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Abstract
The feedback effect of activity of area 21a on orientation maps of areas 17 and 18 was investigated in cats using intrinsic signal optical
imaging. A spatial frequency-dependent decrease in response amplitude of orientation maps to grating stimuli was observed in areas 17 and
18 when area 21a was inactivated by local injection of GABA, or by a lesion induced by liquid nitrogen freezing. The decrease in response
amplitude of orientation maps of areas 17 and 18 after the area 21a inactivation paralleled the normal response without the inactivation.
Application in area 21a of bicuculline, a GABAa receptor antagonist caused an increase in response amplitude of orientation maps of area 17.
The results indicate a positive feedback from high-order visual cortical area 21a to lower-order areas underlying a spatial frequencydependent mechanism.
D 2003 Elsevier B.V. All rights reserved.
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1. Introduction
It is generally assumed that in the mammalian visual
system, the information about the outside visual world is
processed in the excitatory ‘feedforward’ pathway from the
retina, via the dorsal lateral geniculate nucleus in the dorsal
thalamus to the primary visual cortex and hence to the
‘higher-order’ visual cortical areas. A substantial amount of
data has also been gathered concerning the role of the
feedforward cortico-cortical projections from the ‘lowerorder’ cortical areas to ‘higher-order’ cortical areas
[6,21,23]. However, much less is known about the functional role of the so-called feedback cortico-cortical projec-
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tions from the ‘high-order’ cortical areas to ‘lower-order’
cortical areas [3,6,19,20]. Several lines of evidence indicate
that in highly visual mammals such as cats and macaque
monkeys the feedback projections from the ‘‘higher-order’’
visual cortical areas (V5, V2(18), 21a) modulate many
response properties of neurons in the ‘lower-order’ visual
cortical areas [8,10,11,21,30]. Area 21a of the cat is strongly
and reciprocally connected to cytoarchitectonic area 17
(striate cortex, area V1) [3,5,14,15,16]. Indeed, in many
respects, receptive field properties of the area 21a neurons
are very similar to those of area 17 neurons [3,4,15,29– 31].
In particular, cells in area 21a, like those in area 17, exhibit
sharp orientation-tuning, preference to low temporal frequency stimulation and strong binocular interactions. On the
other hand, at any eccentricity, area 21a neurons exhibit
much larger receptive fields and broader spatial frequencytuning. Furthermore, unlike area 17, only the upper contralateral visual field and the strip of the retina 3– 7j below the
zero horizontal meridian are represented in area 21a
[4,25,26,31]. In the present study using intrinsic signal
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optical imaging, we attempted to assess the effect of reversible inactivation or lesion of area 21a on the magnitude of
responses to sinusoidal gratings and global ‘orientation
maps’ in the parts of areas 17 and 18 visuotopically
corresponding to area 21a.

2. Materials and methods
All experiments conformed to the policy of the Society
for Neuroscience on the Use of Animals in Neuroscience
Research. Animals were originally anaesthetized with ketamine (20 mg/kg). To maintain anesthesia and block the
neuromuscular transmission, a mixture of sodium pentobarbital (3 mg/kg h) and gallamine triethiodide (10 mg/kg h) in
saline was injected intravenously in 17 cats. The animals
were artificially ventilated with a pulmonary pump. The
end-tidal volume of carbon dioxide (CO2) was monitored
and kept at about 4% by adjusting the rate and/or stroke
volume of the respirator. Electroencephalogram (EEG) and
electrocardiogram (ECG) were continuously monitored with
the EEG always showing a slow wave record throughout.
