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The Shape of Dendritic Arbors in Different Functional
Domains of the Cortical Orientation Map
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The neocortex is organized into macroscopic functional maps. However, at the microscopic scale, the functional preference and degree of
feature selectivity between neighboring neurons can vary considerably. In the primary visual cortex, adjacent neurons in iso-orientation
domains share the same orientation preference, whereas neighboring neurons near pinwheel centers are tuned to different stimulus
orientations. Moreover, several studies have found greater orientation selectivity in iso-orientation domains than in pinwheel centers.
These differences suggest that neurons sample local inputs in a spatially homogenous fashion and independently of the location of their
soma on the orientation map. Here we determine whether dendritic geometry is affected by neuronal position on the orientation map. We
labeled individual layer 2/3 pyramidal neurons with fluorescent dyes in specific domains of the orientation map in cat primary visual
cortex and imaged their dendritic trees in vivo by two-photon microscopy. We found that the circularity and uniformity of dendritic trees
is independent of somatic position on the orientation map. Moreover, the dendrites of neurons located close to pinwheel centers extend
across all orientation domains in an unbiased fashion. Thus, unbiased dendritic trees appear to provide an anatomical substrate for the
systematic variations in feature selectivity across the orientation map.
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Introduction
In the primary visual cortex of primates, cats, and ferrets, the
neuronal preference for visual stimulus orientation varies slowly
and continuously across the cortical surface. This smooth map of
stimulus orientation is punctuated by pinwheel centers, where
the convergence of multiple orientation domains results in steep
orientation gradients (Blasdel and Salama, 1986; Bonhoeffer and
Grinvald, 1991). Pinwheel centers are thus ideal loci to assay the
participation of short-range lateral inputs to the neurons’ orien-
tation tuning. In particular, several studies have observed broad
orientation selectivity near pinwheel centers, suggesting that V1
neurons receive lateral inputs from their anatomical neighbors
even when their orientation preferences differ. However, due to
the technical difficulty in assessing orientation tuning in pin-
wheel centers, conflicting results have been reported (Maldonado
et al., 1997; Schummers et al., 2002; Monier et al., 2003; Mariño et
al., 2005; Ohki et al., 2006; Nauhaus et al., 2008; Hashemi-
Nezhad and Lyon, 2012). Moreover, broad orientation tuning in

pinwheels may be consistent with other connectivity schemes,
e.g., purely feedforward (Ringach, 2007).

The role of local connectivity in orientation processing has
also been inferred from extracellular injections of anatomical an-
terograde/retrograde tracers at known positions of the orienta-
tion map (Malach et al., 1993; Yousef et al., 2001; Mariño et al.,
2005; Buzás et al., 2006; Liu et al., 2013). Together these studies
suggest that local axonal projections are less selective than long-
distance horizontal axons that target patches of visual cortex
sharing similar orientation preferences. The horizontal distribu-
tion of the postsynaptic element, i.e., dendrites, has received less
attention, despite the known experience-dependence of dendritic
growth (Katz et al., 1989; Wong and Ghosh, 2002). One report
described dendrites spreading across neighboring orientation
domains (Malach et al., 1993), but labeling of neuronal popula-
tions by extracellular injection of biocytin lacks the specificity
needed to trace single dendritic trees and ascertain their relation-
ship to functional maps. More selective intracellular labeling in
vivo has found that asymmetric dendritic trees do not predict the
neuronal preference for stimulus orientation (Martin and Whit-
teridge, 1984). However, the relationship between dendritic mor-
phology and the fine-scale orientation map was not studied (but
see Buzás et al., 1998). Here, we take advantage of two-photon
imaging to electroporate fluorescent dyes into single neurons at
targeted orientation domains of the cat visual cortex, and to im-
age their dendritic trees in vivo. We find no quantitative relation-
ship between dendritic arbor geometry and the layout of the
orientation map, suggesting that layer 2/3 pyramidal neurons
integrate inputs from all their neighbors, even when their orien-
tation preferences are different.
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Materials and Methods
Targeted single-cell electroporation in vivo. Our experimental procedures
for in vivo imaging of single somato-dendritic trees in predetermined
domains of the cortical orientation map were approved by our IACUC
and have been described in detail previously (O’Herron et al., 2012).
Briefly, experiments were performed on anesthetized (isofluorane,
1–2%) and paralyzed (vecuronium bromide, 0.2 mg/kg/h) cats of either
sex (n � 14). A craniotomy (2 � 2 mm) was performed above primary
visual cortex area 18 and the dura was removed. The brain was covered by
warm agarose and the craniotomy sealed with a coverglass. The animal’s
head was rotated to minimize the slant of the cortical surface relative to
horizontal. The cortex was illuminated with 630 nm light to record in-
trinsic signal responses to oriented visual stimuli (drifting gratings, 8
directions of motion, 0.062– 0.125 cycles/°, 5 s duration interspersed with
14 s blanks, 4 – 8 repeats). False color orientation maps were generated in
MATLAB software by vector averaging of the responses at each 7.4 � 7.4
�m pixel in the region of interest. To facilitate the comparison with
two-photon data, nearest neighbor interpolation was performed (1 � 1
�m resolution). The coverglass was removed, taking care not to disturb the
agar below or to change the angle of the cortical surface, and a pinwheel or an
iso-orientation domain was targeted for single-cell electroporation. A patch
pipette (1 �m tip) loaded with AlexaFluor 594 (100 �M, n � 19 neurons) or
with OGB-1 hexapotassium salt (500 �M, n � 3 neurons) or with both dyes
(n � 1 neuron) was inserted in the preselected functional domain, using
cortical blood vessels as landmarks. The tip of the electrode was brought in
close apposition to a cell body, by monitoring the electrode resistance and by
puffing dye into the extracellular space to reveal the somas as shadows during
two-photon imaging. Then, 1–3 electrical pulses (�8 to �10 mV, 10 ms)
were delivered by an Axoporator 800A, resulting in immediate and selective
labeling of the somato-dendritic tree (Fig. 1A). Finally, a high-resolution
z-stack (1 or 2 �m steps) of the somato-dendritic tree was collected by
two-photon microscopy (Fig. 1B). Typically, the field-of-view available with
the two-photon compatible objective lens, e.g., 600�600 �m Olympus 20�
1.0NA,wasnotalwayssufficientlywidetoencompassthewholedendritic tree in
a single z-stack. Thus, in 10 of 23 neurons additional adjacent z-stacks were
collected and stitched together post hoc in Neurolucida software. To ensure that
dendritic trees could be visualized in their entirety, we only targeted somas be-
longing to the upper stratum of layer 2/3 (170–250 �m below the pia).

