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Directional tuning is a basic functional property of cell activity in
the motor cortex. Previous work has indicated that cells with
similar preferred directions are organized in columns perpendicular
to the cortical surface. Here we show that these columns are
organized in an orderly fashion in the tangential dimension on the
cortical surface. Based on a large number of microelectrode pen-
etrations and systematic exploration of the proximal arm area of
the motor cortex while monkeys made free reaching 3D move-
ments, it was estimated that (/) directional minicolumns are ~30
pm in width, (i)) minicolumns with similar preferred directions tend
to occur in doublets or triplets, and (iii) such minicolumns tend to
repeat every ~240 um (estimated width of a column), with inter-
mediate preferred directions represented in a gradient. These
findings provide evidence for an orderly mapping of the preferred
direction in the motor cortex.
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he directional tuning of motor cortical cell activity was first

described for arm movements in 2D space (1), followed by a
generalization for free reaching movements in 3D space (2-4).
Preferred directions (PDs) range throughout the 3D directional
continuum (3, 4) and are multiply represented in the arm area
of the motor cortex (3). Early studies using arm movements in
2D space (5) indicated that the preferred directions of cells
recorded in the exposed part of the motor cortex tended to be
similar, whereas the preferred directions of cells recorded along
the anterior bank of the central sulcus tended to change en bloc.
Similar observations were made in later studies by using free
reaching 3D arm movements (3, 6). These qualitative patterns
suggested a columnar organization of the preferred direction,
along the lines of similar kinds of evidence described for the
somatosensory cortex (7). A quantitative analysis of the relations
between the spread of the preferred directions along a penetra-
tion and the angle formed between the penetration and the
anatomical columns in the motor cortex revealed a high positive
correlation (0.756; P < 0.01; ref. 5), a finding that provided
further support for the hypothesis of a columnar organization of
the preferred direction. In fact, a similar quantitative analysis in
the primary visual cortex (8) yielded comparable results to those
found in the motor cortex (5). Although the results of studies
using 2D arm movements are suggestive, they cannot form a solid
basis for a rigorous investigation of the issue of the mapping of
the preferred direction because a particular PD in 2D can come
from an infinite number of preferred directions in 3D, with an
elevation angle ranging from 0° to 180° (6). This consideration,
and the fact that natural arm movements are typically uncon-
strained in 3D space, necessitates the use of free reaching 3D
movements for a proper mapping study. A detailed statistical
analysis of 3D reaching data (3) yielded two basic findings (6).
First, for penetrations in the exposed part of the cortex, there was
a continuum of ~500 wm in depth with cells of similar preferred
directions. Second, for penetrations along the anterior bank of
the central sulcus, there was a repeating columnar pattern of
similar PDs with a width of 50 to 100 wm and a repetition
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distance of ~200 wm. These studies provided the background for
the systematic reinvestigation of the mapping of the PDs pre-
sented in this article.

Results

Two monkeys made 40 free, unconstrained reaching movements
in each of eight directions in 3D space using the same apparatus
and design as described previously (3). In a given day, 16
independently movable microelectrodes were inserted into the
motor cortex contralaterally to the moving arm and advanced
simultaneously in 150-pum steps (9-11). At every step, a run of
40 trials above was performed. The presence of directional
tuning was assessed for thresholded multiunit records (10, 11).
The approximate location on the cortical surface of the record-
ing sites, as projected along anatomical columns (Fig. 14), was
determined as described previously (9). Of 2,385 recording sites
analyzed, 985 (41.3%) were directionally tuned. The PDs at the
recorded sites were multiply represented and widely distributed
on the motor cortical surface (Fig. 2).

Next, we investigated the possible regularity in the represen-
tation of the PD as follows. On a given directionally tuned site,
we fit a circular grid consisting of 30-um annuli (Fig. 3) extending
up to 1,200 wm from the center (the distribution of all pairwise
distances up to 1,200 wm is shown in Fig. 1B). For every annulus,
we counted the number of sites recorded from and the number
of sites with similar directional tuning to the center site as
determined by a correlation analysis (see Materials and Meth-
ods). This process was repeated for every directionally tuned
recording site to derive average estimates of the prevalence of
similar PDs away from a given one, determined as the fraction
of these sites over the total recorded in an annulus. As expected,
the total number of recording sites increased with distance away
from the center of the grid as the area of the annulus increased.
By contrast, the proportion of similarly tuned sites fell with
distance, indicating a local enrichment of similar PDs. In fact, the
fraction (percentage) of similarly tuned sites F; in annulus i, with
respect to the center site, decreased with distance D; (wm) from
the center as a power fit:

