1968) described
disparity-selective neurons in the primary visual cortex
(V1) of anesthetized cats and provided Wrst evidence for
binocular disparity in V1 as a possible basis for stereopsis.
Subsequent studies in alert, Wxating monkeys conWrmed the
concept of stereopsis in the early visual areas (Poggio and
Fischer 1977; Poggio et al. 1988; Cumming and Parker
1999). The exact mechanisms underlying stereopsis, how-
ever, are still unknown and have been a matter of discus-
sion for years (e.g. DeAngelis et al. 1995; Ohzawa et al.
1996, 1997; Anzai et al. 1997; Bridge et al. 2001; Prince
et al. 2002; Nienborg et al. 2004).

Four basic categories of disparity-coding neurons were
established. First, neurons respond best to objects lying
either in front of the horopter (crossed disparity, near-coding
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cell) or, second, very near the horopter (zero-disparity-cod-
ing cell) or, third, behind the horopter (uncrossed disparity,
far-coding cell). The fourth group, the tuned-inhibitory
cells, responds optimally to objects at all disparities except
those near zero. Although it is argued that especially the
three groups of excitatory neurons may not be discrete
(LeVay and Voigt 1988; Prince et al. 2002), application of
this classiWcation appears to be beneWcial for Wnding diVer-
ences of the response proWles between categories (Poggio
1995). Thus, this classiWcation is still commonly used, but
it should be emphasized that the early visual areas code for
the whole range of disparities. This led to the assumption
that stereopsis is equivalent to depth perception (Barlow
et al. 1967). Although this hypothesis is no longer valid
(Cumming and Parker 1999), it remains that neurons in V1
perform essential preprocessing underlying stereoscopic
depth perception in higher areas.

Up to now, the mechanisms of stereopsis were mainly
studied in the early visual areas of mammals with frontally
located eyes. By contrast, little is known about coding of
retinal disparities in other species with smaller interocular
distance or lower visual acuity.

We chose the ferret for our experiments, because the fer-
ret’s eyes are less frontally located and the interocular dis-
tance is smaller than that in cats or primates. Binocular
visual Weld overlap amounts to about 80° of visual angle
(Garipis and HoVmann 2003). The ferret’s visual acuity is
about half the visual acuity of cat (cat: Blake and Antoinetti
1976; Jacobson et al. 1976; Smith et al. 1980; ferret: Pon-
tenagel and Schmidt 1980; Wen et al. 1985; Price and Mor-
gan 1987; Hupfeld et al. 2006). Furthermore, ferrets are
frequently used in developmental studies due to the fact
that they are born at an early gestational age. Thus, while
ferret and cat visual systems are very similar, early and
immature developmental stages are available postnatally in
ferret (Greiner and Weidman 1981). Thus, ferret is an inter-
esting model for studying developmental and adult dispar-
ity mechanisms in a comparative way.

Material and methods

Animals

Electrophysiological recordings were performed in six pig-
mented and three albino adult female ferrets (Mustela puto-
rius furo) 1–2 years of age. All experiments were approved
by the local authorities (Regierungspräsidium Arnsberg)
and were carried out in accordance with the Deutsche
Tierschutzgesetz of 12 April 2001, the European Commu-
nities Council Directive of 24 November 1986 (S6 609
EEC), and the National Institutes of Health guidelines for
care and use of animals for experimental procedures. The

animals were bred and raised in the animal facility of the
Department of General Zoology and Neurobiology, Ruhr
Universitaet Bochum, and were group-housed in an
enriched environment with access to an outdoor enclosure.