Analyses. Somato-dendritic trees were reconstructed post hoc in Neu-
rolucida software by two investigators (M.L. and G.D.) blinded to the
positions of the somas on the orientation maps. Axons had finer caliber
than dendrites (Fig. 1B) and always extended beyond the region imaged
by two-photon microscopy. Therefore, axons were not included in any of
our reconstructions. The coordinates of the somato-dendritic tree were
imported in MATLAB and converted to coordinates on the orientation
map by matching the surface vessels in the two-photon z-stacks to those
in the reference image acquired before intrinsic signal optical imaging
(Fig. 1C). Only translations and rotations in the x-y plane were used (no
stretching was performed). The positions of the pinwheels on the orien-
tation map were determined by finding the local maxima of the circular
variance over a 70-�m-radius sliding window. The somato-dendritic
tree was projected along the axis orthogonal to the cortical surface and its
envelope was compared with a circle using a circularity index:

circularity index � area�hull �/area�circle�,

where area(hull ) is the area of the convex hull of the tree, i.e., the smallest
convex polygon enclosing the projected tree, and area(circle) is the area of
the smallest enclosing circle centered on the soma.

We also computed a uniformity index, by summing the 3D length of
the dendrites in 30° wedges centered on the soma. The uniformity index
of the resulting distribution is as follows:

uniformity index � 1 � ��length�/��length�,

where �(length) and �(length) are the SD and the mean of the summed
dendritic length across wedges, respectively.

To evaluate potential biases in the spread of dendrites over neighbor-
ing orientation domains, we determined for each neuron the distribution
of the dendrites on the orientation map, or “dendritic orientation distri-

bution”, by finding the preferred orientations of the pixels correspond-
ing to the dendritic tree coordinates. For comparison across neurons, the
mean orientation of the pixels corresponding to the soma was subtracted
from the dendritic orientation distributions, so that 0° corresponds to the
somatic pixels orientation. Dendritic orientation distributions thus
ranged from �90° to �90° in 15° bins, each bin measuring the summed
3D length lj of the dendrites traveling over pixels of orientation �j. The
mean of each distribution, as well as the mean and confidence interval of
the mean across distributions, were computed using the MATLAB Circ-
Stat toolbox (Berens, 2009). The selectivity of each distribution was mea-
sured by an orientation selectivity index (OSImeasured) analogous to the
one classically computed in physiological studies of orientation tuning:

OSImeasured � abs� �lje
i2�j� /ltotal

where ltotal is the total length of the dendrites and abs returns the magni-
tude of the resultant vector.

Then for each neuron, we determined whether the measured OSI was
higher than expected from random sampling of the local orientation map
as follows: first, the entire dendritic tree was rotated randomly around the
soma 10,000 times. Second, the resulting dendritic orientation distributions
were averaged and the OSI of the average distribution (OSIrandom) was com-
puted. Finally exponential functions were fitted to the scatterplot of OSIs
(measured and random) versus the distance between somas and pin-
wheel centers (see Fig. 4D):

OSIfit�d� � Amax�1 � e�ln�2��d/d50�

where d is the distance between the soma and the nearest pinwheel center,
and the two free parameters Amax and d50 represent the maximum OSI and
the distance at which the OSI reaches its half-maximum, respectively.