F; = 9.6D; "> (R* = 0.66, P < 10, (1]

where F; is the fraction (percentage) of sites in the i annulus,
which are significantly correlated to the site at the center.
Next, the detrended data were subjected to spectral analysis to
check for and identify possible spatial periodicities in the fluc-
tuation of similarly tuned cells. The periodogram (Fig. 4)
revealed two striking peaks at periods of 240 and 86 wm. A finer
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Design of the mapping experiment. (A) Schematic illustration of the projection of recording sites onto the cortical surface along anatomical columns.

The procedure is described in detail in ref. 9. Open and slashed circles denote recording and projected sites, respectively. (B) Frequency distribution of pairwise
distances on the cortical surface (=1,200 um) between projected recording sites (bin size, 30 um).

grain analysis of higher spatial frequencies using a 10-um
annulus revealed additional significant power at periods ~30 and
60 wm (Fig. 5). These results suggest (i) a width of a minicolumn
(12) of ~30 um, (if) clustering of two to three minicolumns with
similar directions, and (iii) a regular repetition of minicolumns
with similar directions every 240 um. It is noteworthy that the
analysis of 2,366 records of single-unit activity (SUA) yielded
statistically significant peaks in the normalized periodogram at
similar frequencies as above, corresponding to a period of ~200
pm (using 30-um annulus binning) and 32 and 60 wm (using
10-pum annulus binning). This finding shows that the periodicities
observed were not because of potentially overlapping fields.
Finally, an analysis of the spatial distribution of nontuned
multiunit sites (P > 0.25 for directional tuning in multiple
regression) revealed a weak periodicity with a period of 171 pum,
which, however, did not reach statistical significance in the
permutation test (P = 0.08). Similar results were obtained when
the level of nontuning was varied (e.g., P > 0.5).

A tentative model of the mapping of PDs in the motor cortex
is shown in Figs. 6 and 7, where given PD is represented by filled
circles. There are two additional aspects of this model to be
considered regarding the PDs within a 240-um radius circle.
First, there should be wide representations of the PDs; and,
second, there should be a radial gradient of PDs becoming more
and more dissimilar from that at the center of the circle, as
distance increases away from the center, up to the radius of the
circle (120 um). We evaluated the first prediction by examining
the distribution of the difference in polar angles (azimuth and
elevation) between the one observed at the center of the circle
and those observed in a given site within the circle. In accord
with the earlier prediction, the angular differences above cov-
ered the full range of —180° to +180° for azimuth and —90° to
+90° for elevation. Then we tested the second prediction by
performing a regression analysis, where the dependent variable
was the angle formed between the PD at the center site and the
PD at a particular distance from it, and the independent variable
was this distance. We found a highly statistically significant
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positive relation for a certain range of distances from 0 to 105 wm
to 0 to 120 wm, indicating that the overall angular difference
increased with the distance from the center, up to the midwidth
of the hypothesized column; this relation disappeared for longer
distances. The best fit was an exponential function:

D.
&= 56.6exp< ﬁ) [2]
D; = 120pum

where & is the angle (°) between the PD at the center and site
at distance Dj (um) (P = 0.003). This gradient is illustrated as
an arrow in Fig. 6.

Together these two findings lend strong, independent support
to our model (Fig. 6). In addition, they provide approximate
quantitative estimates of some key mapping parameters, as
follows. Assuming a tangential area of a minicolumn ( = 15 um)
of 707 um? and a tangential area of a column (r = 120 wm) of
45,230 um?, there are n = 45,230/707 = 64 minicolumns in a
column, within which the unit sphere of PDs is mapped with a
resolution of ~360°/64 = 5.62° solid angle. It is noteworthy that
this estimate of 64 minicolumns is roughly the number of
minicolumns required to span all eight octants, as we estimated
on different grounds (11).