The body temperature was continuously monitored and
maintained at 38 jC throughout the experiment. The pupils
were dilated with atropine (0.5%) and nictitating membranes
were retracted with neosynephrine (2%). The eyes were
carefully refracted and corrected with contact lenses of
appropriate refractive power. To reduce the amount of
spherical aberration, artificial pupils (3 mm in diameter)
were placed in front of each eye. Cortical area 21a was
exposed at Horsley – Clarke coordinates L7 – 12, P1– 6 while
areas 17 and 18 were exposed at Horsley – Clarke coordinates L0 – 8, P0 –10. The strip of area 17 exposed contains
the representation of most of the upper part of the contralateral visual field and about 10j below the horizontal
meridian both in close proximity to the zero vertical
meridian [26]. Similarly the exposed part of area 18
contained the representation of most the upper contralateral
visual field and the region down to about 10j below the
horizontal meridian [27]. Thus, the exposed parts of areas
17 and 18 contained the representation of most of the visual
field found in area 21a [4,25,31].
Area 21a was reversibly inactivated by microinjection of
1.5 Al of g-amino-butyric acid (10 –500 mM GABA, Sigma,
USA) and activated by micro-injections of 1.5 Al GABAA
receptor antagonist bicuculline (50 AM, Sigma). As a
control, we have injected 1.5 Al of phosphate-buffered saline
(PBS, pH 7.4) at the same site. Solutions were injected
slowly (over the period of 4 min) and the needle of the
micro-syringe was withdrawn 10 min after the termination
of injection. The injection sites were centered 0.8 –1.2 mm
beneath the pial surface (about layer 4 or 5). We do not have
direct assessment of the area of diffusion of our injections,
however, previous study [11,32] indicates that 1.5 Al of
GABA tends to diffuse over a region of 1.5 mm in diameter
in the mammalian cortex. Finally, in some cases, area 21a
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was inactivated irreversibly by touching it (four to five times
within a minute) with a Q-tip soaked in liquid nitrogen [22].
To avoid direct effect of liquid nitrogen on the temperature
of the cortex, the optical imaging recording was carried out
80 min after completion of the irreversible inactivation. The
location of the centers of the injection sites and the extent of
the liquid nitrogen lesions were assessed histologically in
0.2-mm sections with Nissl staining. Only data from animals with the correct lesion locations within area 21a were
analyzed.
A slow-scan CCD camera (DALSA, Canada) was used
to record the optical images of intrinsic signals from the
exposed part of area 17 [2]. With red light (640 nm) the
vessel map of the cortical surface (Figs. 1A and 4A) was
obtained with green light (546 nm) shining on the cortex.
The functional orientation maps of the cortical cells
responding to drifting sinusoidal grating stimuli were
obtained with red light (640 nm) when the camera was
focused on the cortical depth of 500 Am.
The cats were stimulated binocularly with the computergenerated gratings oriented horizontally and vertically respectively, and then the horizontal vs. vertical subtracted
maps (differential maps) were obtained for quantitative
analysis. For better map display, with red light (640 nm),
the high-pass and low-pass filtering as well as histogram
equalization techniques were employed as described elsewhere [2]. The gratings used varied in 4 spatial frequencies
from 0.18 to 2.0 cycles/degree (c/d) with a contrast of 0.9
and a temporal frequency of 2 Hz. The mean luminance of
gratings or a blank screen was 15.1 cd/m2. Usually, 16 or 32
trials, in which a grating stimulus of 2 s and a blank of 10 s
were repeatedly presented on the screen of the monitor,
were enough to produce a clear orientation map of area 17.
There are substantial differences in the spatial frequency
tuning between cat’s areas 17 and 18 [1,2,7,9,12]. The
location of the boundary between areas 17 and 18 was
determined by subtracting the orientation maps elicited by
gratings of spatial frequency 0.58 c/d from the maps elicited
by 0.14 c/d.
To quantify the degree of a map’s orientation selectivity,
the response amplitude of an orientation map was defined as
the averaged contrast of original orientation maps, as
described previously [2]. The contrast was defined as
(Lwhite Lblack)/(Lwhite + Lblack) , where L is the mean luminance of a black or white area on a map. The contrast was
calculated for each of six to nine pairs of black and white
circular areas which were always located at the centers of
black and white zones in a map. The paired areas, whose
diameter (250 Am) was about half of the width of a zone
were randomly chosen from orientation maps of areas 17 or
18. Then, the six to nine values of contrast were averaged as
the response amplitude of a map either in normal or in
treated conditions. Two-dimensional cross-correlation coefficient (CCC) analysis as described before [2] was used to
quantify the similarity of two maps of the same cortical area
obtained under different conditions. Student’s t-tests were
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decrease in magnitude of responses of area 17 cells as
well as in the sharpness of the orientation maps in area 17.