Surgery

Animals were initially treated with 0.05 mg atropine sul-
phate (Braun) i.m. and anesthetized with 20 mg/kg ketamin
(Ketavet®) and 2 mg/kg xylacine (Rompun®) i.m. They
were intubated through the mouth, and a catheter was intro-
duced into the cephalic vein. After additional local anesthe-
sia with bupivacain hydrochloride, animals were placed
into the stereotactic frame and artiWcially ventilated with air
containing 0.2–0.6% halothan as needed throughout the
entire experiment. Heart rate, endtidal CO2, and body tem-
perature were monitored and maintained at physiological
levels. The depth of anesthesia was controlled based on the
heart rate and cardiac reaction to tactile stimuli. Pupils
were dilated with tropicamide (Mydriaticum® Stulln).
Corneae were protected with contact lenses chosen with a
refractometer (Rodenstock) to correct the optics of the eyes
to the distance of the stimulation monitors (see “Visual
stimulation”). The skin overlying the skull was cut, the
temporalis muscle was deXected, and a craniotomy was
performed allowing access to areas 17 and 18 of visual
cortex. Additionally, a head post was implanted, by which
the animals were held during the recording. During the
recordings, the animals were paralyzed with alcuronium
chloride (Alloferin®) by an initial i.v. injection of 0.1 mg/kg
and an i.v. infusion of 0.1 mg/kg per hour. After completion of
the recording sessions, the wound was closed in appropriate
layers and covered with antibiotic ointment (Nebacetin®).
After full recovery, the animals were returned to their home
enclosure and treated with analgetics (Carprofen, Rimadyl®)
for 2 days and broadband antibiotics (EnroXoxacin,
Baytril®) for 1 week after surgery. Electrophysiological
recordings were repeated three to Wve times with 3 weeks
recovery in-between. Because the quality of recordings
during longterm acute experiments turned out to decline
with time, we instead chose repeated shorter recording
sessions (12–13 h duration). With this method, the quality
and the amount of data recorded from individual animals
dramatically increased. The procedure was well tolerated
by the animals as shown by their normal feeding and play
behavior.

Electrophysiology

Electrophysiological recordings in visual areas 17 and 18
were performed with tungsten in glass microelectrodes. To
achieve penetrations from the mediodorsal to the lateroven-
tral parts of the areas, the electrode was angled 45° from
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medial to lateral in the coronal plane. Histological recon-
structions of the recording sites indicate that our recordings
sampled all cortical layers. Neuronal activity was conven-
tionally ampliWed, passed through a window discriminator
and stored for oZine analysis.

Visual stimulation

To present stimuli in diVerent horizontal disparities, we
used an adapted mirror stereoscope (Ohzawa and Freeman
1986a, b). At each side of the animal, a screen (Eizo®, Flex-
Scan F57, 60 Hz) was positioned at a viewing distance of
28 cm. Thus, each screen covered about 60° by 40° of the
visual Weld. “Cortex” software (Laboratory of Neuropsy-
chology, NIMH, Bethesda, USA) was used to control
visual stimulation and data acquisition. Position and extent
of monocular receptive Welds of recorded neurons were
determined by bright bars of various sizes moved and
rotated on dark background manually by means of the com-
puter mouse. Cells were classiWed based on their responses
as belonging to areas 17 or 18. This electrophysiological
classiWcation of recorded neurons was applied to the further
data analysis.

Two diVerent stimuli were used. The Wrst stimulus was a
moving bright bar on dark background (size 1° by 20° of
visual angle; moving in eight directions in 45° steps; speed
5, 10, 20, 50, and 100°/s; Michelson contrasts of 0.032,
0.063, 0.091, 0.189, 0.375, 0.559, 0.756, and 0.976; back-
ground luminance 0.8 Cd/m2). The second stimulus con-
sisted of a cyclic luminance modulated grayscale sinusoidal
grating (diameter 40° of visual angle; moving in eight
directions in 45° steps; spatial frequencies of 0.05, 0.07,
0.1, 0.2, 1, and 2 cpd; temporal frequency of 1 Hz; Michel-
son contrasts of 0.016, 0.040, 0.063, 0.133, 0.298, 0.465,
0.778, and 0.976; mean luminance 19.1 Cd/m2).

