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In the primary visual cortex, neurons with similar response pref-
erences are grouped into domains forming continuous maps of
stimulus orientation and direction of movement. These properties
are widely believed to result from the combination of ascending
and lateral interactions in the visual system. We have tested this
view by examining the influence of deactivating feedback signals
descending from the visuoparietal cortex on the emergence of
these response properties and representations in cat area 18. We
thermally deactivated the dominant motion-processing region of
the visuoparietal cortex and used optical and electrophysiological
methods to assay neural activity evoked in area 18 by stimulation
with moving gratings and fields of coherently moving randomly
distributed dots. Feedback deactivation decreased signal strength
in both orientation and direction maps and virtually abolished the
global layout of direction maps, whereas the basic structure of the
orientation maps was preserved. These findings could be ac-
counted for by a selective silencing of highly direction-selective
neurons and by the redirection of preferences of less selective
neurons. Our data suggest that signals fed back from the visuopa-
rietal cortex strongly contribute to the emergence of direction
selectivity in early visual areas. Thus we propose that higher
cortical areas have significant influence over fundamental neuro-
nal properties as they emerge in lower areas.

In each cerebral cortical area, neurons have a unique inventory
of receptive field properties, and each property is combined

with that of its neighbors to form orderly representations of
stimulus features; these different representations are overlain
within the same population of neurons. Neurons in early visual
areas are selective for the orientation and direction of movement
of visual stimuli. Both features are represented at the level of
individual neurons as well as of spatially organized representa-
tions as orientation and direction maps. These features are
widely believed to emerge by the particular combinations of
ascending and lateral interactions (1–4). However, there are
equally prominent projections descending from higher visual
areas onto the same region. Even though limited evidence
suggests that individual neurons in early cortical structures are
influenced by feedback signals from higher areas (5–7), the
impact of deactivating cortical feedback pathways on direction
and orientation selectivities and their representations spanning
a large population of neurons has not been studied (8).

The middle suprasylvian (MS) cortex in the visuoparietal
region is critical for the discrimination of movement direction
and extraction of structure from motion (9, 10). Neurons within
the region (Fig. 1a) are particularly sensitive to movement,
movement direction, and line orientation (11–14), and send a
prominent projection to area 18 (15–17). Therefore, these
neurons could contribute significantly to the emergence of both
direction of movement and orientation selectivity in this area.
We tested this hypothesis by cooling MS cortex and, thus,
silencing the origins of projections to area 18, and assaying the
impact of the deactivation by electrophysiological recordings and
optical imaging of intrinsic signals in area 18 (Fig. 1b).

Materials and Methods
Animal Preparation. Cooling loops (18) were implanted into the
posterior MS (pMS) sulcus of five cats. Four of these animals
also had a second loop placed over one of the following sites:
primary auditory cortex, area 7, or posterior ectosylvian (PE)
cortex (Fig. 1a). Imaging chambers were positioned over area 18
(centered in the midline at AP0) on the marginal gyrus. Cry-
oloops and chambers were implanted under anesthesia with
nitrous oxide and halothane. The effectiveness of the pMS
cooling loops was verified behaviorally in a visual field perimetry
test (19), which tests for deactivation of the superficial and
deeper layers (20). All cats neglected visual stimuli presented in
the contracooled, but not ipsicooled, hemifield when the cry-
oloops were cooled to 1–3°C. Four to 10 weeks after loop
implantation, the cats were reanesthetized and prepared for
optical and electrophysiological recording. Anesthesia was ini-
tiated by intramuscular injection of ketamine (10 mg�kg) and
xylazin (1 mg�kg) and maintained after tracheotomy by artificial
ventilation with a mixture of N2O (70%), O2 (30%), and
halothane (0.8%) and a systemic muscle relaxant (pancuronium,
0.8 mg�h) was administered to prevent eye movements. All
animal experiments were performed in accordance with the
guidelines for the use of animals in research of the Society
for Neuroscience. In addition, two cats without cooling probes
were optically recorded as described above to determine the
properties of intrinsic signal imaging in the absence of visual
stimulation.