This decrease was significantly dose-dependent on GABA
applied. A typical response before injection of GABA into
area 21a is shown in Fig. 1C. For this animal, it is apparent
that in Fig. 1B, D, F and G injections of 1.5 Al of GABA
of gradually increasing concentration (10, 100 and 500
mM) into area 21a result in progressively increasing
response amplitude of area 17 cells (33.1%, 58.6% and
71.8%, respectively). Although the reduction in the response magnitude resulted in gradually more blurred orientation maps in area 17, the basic pattern of visible
orientation maps remained and the CCCs in all cases were
around 0.85 –0.92. An hour after injections of GABA into
area 21a, there was virtually complete recovery of the
response magnitude in area 17 (Fig. 1E). Hereafter, the
concentration of GABA used for 21a inactivation was
always chosen at 100 mM for ease of recovery in repeated
experiments. The mean decrease by 100 mM GABA
applied in area 21a was significant in the area 17 maps

Fig. 1. Modulatory effect of GABA in area 21a on the orientation maps of
area 17 elicited by a 0.5-c/d grating stimulus. (A) Blood vessel map of the
surface of cortical area 17 studied. (B, D and F) Orientation maps of area 17
revealed by optical imaging when area 21a was injected with 10, 100 and
500 mM GABA, respectively. (C) Normal orientation map of area 17 as a
control. (E) Recovered orientation map obtained one hour after GABA in
area 21a was washed up with saline. (G) Histograms of response amplitude
(contrast) of the above maps shown in (B – F). Statistical significance for the
responses obtained in GABA-treated vs. control conditions: * and **
represent P < 0.05 and P < 0.01, respectively. Note that the patterns of
orientation maps of area 17 become progressively more blurred as the
concentration of GABA increase from 10 to 500 mM indicating a clear
dose-dependent effect. However, the shape and distribution of the visible
dark areas in the maps remain unchanged. All the short vertical bars
indicate standard errors. The center of all maps was located at Horsley –
Clarke coordinates P5.2, L2.3. A, anterior; L, lateral. Scale bar: 2 mm.

also used to statistically compare the significance of changes
in response amplitude.

3. Results
3.1. Effect of GABA injection in area 21a on area 17
In all 13 cats without exception, local injection of
GABA into ipsilateral area 21a resulted in reversible

Fig. 2. Orientation maps of area 17 before and after microinjection of
bicuculline in area 21a of a cat. (A) Vessel map of area 17 studied. (B)
Orientation map of area 17 before bicuculline injection. (C) Orientation
map after 1.5 Al phosphate-buffered saline was injected into area 21a. (D)
Orientation map after injecting 1.5 Al of 50 AM bicuculline. (E) Comparison
in response amplitudes of the maps of (B), (C) and (D) showing a
significant excitatory effect of area 21a on area 17 (t-test, P < 0.05). The
center of all maps was located at Horsley – Clarke coordinates P4.7, L2.2.
All maps were elicited by a grating stimulus of 0.5 c/d. All the short vertical
bars indicate standard errors. A, anterior; L, lateral. Scale bar: 2 mm.
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(31.9 F 3.7%, hereafter, referred as the mean F standard
deviation, t-test, P < 0.01).
Freezing area 21a with liquid nitrogen in seven cats, some
of which was done after complete recovery from GABA
treatments, resulted in a mean decrease of 49.8 F 4.0% in the
response amplitude of area 17 cells (Fig. 4A – I). The
decrease was significantly greater (t-test, P < 0.01) than that
(31.9 F 3.7%) induced by 100 mM GABA injections. Thus,
both GABA injections and liquid nitrogen lesions indicate
that area 21a exerts an excitatory modulatory effect on
visually evoked neuronal activity in area 17.