Each stimulus presentation was preceded and followed
by a 500 ms presentation of the dark or gray background,
respectively. Neuronal responses for diVerent stimulus
parameters were recorded separately using a pseudoran-
domized block design with ten repetitions per condition.
Great care was taken to always cover the whole receptive
Weld with our stimuli. These short tuning programs allowed
us to determine the stimulus parameters that led to a clear
activation of each recorded cell.

Using the stimulus with optimal parameters (like orien-
tation, size, contrast, and speed), the horizontal disparity
was then altered by computer-controlled displacement of
the left screen in horizontal direction. Only neurons with
vertical or oblique preferred orientations (up to 45° from
vertical) were included in this analysis. Thus, irrespective
of the preferred orientation (vertical or oblique) horizontal
relative disparities tested were the same. Each run consisted
of increasing and decreasing values of horizontal disparity,

i.e. a sequence of increasing disparities was followed by a
series of decreasing disparities to exclude long-term drifts
(bars: nine conditions with steps of 2°, or, when neurons
had smaller receptive Welds, with steps of 1°, 0.5°, or 0.25°
horizontal disparity; gratings: 12 conditions with steps of
30° over a full range of 360° between the two dichoptically
presented gratings. Thus, absolute steps of horizontal dis-
parity depended on the spatial frequency of the grating.)
Each condition was repeated ten times.

Quantitative analysis

Data were analyzed with MatLab® (Version 7.0.1, The
MathWorks Inc.) using the Curve Fitting Toolbox (Version
1.1.2). Spike trains were convolved with a normalized,
symmetric triangle kernel function 30 ms in width (Nawrot
et al. 1999).

For bar stimuli, there was a clear receptive Weld-depen-
dent increase and decrease of neuronal activity per sweep.
We Wtted the density function with a Gaussian distribution
to deWne an analysis window of §one standard deviation of
the Gaussian. Within that interval, we calculated the mean
neuronal activity in spikes/s for each condition and not the
total number of spikes in the response peaks to eliminate
any bias due to diVerent widths of the peaks with changing
relative disparities.

For grating stimuli, we classiWed simple and complex
cells via a Fourier analysis of the neuronal activity, calcu-
lating the F1/F0 ratio between the amplitude of the Wrst har-
monic of the response and the mean activity (Movshon
et al. 1978; Dean and Tolhurst 1983; Ohzawa and Freeman
1986a, b; Skottun et al. 1991; but see Mechler and Ringach
2002). Neurons with highly modulated activity (relative
modulation > 1) were classiWed as simple, others as com-
plex. For the subsequent analysis of simple cells, the ampli-
tude of the Wrst harmonic was used; otherwise, the mean
activity was used.

Because of no clear landmarks on the retina, we could
not deWne the eye’s center of gaze. Following the assump-
tion that diVerences of monocular receptive Weld locations
in early visual areas converge to zero for aligned eyes (e.g.
Bishop 1973), or converge to a certain value for unaligned
eyes that represents the deviation of gaze in a given experi-
ment, we deWned the mean diVerence of monocular recep-
tive Weld locations on both screens for each experiment (on
average data from 14 neurons per experiment) as zero dis-
parity and related the positions of the stimulus presentation
to this deWned zero disparity. We thus treat our disparity
settings as relative disparity centered on zero as deWned
above. The spatial stability of the response through the
right eye for which the monitor was never shifted served as
a control for the lack of drifts of this eye during the record-
ing of one neuron. In fact, we never observed such shifts
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throughout the experiment under the immobilization condi-
tions we imposed. Only 2 h (minimum) after discontinuing
the alloferin infusion and the recording did visible sponta-
neous movements of the eyes start.