Visual Stimulation. Visual stimuli were presented on a 21-in
computer screen (refresh rate 100 Hz) at a distance of 57 cm.
Maps of orientation and direction preference were obtained by
optical imaging of intrinsic signals evoked by whole-field high-
contrast gratings with a periodicity of 0.15 cycles per degree
moving at four orientations (0, 45, 90, and 135°) at a velocity of
16°�s in the two directions orthogonal to the grating orientation.
Direction preference maps were obtained by stimulation with
gratings and fields of randomly positioned dots (2.83 dots�in2)
moved coherently in eight different directions at 16°�s. Within
each set of eight different stimuli, the presentation sequence was
randomized.

Optical Data Acquisition. For optical imaging, chambers were filled
with silicone oil and sealed with a glass plate. Intrinsic signals
evoked by the stimuli were detected with a cooled charge-
coupled device camera system (ora2001, Optical Imaging Eu-
rope, Munich) under illumination with light of a wavelength of
620 nm. The camera was fitted with a lens system consisting of
two 50-mm Nikon objectives and a �2 extender providing a 4 �
5-mm field of view. Stimuli were presented for 9 s, and camera
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frames were collected during the entire stimulation period.
Usually, data were averaged for �20–30 min for each phase of
feedback manipulation, and sets of stimuli were presented 16
times.

Optical Data Analysis. Unless stated otherwise, orientation and
direction maps were calculated by normalization to the sum of
all different stimulation conditions (‘‘cocktail blank’’). In a
limited number of experiments, we also acquired images from
the cortex in the absence of specific visual stimulation
(‘‘blanks’’). The number of blanks in each set of stimuli was
always matched to the number of different stimulus conditions.
In these cases, we normalized the single-condition maps to the
average of the ‘‘blank’’ trials. Images were filtered with a high
pass of 50 pixel and a low pass of 5 pixel. For the construction
of orientation maps, the activity maps obtained with the like
oriented but differently moving gratings were added. Clipping
values for single-condition orientation and direction maps were
fixed during one data set from baseline to recovery and were
usually in the range of 0.001–0.002. From the single-condition
maps, preferred angles of orientation and direction were calcu-
lated by pixelwise vectorial addition of the activity in the
single-condition maps. For the gratings, we additionally assigned
the strongest response of each pixel as the preferred direction.
For quantification of response selectivity, we calculated the
vector strength for each pixel. This value ranges between 0 and
1 and was calculated pixelwise by dividing the length of each
resultant vector by the sum of all activities. For display, the
orientation and direction preference are color coded and, in
some cases, supplemented with data on response selectivity by
incorporating pixel brightness to represent the respective vector
strength (polar maps).

Electrophysiological Recordings. For the electrophysiological re-
cordings, up to six tungsten microelectrodes were simultaneously
inserted into area 18. Activity of individual neurons was isolated
by thresholding and stored as time stamps. Visual stimulation
periods were 2 s in duration. Stimulation was performed with the
same set of oriented gratings moving in eight different directions
as for the optical imaging. Recordings were initiated 500 ms
before stimulus onset and continued for 500 ms after offset of
stimulation. During each set of recordings, each stimulus con-
dition was repeated 20 times. One baseline-cooling-recovery
cycle consisted of three 20-min periods. Individual responses
were calculated over the whole stimulation period and the
spontaneous activity as measured in the period before onset of
stimulation was subtracted. For the quantification, the same
methods as in the optical imaging were used to describe orien-
tation preference and selectivity. For direction, we additionally

calculated the mean direction index (MDI), as suggested by
Orban et al. (21).