3.2. Effect of activation of area 21a by bicuculline on area
17
The response amplitude of orientation maps of area 17
increased when 1.5 Al of 50 AM bicuculline, a GABAA
receptor antagonist, was ipsilaterally injected into area 21a
in 7 of 11 cats (63.6%) studied. A significant excitatory
influence of area 21 on area 17 (58% of increase in response
amplitude) is shown in Fig. 2. The mean increase in
response amplitude (35.6 F 5.8%, ranged from 9.7% to
39.7%) of area 17 seen in 7 of the 11 cats, following the
bicuculline-induced disinhibition in area 21 neurons was
statistically significant (t-test, P < 0.01) and indicated a
significant excitatory influence of area 21a on area 17.
However, in the remaining four cats (36.4%), a weak
reduction in mean response (13.7 F 3.7%, ranged from
11.2% to 16.8% ) was observed in area 17.
In one cat, a pre-injection of bicuculline (1.5 Al of 50
AM) in area 21a prior to the GABA application completely
inhibited the GABA (1.5 Al of 50 mM) effect on area 17.
Thus, there was no change found on the orientation map of
area 17.

Fig. 3. Spatial frequency-dependent effect of inactivation of area 21a caused
by GABA microinjection on the orientation maps of areas 17 and 18 of a
cat. (A) and (B), (C) and (D), (E) and (F), (G) and (H) show the orientation
maps elicited by grating stimuli of 0.18, 0.5, 0.8 and 1.2 c/d, respectively.
Maps of area of (A), (C), (E) and (G) were obtained before GABA
injection; maps of (B), (D), (F) and (H) were obtained under 100 mM
GABA-treated conditions. The vertical axis in (I) represents the contrast
measure defined in the text and that in (J) indicates the relative decrease in
the contrast. A white dotted line in (A) indicates the boundary between
areas 17 and 18 which was determined by subtracting the orientation map
elicited by a spatial frequency 0.58 c/d grating from the one by 0.14 c/d
[2,9,12]. (I) Response amplitude of orientation maps of areas 17 and 18 as a
function of spatial frequencies before the GABA inactivation of area 21a.
(J) Response decrease in relative amplitude of orientation maps of areas 17
and 18 elicited by gratings as a function of spatial frequencies after area 21a
was injected with 100 mM GABA. Note that the maps of 0.5 and 0.18 c/d
show the most significant effect of GABA in area 21a on areas 17 and 18,
respectively, though the visible patterns of orientation columns shrank and
went towards to the posterior part of the cortex gradually with increasing of
spatial frequency used. Note that there is a peak vs. peak correlation
between the two curves either for area 17 or for area 18 in (I) and (J). All
the short vertical bars indicate standard errors. The center of all maps was
located at Horsley – Clarke coordinates P4.8, L2.0. A, anterior; L, lateral.
Scale bar: 2 mm.
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3.3. Spatial frequency dependent effect of inactivation of
area 21a on areas 17 and 18
Interestingly, the effect of GABA or cold-induced lesions
in area 21a on neuronal activity in area 17 appeared most
significantly when the spatial frequency of the stimulating
grating used was about 0.5 – 0.6 c/d, which appears to be
optimal for most cells in area 17 under normal condition. By
contrast, the effects on response decrease in area 17 were
relatively weaker when spatial frequencies either higher or
lower than 0.5 – 0.6 c/d were used (Figs. 3J and 4J).