To analyze a neuron’s sensitivity for horizontal relative
disparity, we screened our data for runs with at least one
dataset of a certain horizontal disparity in which at least one
measured value exceeded the range of the 2.5-fold standard
deviation of that group. These particular runs were
excluded from further analysis because of possible unstable
recording. We applied a nonparametric one-way ANOVA
(Kruskal–Wallis, P < 0.05) to screen for signiWcant diVer-
ences of mean neuronal activities at diVerent horizontal dis-
parities. Furthermore, multiple comparison was used to Wnd
statistically diVerent activations in maxima or minima of
relative disparity tuning curves, respectively. The diVer-
ence between two disparities leading to statistically diVer-
ent activations was deWned as the minimal diVerence
aVecting activity (MDAA). This approach leads to a statis-
tical determination of tuning width. For better comparison
with other studies, we additionally Wtted disparity tuning
curves with a Gaussian.

Histology

After completion of the electrophysiological experiments,
the animals were euthanized with an overdose of pentobar-
bital and perfused transcardially with 0.9% saline and 4%
paraformaldehyde–lysine-periodate. After appropriate
cryoprotection, frozen frontal sections were cut at 40 or
50 �m, respectively, and stained for Nissl, myeloarchitec-
ture (Gallyas 1979, as modiWed by Hess and Merker 1983),
and cytochrome C histochemistry (Wong-Riley 1979).
Recording sites were reconstructed based on microlesions,
the penetration scheme and the depth reading on the elec-
trode microdrive.

Results

Recording sites

Based on the histological reconstruction of microlesions and
penetration tracks, all our recording sites were situated in
either area 17 or area 18 close to the area 17/18 border. This
was in good agreement with our “online” electrophysiologi-
cal classiWcation of recorded cells as area 17 or 18 neurons.

Sensitivity to horizontal relative disparity in pigmented 
ferret—stimulation with bars

To determine a neuron’s relative disparity sensitivity, the
cell was Wrst monocularly stimulated and neuronal activity

was recorded to deWne the analysis window as one stan-
dard deviation width of the Gaussian function that was
Wtted to the mean density of the neuronal response during
monocular stimulation (see methods, “Quantitative analy-
sis”). Stimulus parameters were chosen to optimize the
neuronal response. Based on the monocular responses, we
determined the ocular dominance (OD) index and deWned
seven OD groups (Hubel and Wiesel 1962), which are
plotted in Fig. 1. Astonishingly, the largest group com-
prising more than 20% of the neurons were driven by the
contralateral eye only. Then, the neuronal activity was
recorded during binocular stimulation with varying
horizontal disparity of the stimulus. The neuronal activity
was analyzed within the previously determined analysis
window.

Figure 2a–d shows peristimulus-time-histograms of
the neuronal activity to exemplify relative disparity sen-
sitive neurons of diVerent categories stimulated by mov-
ing bars. During the disparity test, the position of the left
screen was varied with respect to the left eye to achieve
variation of horizontal disparity of the binocular stimu-
lus. Thus, the position of the stimulating bar in the
visual Weld changed for diVerent conditions with respect
to the left eye. In cases where the left eye yielded the
dominant input to the cell recorded, the neuronal
response directly revealed the spatial shift of the stimu-
lus (Fig. 2c, d). In cases where the right eye yielded the
dominant input, the response peak stayed spatially con-
stant, which was taken as evidence for no residual eye
movements.

Sensitivity for horizontal relative disparity can also be
judged by the modulation of the neuronal activity in
response to a change in horizontal disparity. Thus, to ana-
lyze a neuron’s sensitivity for relative disparity, we com-
pared the mean neuronal activity within the analysis
window (peak activity instead of taking the response over
the whole response period) during several trials of monoc-
ular and binocular stimulation (indicated by gray horizon-
tal lines in Fig. 2a–d). The neurons’ mean activities as a
function of horizontal relative disparity are plotted in
Fig. 2e–h and compared to the neuronal activities during
monocular stimulation (white bars). Although two of the
four cells (Fig. 2e, g) were clearly monocularly domi-
nated, all cells were signiWcantly modulated by variation
of the horizontal disparity of binocularly presented visual
stimuli.