Results
Our population analyses are based on 23 spiny neurons, which had
summed dendritic lengths (5.66 � 1.51 mm, mean � SD) and mor-
phologies typical of those previously reported in postmortem histo-
logical studies of pyramidal neurons located at the top of layer 2/3
(O’Leary, 1941; Peters and Kara, 1985). Although a few neurons had
a single, clearly defined apical trunk, in most cases two or more apical
dendrites diverged very early or even directly from the soma, and
climbed obliquely into layer 1 where they formed apical tufts (Fig.
1D). Because it was sometimes difficult to distinguish between apical
and basal dendrites, they are pooled together in our analyses.

We traced the dendritic trees of neurons having soma located
near pinwheel centers (Fig. 1E, neurons 1–2, 4 –5) or in iso-
orientation domains (Fig. 1E, neurons 3, 6). Qualitative inspec-
tion did not reveal any consistent relationship between the shape
of the dendritic tree and the position of the soma on the orienta-
tion map. Round or circularly uniform dendritic trees were
found close to as well as far away from pinwheel centers (Fig. 1E,
neurons 1–3). Conversely, elongated or asymmetric dendritic
trees were observed in pinwheels as well as in iso-orientation
domains (Fig. 1E, neurons 4 – 6). Moreover, dendritic trees near
pinwheel centers did not appear to be biased toward the orienta-
tion domain of the soma: dendrites extended over all the orien-
tation domains converging on a pinwheel center, in a seemingly
indiscriminate fashion. Some dendrites crossed the borders be-
tween orientation domains, whereas others followed them.

To quantify the relationship between dendritic tree morphology
and the features of the orientation map, we measured the asymmetry
of dendritic trees in iso-orientation domains and near pinwheel cen-
ters, using a circularity index and a uniformity index (Fig. 2). The
circularity index compares the envelope of the dendritic tree to a
circle: it is maximal and equal to one if the smallest convex polygon
enclosing the dendritic tree, i.e., the convex hull of the tree, is a circle
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centered on the soma. The somato-dendritic tree shown in Figure
2A was located in a pinwheel (Fig. 1, neuron 1) and had a circularity
index of 0.48 (Fig. 2B), greater than the population mean (0.39 �
0.09, � SD). Across our population of neurons, the circularity index
was not significantly correlated to the distance between the soma and
the nearest pinwheel center (R2 � 0.01, p � 0.60; Fig. 2C).

The circularity index does not take into account how the den-
drites are distributed within the envelope of the dendritic tree.
Therefore, we also measured a uniformity index, based on the coef-
ficient of variation of dendritic length measured in wedges centered

on the soma (Fig. 2D): the uniformity index is maximal and equal to
one if the summed length of all dendrites in each wedge is the same.
As was the case for the circularity index, we did not find any significant
correlation between the uniformity index and the soma-to-pinwheel
distance (R2 � 0.004, p � 0.76; Fig. 2E). Moreover, we found no corre-
lation between the somatic depth and the circularity index (R2 �0.006,
p � 0.73) or the uniformity index (R2 � 0.001, p � 0.89).

Furthermore, we did not find any repulsive or attractive effect
of pinwheel centers on the envelope of the trees (Fig. 3). The angle
between the resultant vector of the dendritic tree envelope and
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Figure 1. Experimental setup, reconstructions of dendritic arbors in vivo, and their location in orientation maps. A, Setup used for labeling and imaging dendritic trees in preselected domains of
the orientation map. A neuron located in a chosen domain is electroporated with fluorescent dye and its dendritic tree is imaged with a two-photon microscope. B, Imaging planes through a neuron
labeled with AlexaFluor 594 at different depths below the pia. Red inset and arrows show dendritic spines; yellow inset and arrows show axons. C, Z-projection (from 0 to 350 �m under the pia) of
a neuron labeled with AlexaFluor 594 (top left) and reference image of the surface vasculature captured before intrinsic signal optical imaging (bottom right). To align the two datasets, vessels in
the two-photon image were outlined (orange contours) and matched to the vessels in the CCD camera image. D, Sagittal view of six reconstructed somato-dendritic trees. E, The same six neurons
were projected along the z-axis orthogonal to the cortical surface and positioned on the local orientation map. The distances between the somas of neurons 1– 6 and their closest pinwheel centers
are 57, 78, 326, 3, 65, and 459 �m, respectively.
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the direction toward the closest pinwheel
on the cortical surface (Fig. 3A, angle �)
was uniformly distributed (Raleigh test,
p � 0.49). In particular, the envelope of
neurons located close to pinwheel centers
could point toward (� � 0°) as well as
away (� � 180°) from pinwheels (Fig.
3B). We obtained the same effect when the
resultant vector was computed from the
angular distribution of dendritic length
(Fig. 3C; p � 0.53, Raleigh test). We con-
clude that the shape of pyramidal den-
dritic trees in layer 2/3 does not depend on
the location of the soma on the cortical
orientation map.