Results
Effects on Orientation Maps. Orientation maps in area 18 were
obtained by stimulation with moving gratings. During periods of
feedback deactivation, the general layout of these maps was
maintained (Fig. 2 a and b), and the topographic organization of
map features, such as pinwheels and fractures, remained stable
(Fig. 2b). However, response strength (Fig. 2 a and c), and
orientation selectivity were all reduced (Fig. 2 b and d) but
returned toward predeactivation levels within 30 min after onset
of rewarming after the cessation of pMS cooling (Fig. 2b). The
cooling-induced decreases in signal and vector strengths were
consistent over all 25 cooling cycles performed in five different
cats and averaged 16% and 52%, respectively (Fig. 2e). In
contrast, direction maps calculated from stimulation with uni-
directionally moving oriented gratings during feedback deacti-
vation differed substantially from direction maps obtained with
the same set of stimuli under conditions of intact feedback. In
these maps, direction preference could change by values up to
180°, whereas the underlying orientation domains remained
unchanged (Fig. 2 f and g).

Effects on Direction Maps. To examine the impact of feedback
removal on the representation of direction of motion in the
absence of contour orientation, direction preference maps were
generated by stimulation with fields of coherently moving dots.
Feedback deactivation reduced both signal and vector strengths
in the maps generated with these stimuli (Fig. 3 a–c), as was the
case for orientation, and in averages taken across 15 cooling
sessions in 5 cats the reductions were in the range of 10 and 40%,
respectively (Fig. 3g). As already seen with gratings (Fig. 2 f and
g), feedback deactivation also disrupted the principal layout of
the direction maps (Fig. 3 b, d, and e). Pixelwise comparison of
the direction preference revealed striking alterations in the
representation of movement direction during feedback removal
(Fig. 3 d–f ) and altered properties even in the most direction-
selective regions (Fig. 2g). There was little systematic relation-
ship between the direction maps generated before and during
feedback removal (r � 0.209, P � 0.0001). By silencing pMS
cortex, regions of high direction selectivity and positions of
fractures could be shifted (Fig. 3b). Within each set of maps
taken under the same condition direction representations were
stable, as indicated by the high correlation between maps
calculated from individual frames at different times during
stimulation (Fig. 3e). After rewarming the pMS cortex, direction
maps generated by both gratings (Fig. 2 f and g) and random dots
(Fig. 3 b, d, and f ) regained features identified before pMS
deactivation. The correlation values were in the range of 0.5–0.6,
which is comparable to the range seen in other studies (e.g., ref.
22). These findings were consistent over all 15 cooling cycles
performed during stimulation with random dots in five different
cats (Fig. 3 f and g). To further exclude the possibility that the
observed changes in the direction maps were based only on
changes in cortical activation and thus signal-to-noise ratio, we
additionally compared the correlation values among stimulated
frames with and without cooling to those obtained in the absence
of visual stimulation in two cats (Fig. 3e). This comparison
revealed that the correlation values between individual frames in
both the presence or absence of feedback from pMS cortex were
markedly higher than in recordings without visual stimulation.

Effects on Individual Neurons. Extracellular single-neuron record-
ings in two of the same cats confirmed the impact of silencing the
pMS cortex on area 18 (Fig. 4). In recordings taken from the
upper cortical layers, we identified highly direction-selective
neurons that were virtually silenced by cooling of the pMS cortex