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Fig. 4. Spatial frequency-related effect of the area 21a freezing lesion on the orientation maps of areas 17 and 18 of a cat. (A) and (B), (C) and (D), (E) and (F),
(G) and (H) showing the orientation maps elicited by grating stimuli of 0.18, 0.6, 1.2 and 2.0 c/d, respectively. Maps of area of (A), (C), (E) and (G) were
obtained before lesion; maps of (B), (D), (F) and (H) were obtained after lesion. A white dotted line in (A) indicates the boundary between areas 17 and 18. (I)
Response amplitude of orientation maps of areas 17 and 18 as a function of spatial frequencies before the lesion of area 21a. (J) Response decrease in relative
amplitude of orientation maps of areas 17 and 18 elicited by gratings as a function of spatial frequencies after area 21a was frozen. Note that, again, the maps of
0.6 and 0.18 c/d show the most significant effect of the area 21a lesion on areas 17 and 18, respectively. Note that there is a peak vs. peak correlation between
the two curves either for area 17 or for area 18 in (I) and (J). All the short vertical bars indicate standard errors. The center of all maps was located at Horsley –
Clarke coordinates P5.0, L1.9. A, anterior; L, lateral. Scale bar: 2 mm.
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Similarly, we found that inactivation of area 21a also
decreased the response amplitude of orientation maps in
area 18. The effect was also spatial frequency dependent
showing a peak decrease at about 0.18 c/d (Figs. 3J and 4J).
These phenomena were repeatedly observed in two GABAtreated and three freeze lesioned cats. This demonstrated
that the degree of excitatory modulation of 21a is not
uniform for all the cortical cells in areas 17 and 18, but
somehow spatial frequency-dependent. However, the effect
was usually less significant in area 18 than in area 17
suggesting that the modulation of area 21a is stronger in
area 17 than in area 18.
The normal spatial frequency tuning curves of orientation maps of areas 17 and 18 (Figs. 3I and 4I) obtained
before inactivation of area 21a were compared with the
two curves after the inactivation (Figs. 3J and 4J). It is
evident that the two curves are parallel to each other and
that both the greatest decreases in responses amplitude of
area 17 and 18 after the inactivation of area 21a and the
largest responses in the normal condition occur at a
spatial frequency of 0.5 – 0.6 c/d for area 17 and of
0.18 c/d for area 18, respectively. Thus, the positive
feedback signals from area 21a appear to contribute to
the spatial frequency dependence of areas 17 and 18. If
there was no such a positive feedback, the spatial frequency tuning curves in areas 17 and 18 would be
expected to be flatter.

4. Discussion
Using intrinsic signal optical imaging and reversible
pharmacological inactivation methods, we have observed
for the first time a spatial frequency-dependent modulatory effect of area 21a on the overall neuronal activity in
a large area of areas 17 and 18. Either application of
GABA or freeze lesioning of area 21a affected the
magnitude of the responses of neurons in both areas 17
and 18, though the effect was more significant in area 17
than in area 18. In general, the modulatory effect of area
21a is mainly excitatory because inactivation or disinhibition of area 21a results in a decrease in responses of
orientation maps of areas 17 and 18 or an increase of area
17 with few exceptions. This is in agreement with the
results of a recent electrophysiological study by Wang et
al. [30].
The activities of the most neurons in areas 17 and 18
reported here, that send the synchronized signals to area
21a, were preferentially enhanced by the excitatory modulation of area 21a at 0.5– 0.6 and 0.14– 0.18 c/d respectively. The correlation of the feedforward and feedback
signals between these areas indicates that the spatial
frequency-dependent modulation of area 21a we observed
may contribute in a great deal to the change in response
amplitude at different spatial frequencies in areas 17 and
18, i.e. shaping spatial frequency tuning.
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Both areas 17 and 18 receive strong feedback projections
from the ipsilateral area 21a, however, here the magnitude
of responses of area 18 cells appears to be less affected by
inactivation of ipsilateral area 21a than that of area 17 cells.