Discussion

We demonstrated the orderly, repeated mapping of the 3D PD
of arm movement in space on the motor cortical surface by
systematically sampling a large cortical space. The width of ~30
pm estimated from these data is comparable to the minicolumn
width estimated in sensory systems (12). Given the known
orderly topographic projections of the motor cortex to cortical
and subcortical structures, it is likely that the repeated mapping
of the PD might reflect and subserve the required multiple
distribution of directional information. The additional peaks
observed (at 60 and 86 um in the multiunit and 60 um in the
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Fig. 2.
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Location on the flattened motor cortical surface (9) of the preferred directions of directionally tuned sites. The octant of the unit sphere to which a

preferred direction belongs is color-coded depending on the sign of the directional cosines [x, y, z] as follows: blue, [x =0, y = 0, z= 0]; magenta, [x=0, y =
0,z<0]; green, [x=0,y<0,z=0]; lightgray, [x=0, y <0, z<0]; turquoise, [x <0,y =0,z=0]; red, [x <0,y <0, z=0]; white, [x <0,y =0, z<0]; yellow,

[x<0,y<0,z<0].A, anterior; L, lateral.

single-unit records) probably reflect doublet or triplet clustering
of minicolumns with similar PD. This interpretation is in keeping
with the common experience of recording cells with similar PDs
from the same electrode tip.

Although the data were collected with equally spaced elec-
trodes and at regular depth steps, the spatial distribution was not
affected by this scheme because the PD data were projected to
the cortical surface along the anatomical columns (Fig. 14), a
procedure that resulted in a practically continuous distribution
of distances between points on the flattened cortical surface
(Fig. 1B). In addition, the periodicity analysis was performed on
the fraction of the recording sites that were directionally tuned

Directionally tuned site

*Count all recorded sites in each annulus
= Count sites similarly tuned to the center

Fig. 3.  Circular grid used to count recording sites and sites with similar
directional tuning to the center site. The fraction of similarly tuned sites over
all sites (in a circular bin) was used for further analysis to remove potential
influence of variations in the sampling distribution of recorded sites.
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so that any potential peculiarities of the sampling distribution of
the recording sites would be removed. The resulting fractions
were detrended because periodicities cannot be properly as-
sessed from a series of data in the presence of linear or
curvilinear trends. Such trends would produce spurious boosting
of the lower frequencies. Therefore, spectral analyses are applied

86 pm
0.125

2402 ym
0.104
0.0754

0.054

0.0254

Periodogram (Relative Power)

0.00

0.00 3.33 6.67 10.00 13.33
Frequency (cycles/mm)

16.67

Fig. 4. Normalized periodogram (13) of detrended observed data using a
circular grid of 30-um annulus. The period of statistically significant points is
displayed next to the points. The levels of statistical significance of the labeled
points were as follows. a, P = 0.032; b, P = 0.017.
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Fig.5. Normalized periodogram of detrended original data using a circular
grid of 10-um annulus. The levels of significance of the labeled points were as
follows. a, P < 0.004; b, P = 0.018; ¢, P = 0.027; d, P = 0.03; e, P = 0.01.

on the residuals of the detrended data (13). Finally, the permu-
tation test by which we assessed the statistical significance of the
periodogram peaks involved keeping the actual recording sites
while randomly permuting the PDs so that any peculiarities of
the spatial distribution of the recording sites were taken into
account. Finally, the flattening method cannot introduce power
at some fundamental frequency. The purpose of flattening was
to display projected recording sites in a plane figure (such as Fig.
2) while preserving the cortical surface distances between the
projected sites in the folded cortex.

The model of organization of PD depicted in Fig. 6 bears
directly on the question of origin (or formation) of the direc-
tional tuning curve. We propose that the regular, bell-shaped
directional tuning curve is primarily the result of strong excita-
tory thalamic input to a particular column, followed by a mixture
of excitatory and inhibitory inputs mediated by local interneu-
rons acting in the tangential dimension. This idea is supported

Fig.7. Schematicdiagramillustrating the periodic pattern of Fig. 6 in a filled
patch of the map. Dimensions (and numbers of columns) are arbitrary.

by the findings that (i) the onset latency of cell activity is shortest
for movements in the PD and progressively longer with move-
ments farther and farther away from it (1), and (i/) movements
well away from the PD are often associated with abrupt cessation
of activity suggestive of inhibitory effects (see e.g., fig. 4 in ref.
1). A major source of excitatory and inhibitory effects originat-
ing from pyramidal tract cell lies in its recurrent collaterals
(14-16), in addition to known interneuronal anatomical con-
nections (17, 18) and physiological mechanisms (19). Although
these effects are well established, the exact spatial pattern of
their distribution in the tangential cortical dimension is un-
known. Our prior interpretation of the present findings posits
the presence of an orderly regularity in this distribution, a
hypothesis that remains to be tested.