The relative disparity-sensitive neurons were classiWed
according to the disparities leading to their maximal neuro-
nal activities. Cells with maximal activity at negative
(crossed) horizontal disparity respond best to stimuli in
front of the horopter; cells, which preferred positive
(uncrossed) horizontal disparity, respond best to stimuli
behind the horopter. Cells classiWed as near zero-disparity
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coding respond best to stimuli near the horopter. By con-
trast, tuned inhibitory cells show minimal activity near the
horopter (Fig. 2e–h).

Sensitivity to horizontal relative disparity in pigmented 
ferret—stimulation with sinusoidal gratings

Figure 3a shows the neuronal activity of a relative dispar-
ity-sensitive neuron stimulated with a sinusoidal grating.
Both eyes were equally eVective during monocular stimu-
lation (Fig. 3b). Varying the horizontal disparity of the
presented stimulus and thus shifting one of the dichoptic-
ally presented stimuli in 12 steps of 30° (360° corre-
sponds to a shift of a whole sinusoidal cycle) in this
neuron led to a clear modulation of the periodical
response with a temporal peak diVerence of about
1,000 ms, which clearly reXects the temporal frequency of
the presented grating of 1 Hz. The duration of the stimu-
lus presentation was set to 3,000 ms; stimulus onset is
indicated by a solid, stimulus oVset by a dotted vertical
line in Fig. 3a.

By shifting the phase of one of the presented stimuli, the
neuronal response was substantially modulated and nearly
totally suppressed for a phase shift of 210° (Fig. 3a). Fou-
rier transformation of the density functions of the neuronal
activity provided the amplitude of the f1 component at 1 Hz
of each trial. The mean f1 components are plotted in Fig. 3b
as a function of horizontal disparity. There is a clear corre-
lation between the periodic organization of the neuronal
activity and the horizontal disparity within one whole shift
of the sinusoidal grating.

Overall sensitivity to horizontal relative disparity 
in pigmented ferrets

Altogether, 184 cortical neurons were recorded in pig-
mented ferrets during stimulation with moving bars; 126 of
these were classiWed as area 17 neurons, 47 as area 18 neu-
rons, and 11 neurons could not be reliably classiWed. Of the
103 neurons (56%) signiWcantly modulated by horizontal
disparity, 68 (66%) came from area 17, 29 (28%) came
from area 18, and 6 (6%) remained unclassiWed. In other
words, 54% of the tested area 17 neurons, 62% of the area
18 neurons, and 55% of the unclassiWed neurons exhibited
relative disparity-dependent activity.

During stimulation with sinusoidal gratings, 27 neu-
rons were recorded, 20 in area 17, 4 in area 18, and 3
could not be unequivocally classiWed. Altogether 8 neu-
rons (30%) were signiWcantly modulated by horizontal
disparity, 6 from area 17, 1 from area 18, and 1 unclassi-
Wed. The disparity tuning curves of these relative dispar-
ity-sensitive neurons show single and clear maxima of
activity at their preferred disparity. Because of the rather
limited amount of data with sinusoidal stimulation, the
following analysis is based on data from the bar
stimulation.

Fig. 1 Frequency histograms of ocular dominance (OD) classes. OD
was calculated by (ipsilateral ¡ spontaneous activity)/[(ipsilateral ¡
spontaneous) + (contralateral ¡ spontaneous activity)]. Seven OD
classes were formed by binning ODs with class boundaries at 0.0, 0.1,
0.25, 0.4, 0.6, 0.75, 0.9, and 1.0. a area 17, b area 18, abscissa OD clas-
ses from 1 (driven only by the contralateral eye) to 7 (driven only by
the ipsilateral eye), ordinate average percentage of cells per animal and
standard error. c Average percentage of relative disparity-sensitive
cells in each OD class per animal and standard error (ordinate); abscis-
sa as in a and b
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Altogether 86 (84 %) of the 103 disparity-sensitive neu-
rons in pigmented ferrets stimulated with moving bars
could be categorized as belonging to one of the four groups
deWned above. Only two tuned inhibitory cells were found
(one in area 17, one in area 18). Twenty-one neurons (13 in
area 17, 7 in area 18, and 1 unclassiWed) were near zero-dis-
parity-coding with best responses to diVerences of disparity
<1°, 28 neurons (21 in area 17, 4 in area 18, and 3 unclassi-
Wed) preferred crossed relative disparities, and 37 neurons
(21 in area 17, 14 in area 18, and 2 unclassiWed) preferred
uncrossed relative disparities (Fig. 4).