This might be due to the difference in spatio-temporal
property between cells in areas 17 and 18. Overall, cells
at various locations in areas 17 and 18 responded differentially according to retinotopic projection, as shown in
optical imaging studies [2,9,12] with most cells in area 17
responding optimally to gratings of spatial frequency 0.5–
0.6 c/d and those in area 18 responding optimally to gratins
of about 0.2 c/d in normal condition [17]. Furthermore, the
temporal frequency used here was low (2 Hz) and the spatial
frequencies used were 0.14– 2.0 c/d generating these gratings of relative low velocities from 1.0 to 14.3 deg/s in the
experiments. The neurons in area 21a and 17 respond
optimally to the lower temporal frequencies and velocities
[12,16,17], while neurons in area 18 respond optimally to
the higher temporal frequencies and velocities [1,7,17]. This
is consistent with the report that reversible inactivation (by
cooling) of the areas in the PMLS (posteriomedial lateral
suprasylvian area) of the cat, where cells frequently respond
well to the higher temporal frequencies [28,33], results in
strong decrease in signal strength in both orientation and
direction domains in the ipsilateral area 18. Furthermore,
inactivation of higher-order areas in the visual parietal
cortex results in virtual abolition of global layout of direction maps in area 18 [8].
The applications of GABA in area 21 caused a spatial
frequency-dependent effect similar to that of freezing lesions
on areas 17 and 18. This demonstrates that the liquid
nitrogen lesion we used is a reliable method like previous
experiments [22]. The more severe effect of the lesion than
that of 100 mM GABA treatment may result from the more
complete inactivation of area 21a by lesions (mean decrease
49.8 F 4.0% for freezing lesions; 31.9 F 3.7% for 100 mM
GABA injection). However, if 500 mM GABA had been
used, it may have resulted in a comparable effect to that of
lesions (decrease 71.8% for 500 mM GABA injection;
82.0% for lesion, as shown in 1G and 4J). The effect of
area 21a inactivation on area 17 revealed by intrinsic signal
optical imaging is more significant than that observed with
single-unit electrophysiological recording with reversible
cooling of area 21a (mean decrease 21.8 F 4.7%) by Wang
et al. [30]. It might be due to the much higher sensitivity of
the optical imaging to overall neuronal activity than that of
the single-unit recording. Optical imaging reflects not only
summation of neuronal spiking responses but also their subthreshold activity that the later technique cannot [24].
In addition to the direct feedback projection, the
influence of area 21a on area 17 might also result from
indirect projections via areas 18, 19, PMLS and even via
subcortical structures [3]. Although we cannot differentiate the direct from indirect effects here, the direct
projection might be expected to play a more important
role in visual information processing because the direct
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projection from areas 21a to 17 employs fewer synapses
and the observed area 21a effect is weaker on area 18
than on area 17.
In four cats, injection of bicuculline in area 21a resulted
in a decrease instead of increase in response amplitude of
area 17. This might be induced by an overall over-elevation
of the level of feedback activity from areas 21a to 17 caused
by the critical concentration of 50 AM bicuculline because
we have observed in another experiments that in vivo
infusion of 20– 40 AM bicuculline on the cortical surface
could evoked significant epileptic EEG waves in the cat’s
visual cortex. All neurons in areas 17 and 18, no matter
whether they preferred or do not preferred to respond to the
orientation of stimulating gratings, might be elicited unselectively by the over-excitatory influence of area 21a. As a
result, the response amplitude or contrast of resultant
orientation maps decrease.
As previously shown with electrophysiology, the modulatory feedback of area 21a caused no change in global
orientation preference of areas 17 cells [30], however, it did
cause change in the overall responses of cells in areas 17
and 18 to grating stimuli of different spatial frequencies
even when the animal was anesthetized. It is argued that
effects of higher-order areas may only impose their influence through mechanisms such as attention or ‘‘top-down’’
perceptual states, which would require an awake animal. An
attention-induced enhancement in the responses of neurons
has previously described in monkey areas V1 and V4 that is
the putative homologue of area 21a in cats [13,18]. Therefore, it is likely that the mechanism involving the attentionfree spatial frequency-dependent influence from area 21a to
areas 17 and 18 in anesthetized animals may also play an
essential role in processing visual attention and perception
in alert animals.
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