Fig. 1. (a) Schematic dorsolateral view of the cat brain to show positions of
primaryandhigherordervisualareasandthoseofnonvisualareas thatwereused
for control coolings. ME indicates middle ectosylvian and PE indicates posterior
ectosylvian cortex (adapted from ref. 51). (b) Schematic drawing of a coronal
section to show deactivated pMS cortex and the assay site in area 18. The arrow
represents feedback projections from pMS (posteromedial lateral suprasylvian,
postero lateral lateral suprasylvian) cortex to area 18.
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Fig. 2. (a–e) Impact of feedback removal on orientation maps. (a) Single-
condition orientation preference maps recorded in area 18 before (Upper)
and during (Lower) cooling deactivation of pMS cortex. The orientations are
indicated on top of each column of images. (Bar � 1 mm.) The gray scale below
indicates the coding of the signal ranges. Single-condition maps were nor-
malized to the ‘‘blank’’ condition. The crosses identify regions that were well
activated by either vertically (blue) or horizontally (yellow) oriented stimuli.
(b) Orientation preference (Left) and vector strength (Right) map pairs before,
during, and after cooling deactivation of pMS cortex from the experiment
shown in a. Preferred angles are color-coded according to the scheme below
the left column. The blue and yellow crosses in a are exchanged by light- and
dark-gray crosses, respectively, in the orientation maps. The vector strength
maps are coded according to the scale bar shown below the right column.
Crosses in the vector strength map mark the persistent regions of low vector
strength around pinwheels during the cooling of pMS cortex. The rightmost
panel is a video capture of the imaged region. (c) Averages of absolute
response level of the example shown in a. Filled bars indicate results from
‘‘blank’’ normalization. Hatched inset bars include the results from ‘‘cocktail
blank’’ normalization of the same data set. (d) Averages of vector strength
levels. (e) Average changes in percent of baseline of response strength and
vector strength averaged over the whole set of experiments (25 cooling cycles
in five cats). For both parameters, changes were significant from the baseline
level (Mann–Whitney U test; P � 0.0006 for response strength; P � 0.0001
for vector strength). ( f) Orientation preference (Upper) and direction maps
(Lower) obtained with oriented gratings, before (Left), during (Center), and
after (Right) cooling pMS cortex. Note the stability of the orientation maps
during the feedback deactivation, whereas the direction preference map
exhibits pronounced changes of up to 180°. (g) Histograms of angular differ-
ences between direction maps obtained before and during (Left) and before
and after (Right) pMS deactivation from the case shown in Fig. 2f. (Top)
Angular differences for all pixel in the direction map. (Middle) Angular
differences for the 30% pixel with the highest MDI (activity caused by the
preferred direction minus the activation caused by the counterdirection).
(Bottom) Angular differences for the 30% pixel with the lowest MDI. Note that
even the group of pixel with a strong direction response (Middle) changes its
direction preference during the feedback deactivation while regaining the
initial preference after rewarming.

Fig. 3. Impact of feedback removal on direction maps: (a) Single-condition
direction maps recorded in area 18 before (Upper) and during (Lower) cooling
deactivation of the pMS cortex and stimulation with coherently moving random
dots. The direction of movement for each set of images is indicated by the red
arrow in the field of dots above each column. The gray scale below indicates the
coding of the signal ranges. (b) Direction polar maps (Upper) and direction vector
strength maps (Lower) before (Left), during (Center), and after (Right) cooling
deactivation of pMS cortex from the experiment shown in a. Crosses indicate
locations within the direction map that change direction preference and tuning
strength during the cooling. (Right) Imaged region. (Bar � 1 mm.) (c) Averages of
absolute signal and vector strengths during the three phases of a cooling cycle of
the case illustrated in a and b. (d) Pixelwise comparison of the direction prefer-
ences between the direction maps shown in a and b. (Left) Direction preference
before vs. cooling. (Right) Direction preference before vs. recovery. For many loci,
there is very little correlation between direction preferences in the presence and
absence of feedback signals (r � 0.209, P � 0.0001), whereas values are much
more closely correlated for preferences calculated before and after feedback
deactivation (r � 0.582, P � 0.0001). (e) Average correlation coefficients between
direction preference maps recorded from individual frames within the sets of
data recordedwith intact feedback (darkgray)andduringfeedbackdeactivation
(medium gray). The light-gray column indicates correlations between maps with
and without feedback activity. The rightmost column indicates correlations be-
tween individual camera frames in control trials without visual stimulation. Note
that there was only very low correlation between frames in the ‘‘warm’’ and
‘‘cooled’’ conditions (‘‘shuffled’’), whereas maps within each condition were
stable over time. Note in addition that correlations among the frames without
visual stimulationweremarkedly lowerthanamongframesfromtrialswithvisual
stimulation in the presence or absence of feedback activity. Differences in cor-
relation between the ‘‘warm’’ and ‘‘cooled’’ condition were not significant
(Mann–Whitney U test), whereas both conditions differed significantly from the
‘‘shuffled’’ and the ‘‘without stimulation’’ condition (Mann–Whitney U test, P �
0.001). (f) Angular differences between direction maps obtained before and
during and before and after pMS deactivation. Data are averaged across all
experiments with random dots (15 cooling cycles in five cats). (Left) Histogram of
the distribution of angular differences between direction maps recorded before
and during cooling. Note that the histogram is nearly flat, indicating little
systematic relation between the direction representations before and during
cooling of pMS cortex. (Right) Histograms of the distribution of angular differ-
ences between direction maps recorded before and after cooling. Note that the
distribution of angular differences peaks close to zero, indicating a good repro-
ducibility for direction representation after the reinstatement of pMS feedback.
(g) Changes in percent of baseline response strength and vector strength aver-
aged over all experiments with random dots (15 cooling cycles in five cats).
For both parameters, changes were significantly different from baseline level
(Mann–Whitney U test; P � 0.0038 for response strength; P � 0.0039 for
vector strength).
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and that were then restored to full activity and direction selec-
tivity on rewarming of the pMS cortex (Fig. 4a Top). Other
neurons showed a reduction in response amplitude but without
impact on orientation or direction selectivity (Fig. 4a Middle).
Importantly, 30% of neurons in area 18 exhibited little or no
change in activity during cooling of the pMS cortex, thus also
verifying the absence of cooling effects on either the visual
radiation or on area 18 directly (Fig. 4 a Bottom and b). Sixty
percent of area 18 upper-layer neurons exhibited a reduction in
activity, and 10% showed an increase in activity during pMS
cooling (Fig. 4b). Further analysis revealed that the impact of the
deactivation was closely related to the initial degree of direction
selectivity of the recorded neurons (Fig. 4c). The higher the
initial degree of direction selectivity the stronger was the impact
of feedback removal on the responsiveness of these neurons. In
this context it is important to note that firing rates in our samples
of neurons were not related to the degree of direction selectivity