Materials and Methods

Behavioral Task. All neural data used in these studies were
collected from two monkeys performing a 3D center-out reach-
ing task. Details are provided elsewhere (2, 3). All animal
procedures were approved by the relevant institutional boards.

Mapping Procedure. The data analyzed in this study came from the
experiments reported previously (9, 10). All recordings were

Fig. 6. Schematic model of mapping of the preferred direction in motor cortex. The quantity &(ctj) denotes the angle formed between the PD vector c at the

center of the circle and the PD vector j at site j.
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obtained from the arm region of the motor cortex. The recorded
area was contained within a region that extended 3 to 4 mm along
the central sulcus and 7 to 12 mm in the direction perpendicular
to the central sulcus. This region was centered ~15 mm from the
midline along the medial-lateral axis. The techniques used to
construct a map of recording sites have been described in detail
elsewhere (9). Briefly, an array of 16 electrodes was passed
through the arm region of M1 while monkeys engaged in the
reaching task. Before insertion, electrodes were coated in a
fluorescent dye. Once the top of the neural activity was identi-
fied, electrodes were advanced at 150-uwm increments until they
reached white matter. Raw extracellular potentials were re-
corded at each site with a sampling frequency of 60 kHz and
high-pass filtered at 0.5 kHz. We also analyzed data from SUA
extracted from multiunit activity records by using Plexon soft-
ware (Plexon, Inc., Dallas, TX) (10). In total, 2,385 multiunit
activity and 2,366 SUA records were analyzed.

After the experiment, the monkeys were killed and the
recorded area of the cortex was blocked and sectioned every 50
pm. Registered digital fluorescence and Nissl-stained images of
each slice were used to reconstruct the trajectories made by the
electrodes passing through the cortex. Electrode penetrations
passed from the exposed surface of the precentral gyrus through
the crown and into the anterior bank of the central sulcus (CS).
Recording sites were transformed into a “flattened” coordinate
system that unfolded the cortical surface about the crown of the
CS. In all of the maps to be presented, the top and bottom
borders of the map are orthogonal to the CS, with the fundus of
the CS located on the far left. The left and right borders of the
maps are parallel to the CS, with the most medial positions at the
top of the maps. In these surface maps, recording sites are
projected to the surface along the line defined by neighboring
anatomical columns, as revealed by inspection of Nissl-stained
sections.

Calculation of PDs and Correlation Analysis. The presence of direc-
tional tuning was assessed by using multiple linear regression
analysis (3). A one-tailed threshold of P < 0.05 was used because
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the directional tuning is well established in motor cortical cells.
However, a statistically significant similarity between two sites
was deemed to be present when the correlation coefficient
between the mean discharge rates for the eight movement
directions was 0.707 (P < 0.05, n = 8, df = 6). The average angle
between the PDs of significantly correlated sites was 24.8°.

Spectral Analysis. The raw periodogram was computed on the
residuals of the power fit above and was normalized by com-
puting relative periodogram values as follows:

Di

[3]

where n; is the normalized power value for the i frequency, p;
is the raw power value, and k is the number of frequencies for
which the periodogram was calculated.

To determine the significance level for different points on the
periodogram, we performed the following analysis. For each
permutation, the x and y positions of the data were randomly
permuted, and the same process of counting was carried out as
for the original data. One thousand random permutations were
performed. Periodograms were computed on the residuals of a
power fit estimated for each permutation. This analysis yielded
1,000 normalized periodogram values for each frequency, which
provided chance distributions against which actually observed
values were assessed. For that purpose, we computed, for each
frequency, the proportion of the 1,000 (permuted) periodogram
values that were equal or higher to the observed one; this
proportion was an estimate of the probability that the observed
value could be because of chance. Finally, the same analyses were
performed on 2,366 SUA sites.
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