However, as demonstrated in Fig. 4, the distribution of
preferred horizontal disparities was continuous rather than
consisting of well separated categories. All relative dispar-
ity-sensitive cells show a single maximum of activation at
their preferred disparity (Fig. 5). To allow comparison of

the tuning shapes, the tuning curves were superimposed by
shifting them with an oVset equal to the preferred relative
crossed—and uncrossed disparity of each neuron (Fig. 5a,
b, e, f). The same was done for relative disparity-sensitive
cells tested by sinusoidal gratings (Fig. 6). Inconclusively,
we could not Wnd any inXuence of preferred disparities on
the response proWle of relative disparity-sensitive neurons
in ferret.

As described above, we based our deWnition of relative
disparity sensitivity on the signiWcant modulation of neuro-
nal activity during variation of horizontal disparity of the
presented stimuli. This approach directly enabled us to
deWne a tuning width based on statistical criterions. To this
end, we determined the minimal horizontal disparity that
aVected neuronal activity (MDAA) of all relative disparity-
coding neurons. There was no signiWcant diVerence in the

Fig. 2 Examples of disparity-sensitive neurons stimulated binocularly
with a moving bar. a, e crossed-, b, f near zero-, c, g uncrossed-, d, h
tuned inhibitory cells. a–d Mean densities of neuronal activity during
variation of horizontal disparity. Onset of the stimulus is marked by a
continuous, oVset by a dotted vertical line. Gray horizontal lines mark
the analysis window; their distance from baseline indicates the mean
activity within this interval. Ordinate on the left Neuronal activity

(spikes/s); on the right horizontal relative disparity (degrees of visual
angle, values written in italic), respectively, abscissa time in s. e–h
Mean neuronal activities (ordinate) of the neurons shown in a–d
depending on horizontal relative disparity (abscissa). Zero disparity is
marked by the vertical dotted line. Error bars indicate one standard
error. R and L Activity during monocular stimulation of the contralateral
(right) and ipsilateral (left) eye, respectively
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accuracy in detecting horizontal disparities between area 17
and 18 neurons. The overall distribution of MDAAs had its
median at 4.0° (quartiles: Q25 = 3.5 and Q75 = 7.0).

To compare horizontal relative disparity coding in ferret
with studies of other species in the literature, we averaged
tuning curves of all relative disparity-sensitive neurons in
pigmented ferrets and Wtted a Gaussian function (Fig. 7).
The half width at half height (HWHH) was 3.95°, corre-
sponding exactly to the value of the MDAA median.

Sensitivity to horizontal relative disparity in albino ferrets

In albino ferrets, 98 cells were tested for relative disparity
sensitivity. Of these, 62 cells were stimulated with moving
bars and 36 cells were tested with sinusoidal gratings. None
was activated by the ipsilateral eye alone. In strong contrast

to pigmented ferrets, none of the cells stimulated with sinu-
soidal gratings and only eight cells (8.2%) stimulated with
moving bars showed signiWcant disparity or in the case of
sinusoidal gratings phase-dependent modulation of their
neuronal activity.

Furthermore, the neuronal modulation of these eight
cells remained unclear. Especially, a classiWcation into any
of the stereopsis classes was impossible because of multiple
local maxima or minima of the activation proWle. Thus,
none of the recorded cells of albino ferrets could be classi-
Wed as “relative disparity-sensitive” in a narrower sense.