of the respective cells (Fig. 4d). For neurons that remained
visually responsive, orientation and direction selectivities, as
measured by the vector strengths, broadened (Fig. 4 e and f ), and
many changed their preferred direction (Fig. 4g). The most labile
neurons were those with the initially lowest degree of direction
selectivity. These electrophysiological data promote the view
that changes in the direction map we identified with optical
imaging are likely based on an actual change in preferred
direction of less selective neurons in combination with the loss
of highly directional responses.

Deactivation of Other Sites in the Cat Cerebral Cortex. Cooling
deactivation of other cortices such as the posterior ectosylvian
region of visuotemporal cortex (Fig. 5a), auditory cortex, or even
area 7, which is interposed between MS sulcal cortex and
primary visual cortex, had no or negligible impact on the imaged
maps in area 18. Both the direction and the orientation repre-
sentation in these areas remained unchanged and stable with
respect to response strength and selectivity (Fig. 5 b–d). Thus,
the impact of pMS cooling deactivation on the orientation and
direction maps in area 18 does not result from a general
depressive effect of cortical cooling on neural activity that is
unrelated to cortical connectivity. Instead, they result from the
silencing of a major transcortical pathway that feeds signals back
from the pMS region of visuoparietal cortex to area 18, and the
impact of these effects is greatest on the representation of visual
motion.

Discussion
The electrophysiological and optical data are concordant, and
both promote the view that changes in the direction map induced