Discussion

ClassiWcation of primary and secondary visual cortex

We classiWed visual neurons “online” as recorded in areas
17 or 18 by investigating their neuronal responses to stimu-
lation with moving bars. This classiWcation was mainly
based on the neuronal selectivity for stimulus velocity and
the location of receptive Welds of neighboring penetrations
with respect to the representation of the vertical meridian.
Since the vertical meridian is represented at the area 17/18
border, successive posterio-anterior penetrations will show
a reversal of receptive Welds once the border between the
areas is crossed. This can be used to reconstruct the area 17/
18 border. The electrophysiological categorization was in
good agreement with the histological reconstruction in
Nissl, myelin, or cytochrome oxidase-stained sections
(Rockland 1985; Law et al. 1988).

Relative disparity sensitivity in pigmented ferret

To date, no behavioural data are available on stereopsis in
ferrets. In the present experiments, we were able to demon-
strate the presence of a possible neuronal substrate for 3D

Fig. 3 Relative disparity-sensitive neuron stimulated binocularly with
a moving sinusoidal grating. a Mean densities of neuronal activity dur-
ing variation of horizontal disparity. Ordinate (left) neuronal activity
(spikes/s), (right) phase shift in degrees, abscissa time (ms). b Ampli-
tude of the f1 component (ordinate) depending on phase shift (abscis-
sa) of the neuron shown in a. For other conventions, see Fig. 2

Fig. 4 Frequency histograms of preferred relative horizontal dispari-
ties (abscissa) of relative disparity-sensitive neurons binocularly stim-
ulated with moving bars. Ordinate number of cells
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vision, i.e. neurons that preferred diVerent horizontal dis-
parities similar to neurons previously described in cat (Bar-
low et al. 1967; Pettigrew et al. 1968; DeAngelis et al.
1995; Ohzawa et al. 1996, 1997) and in monkey (Poggio
and Fischer 1977; Poggio et al. 1988; Bridge et al. 2001;

Fig. 5 Disparity-tuning curves 
of relative disparity-sensitive 
neurons stimulated with moving 
bars. a, b Crossed disparity-cod-
ing neurons, c, d near zero-dis-
parity-coding neurons, e, f 
uncrossed disparity-coding neu-
rons. a, c, e area 17 neurons, b, 
d, f area 18 neurons. Preferred 
relative disparity values are 
shifted to zero (oVset) to facili-
tate comparison of the tuning 
shape. Ordinate relative neuro-
nal activity, abscissa relative 
horizontal disparity minus 
preferred relative disparity 
in degrees of visual angle

Fig. 6 Disparity-tuning curves of relative disparity-sensitive neurons
in area 17 stimulated with sinusoidal gratings. Conventions as in Fig. 5

Fig. 7 Mean § standard error of relative neuronal activities of tuning
curves collapsed from all relative disparity-sensitive neurons recorded
in this study, normalized to the range from 0 to 1 (ordinate) and Wtted
with a Gaussian. The Gaussian has a half width at half height (HWHH)
of 3.95° of visual angle. Abscissa horizontal relative disparity
in degrees of visual angle
123
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Prince et al. 2002). We modulated horizontal disparity Wrst
in coarse, then in Wner steps of 2°, 1°, 0.5°, and 0.25°. With
this procedure, we obtained tuning curves comparable to
those described in cat and monkey.

Analyzing the data by quantifying the minimal disparity
that aVects neuronal activity (MDAA) yielded a measure
for statistically signiWcant modulations of neuronal activity,
whereas techniques like Wtting the tuning curves with a
Gaussian and calculating the half width at half height do
not indicate statistically signiWcant modulation per se. We
obtained a distribution of MDAA ranging from 1° to 14°
with a median at 4.0° of visual angle. No clear diVerence of
MDAA between areas 17 and 18 was found, although one
might expect a correlation of receptive Weld size and sharpness
of horizontal relative disparity tuning (Nienborg et al.
2004). However, this may be due to the fact that the recep-
tive Welds in areas 17 and 18 of ferrets seem to be quite var-
iable and overlapping in size (Manger et al. 2002).