Fig. 4. (a) Polar plots of the spiking response of 3 units in area 18 before,
during, and after deactivation of pMS cortex. The stimulus consisted of a set
of eight unidirectionally drifting gratings. The inner ring in each polar plot
indicates the level of spontaneous activity as measured over a period of 500 ms
before stimulus onset. Note the complete silencing of a unit (Top), depressed
activity of an orientation selective unit (Middle), and increased excitability of
a relatively unselective unit (Bottom). (b) Histogram of the response changes
induced by pMS cooling on the sample of 44 recorded units. Note that the
large majority of units shows a response reduction during feedback inactiva-
tion. (c) Average response changes during pMS cooling separated according to
their initial degree of direction selectivity. Impact of pMS cooling was greatest
on neurons exhibiting higher degrees of direction selectivity (ref. 21; ANOVA,
P � 0.045, � � 5%). (d) MDI was not related systematically to activity level.
(e and f ) Average changes of vector strength in the orientation and direction
response of the recorded units. This parameter has been calculated in the same
way as for the optical imaging results. For both parameters, changes were
significant from the baseline level (Mann–Whitney U test; P � 0.011 for
orientation; P � 0.042 for direction). (g) Box plots of angular changes in
direction preference during feedback deactivation separated by their initial
MDI. In these plots, the upper and lower borders of the filled part indicate the
75th and 25th percentiles, respectively; the lines above and below indicate the
90th and 10th percentiles, respectively; and the line within the body indicates
the median of the distributions. Note that, in units with low MDI, direction
changes in preferred direction and orientation were significantly more likely
than in units with high MDI (Mann–Whitney U test; P � 0.027).

Fig. 5. Results from control coolings in cortical regions other than pMS.
(a) Orientation (Top) and direction (Middle) polar maps from area 18 before,
during, and after cooling deactivation of PE cortex (conventions as in Figs. 2
and 3). (Bottom Left) The imaged region. (Bar � 1 mm.) The plots beneath
indicate the pixelwise comparison of orientation and direction preference
between maps recorded before and during deactivation of PE cortex. Note the
stability of these parameters during cooling. (b–d) Histograms of averaged
orientation and direction vector strength before, during, and after inactiva-
tion of the PE cortex (b), auditory cortex (c), and area 7 (d). Note also here the
stability of these parameters that were strongly affected by pMS deactivation
during the cooling of the control sites.
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by cooling deactivation of pMS cortex are based on: (i) actual
changes in the preferred directions of less selective neurons and
(ii) silencing, or near silencing, of neurons with the highest
degree of direction selectivity. It is important to recognize that
the functional impact of pMS deactivation on area 18 neurons
reported in our study is high compared with prior studies on
other cortical feedback systems (5–7, 23). The higher impact can
be accounted for by the larger region of feedback pathway origin
that was deactivated, a more effective deactivation that silences
neurons in all layers in contact with the cooling loop, the high
density of feedback projections from pMS cortex into upper
layers of area 18, and emphasis of the electrophysiological and
optical analyses on neurons in those same layers.

Methodological Considerations. Several lines of evidence assure us
that the modifications we identified in the maps reflect changes in
neuronal behavior in response to deactivation of a direct and
specific feedback system. First, cooling deactivation of other cor-
tices had little or no impact on the imaged maps in area 18.
Additionally, previous studies have shown that the zone of direct
cooling impact on cortex is confined to the banks of the MS sulcus
(20), and direct thermal measurements in our experiments showed
that temperatures fluctuated within area 18 by �0.5°C during
cooling of pMS cortex. Second, there is negligible impact of the
cooling on the optic radiations (18), a point verified by electro-
physiological evaluation and vigorous responsiveness of visual fibers
(24), and unaltered activity in a subpopulation of neurons in area
18 in our present recordings. Third, single-neuron recordings
revealed changes in the response behavior that rule out map
changes as a result of an uncoupling between neuronal and meta-
bolic activity in area 18. That neuronal activity levels were reduced
on average by only 10–15% during cooling ensures that the optical
data obtained in the absence of pMS feedback are still based on
considerable amounts of neuronal activity. Fourth, we can rule out
that the changes in direction maps are based on alterations in the
recording conditions that could have resulted in a poor signal-to-
noise ratio. Direction maps recorded in the absence of feedback
were stable over time, an observation we could not make when
analyzing data obtained in the absence of cortical activation.
Moreover, changes in direction maps have been observed with two
different sets of stimuli, gratings and random dots, which cause
different levels of cortical and direction specific activation (25) and,
within individual maps, even at sites which exhibited a robust
direction response. Finally, proficient behavioral performance on
masked-pattern discrimination tasks, which depends on both pri-
mary visual and visuotemporal cortices, remains robust during
cooling of MS cortex (24).

Feedback Impact on the Representation of Orientation. Our results
show that feedback projections have a differential impact on two
prominent visual representation systems in area 18. For the orien-
tation system, feedback signals raise levels of neural activity and
sharpen response selectivity but do not create orientation selectivity
and its global representation in the form of maps. This conclusion
fits previous data suggesting that orientation selectivity emerges
largely by the convergence of specific sets of geniculocortical signals
on layer IV neurons (1, 2, 26–30) and by local circuit amplification
and sharpening of the selectivity (31–33). Because there is a paucity
of feedback projections into layer IV, it is unlikely that pMS cortex
has any significant impact on orientation construction at this level
of visual processing. The first level where ascending and pMS
feedback signals interact is in cortical layers II�III. Neurons in a
radial translaminar column have similar orientation preferences (1,
34, 35), indicating that the map in layer IV is passed upward to
neurons in layers II�III, where neurons have similar preferences to
underlying neurons. However, response strength and selectivity do
not appear to be transmitted faithfully from layer IV, and our
electrophysiological and optical results show that upper-layer re-

sponses depend on feedback signals that selectively amplify ascend-
ing signals and sharpen orientation tuning, but without significant
impact on orientation preference. Even though local circuits con-
tribute to these processes (31, 34), several previous studies support
our conclusions on the importance of feedback signal amplification
in the form of gain enhancement for stimuli of low visibility (5), and
for cortical feedback influences on neuronal activity in lateral
geniculate nucleus (36–39). Moreover, such feedback amplification
occurs contemporaneously with, or very soon after, initial neuron
activation (6), supporting the idea that receptive fields are dynamic
in both space and time (40–42).

Feedback Impact on the Representation of Movement Direction.
Besides the changes in response strength and selectivity, inacti-
vation of pMS cortex induced profound changes in the overall
representation of direction of motion in area 18. These alter-
ations were probably based on the silencing of neurons with
highly directional responses. By contrast to orientation, for
direction selectivity there is no evidence that layer IV contains
a refined map that approaches the order identified in the
superficial layers (35, 43–45). Even though neurons in layer IV
exhibit some direction selectivity (43), neurons above in the
supragranular layers may have preferences that are diametrically
opposite (35), and it seems likely that layer IV projections to
layers II�III contribute little to the elaboration of direction
selectivity in the latter layers (28, 46).

Prior studies designed to silence local circuits (32, 47, 48) have
shown that local circuits modify direction preference in three ways:
(i) by enhancing responses to movement in an existing preferred
direction or activation of otherwise silent neurons; (ii) by increased
excitation in a new direction; and (iii) by selective inhibition of
largely unstructured activity. These same mechanisms may also
apply to long-distance projections in generating direction selectiv-
ity, although evidence points to the first alternative as being
dominant, because silencing of MS feedback projections severely
reduces response magnitude, or even silences, the most direction-
selective cells in area 18. The latter two possibilities are less well
supported by our data, because we do not have strong electrophys-
iological evidence for changes in the preferred direction of highly
direction selective neurons during deactivation of pMS cortex, and
only few neurons exhibited a response enhancement during pMS
deactivation.

Even though our results show that key features of the direction
representation depend on substantial numbers of signals arriving
from higher cortical areas, there is a caveat to our data. We used
only a single temporal frequency and a single velocity for our tests
on orientation and direction selectivity. In designing our stimuli, we
needed to ensure that large numbers of both MS and area 18
neurons were activated well. However, the values selected (2 Hz and
16° per sec) may not be fully optimal for every MS and every area
18 neuron (11, 49, 50). We acknowledge that if we had used a fully
comprehensive set of stimuli, we may have shown that the direction
selectivities of every neuron in the upper layers of primary visual
cortex was influenced by signals fed back from higher-motion
cortices. However, we have shown that the majority of upper-layer
neurons in area 18 depend on feedback projections from visuopa-
rietal motion cortex for the emergence and full shaping of direction
selectivity, and that these signals contribute in a major way to the
full elaboration of direction maps.
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