To compare the tuning width of neurons sensitive to modu-
lation of horizontal disparity in ferret with other species, we
additionally applied a Gaussian Wt to the mean tuning curve of
all relative disparity-sensitive neurons. The data are well Wtted
by the Gaussian with a half width at half height of 3.95° of
visual angle, which closely corresponds to the measure of
MDAA (median at 4.0°). In cat, relative disparity tunings with
half widths at half height of 0.5°–3.5° and a median at 1.7° of
visual angle were described (LeVay and Voigt 1988; see also
Pettigrew et al. 1968; Bishop et al. 1971). Though the optical
quality of the ferret’s eye remains unknown, other compara-
tive parameters of ferret’s and cat’s visual system are well
studied and can be considered to match relative disparity cod-
ing between these species. Studies of the densityand distribu-
tion of ganglion cells in ferrets (Henderson 1985) and cats
(Stone 1965; Stone et al. 1978; Hughes 1975; Williams et al.
1993) and behavioral and electrophysiological studies investi-
gating visual acuity (cat: Blake and Antoinetti 1976; Smith
et al. 1980; but Jacobsen et al. 1976; ferret: Pontenagel and
Schmidt 1980; Price and Morgan 1987; Hupfeld et al. 2006)
indicate that visual acuity in ferret is about 50% lower than
that of the cat. Furthermore, the geometrical aspect of interoc-
ular distance is fundamental for the generation of stereopsis.
An anatomical study (Wen et al. 1985) found a roughly two-
fold interocular distance in the cat compared to the ferret.
These Wndings indicate that relative disparity coding in ferret
should be coarser at least by a factor of 2 compared to the cat.
This is veriWed by our data.

Relative disparity sensitivity in albino ferrets

Because of the albino-speciWc misrouting of retinal axons,
binocularity is strongly reduced in early visual cortical
areas of albino ferrets (Akerman et al. 2003). One can
hypothesize that this reduction or even loss of binocularity

can be functionally compensated by feedback connections
from the lateral suprasylvian cortex, which can be binocu-
larly activated as shown in Siamese cats by Marzi et al.
(1980) and Antonini et al. (1981). This binocular feedback
might only be revealed by studying neuronal sensitivity to
horizontal disparities. While much is known about callosal
connections of early visual areas in pigmented ferret (Grig-
onis et al. 1992; Innocenti et al. 2002; Manger et al. 2002),
comparable data in albino ferrets are still missing.

We were encouraged to study relative disparity tuning in
albino ferrets despite the reduction in binocularity follow-
ing the approach of Freeman and Ohzawa (1988), who
showed that after short-term monocular deprivation in kit-
tens, some residual relative disparity tuning was present in
otherwise monocular neurons. Also many monocular neu-
rons in our sample recorded in pigmented ferrets displayed
clear relative disparity sensitivity. However, our data col-
lected from albino ferrets show a clear reduction or rather
absence of disparity tuning in the early visual areas.
Although we identiWed eight neurons whose responses
changed signiWcantly when horizontal disparity was varied,
the physiological relevance of these response patterns
remained unclear because of multiple maxima or minima in
the tuning curves. However, these local maxima are remi-
niscent of data from binocularly deprived cats, where the
remaining visual responses in visual cortex are mostly
irregular but nevertheless display binocular interactions
(Ohzawa and Freeman 1988). These Wndings were attributed
to disorganized receptive Weld structure. Thus, not a single
relative disparity-tuned neuron was found in albino ferrets,
although they were common in pigmented ferrets.

Our results indicate that the loss of binocular conver-
gence of geniculate input is not compensated to a degree
that maintenance of disparity signaling in early visual areas
would be possible. It remains unclear to which degree mon-
ocular depth cues play a role in depth perception in the fer-
ret. Behavioral experiments will have to clarify if the loss
of disparity sensitivity in visual cortex leads to behavioral
deWcits in albino ferrets when a visual scene provides mon-
ocular depth cues.
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