Although the spatial distributions of
dendrites around the soma were compa-
rable in pinwheels and in iso-orientation
domains, these distributions were not iso-
tropic: the average circularity and unifor-
mity indices across our sampled neurons
were below unity, i.e., 0.39 and 0.44, re-
spectively. Therefore, dendrites in pin-
wheels might still extend over a biased
sample of orientation domains compared
with the entire population of orientation
preferences present around the soma. To
detect such a bias, we computed the distribu-
tions of the dendrites on the orientation map,
based on the preferred orientation of their
corresponding pixels in the orientation
map (Fig. 4). On average, the orientation
of the pixels corresponding to the den-
dritic tree matched the orientation of the
pixels corresponding to the soma: the difference between the
mean orientations of the somatic and dendritic pixels was �4.7°
� 7.8° (mean � 95% CI). We then compared these dendritic
orientation distributions to those expected after random rotation
of the tree around the soma. The toy model shown in Figure 4A
illustrates how dendritic orientation distributions are affected by
rotation (right column), depending on the isotropy of the den-
dritic tree and the proximity of a pinwheel center (left column).
Unbiased dendritic trees result in broader dendritic orientation
distributions near pinwheel centers than in iso-orientation do-
mains (compare second and fourth rows), but these distributions
are unaffected by rotation. The scenario depicted in the first row

(dendritic tree biased toward one orientation domain of a pin-
wheel) is the only case where the orientation distributions vary
across rotations. Thus, the resulting average distribution (thick
black trace) is broader than the measured distribution before
rotation (red trace). When we applied this analysis to our dataset
we found that the dendritic orientation distributions were similar
before and after rotation, whether the neuron was located in a
pinwheel (Fig. 4B) or in an iso-orientation domain (Fig. 4C).
Moreover, the dendritic orientation distribution was broader for
the neuron located in the pinwheel. To validate these trends
across our sample, we computed the selectivity of the dendritic
orientation distributions by using an OSI analogous to the one

Figure 3. Dendrites are neither attracted nor repulsed by pinwheel centers. A, Schematic showing the relationship between biases in the angular distribution of dendrites around the soma and
the angle � between the resultant vector of the dendritic tree envelope (thick black arrow) and the direction toward the nearest pinwheel center (red arrow). B, Angle � as a function of the distance
between soma and pinwheel center. C, Equivalent analysis as shown in B, except that the resultant vector was computed based on the distributions of dendritic lengths.

Figure 2. The envelope and density of the dendritic tree is independent of the proximity to pinwheel centers. A, Z-projection of
a traced somato-dendritic tree (Fig. 1, neuron 1) located close to a pinwheel center (red dot). B, Envelope (convex hull) of the
dendritic tree shown in A. The center corresponds to the position of the soma. The circularity index is the ratio of the envelope area
(gray) to the disc area (white), and is equal to 0.48 for this neuron. C, Circularity index as a function of the distance between soma
and pinwheel center. D, Angular distribution of dendritic length in 30° wedges around the soma (same neuron as in A). The
uniformity index is equal to 1 minus the coefficient of variation of dendritic lengths across bins and equals 0.70 for this neuron. E,
Uniformity index as a function of the distance between soma and pinwheel center.
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computed in physiological studies of orientation tuning (Fig. 4D).
The OSIs of the measured dendritic orientation distributions
(OSImeasured, red circles) and the OSIs of the average of the distribu-
tions after rotation (OSIrandom, black crosses) were similar and fol-
lowed the same exponential fit. Moreover, selectivity increased with
distance from the center of a pinwheel, consistent with unbiased
sampling of orientations near pinwheel centers and with physiolog-
ical measures of orientation selectivity across the orientation map
(Nauhaus et al., 2008; Hashemi-Nezhad and Lyon, 2012). Finally the
difference between OSImeasured and OSIrandom was not significantly
correlated to the distance between soma and pinwheel center (Fig.
4E; R2 � 0.007, p � 0.71). Thus, dendritic trees are not biased to-
ward sampling from particular orientation domains.

Discussion
We found no relationship between the tangential organization of
layer 2/3 pyramidal dendritic trees and the layout of orientation

maps. The dendritic trees of neurons near and far from pinwheel
centers are equally asymmetric, and can extend over multiple
orientation domains. These results suggest that layer 2/3 pyrami-
dal neurons integrate information locally from all their neigh-
bors, even when they have different functional properties.

It is unlikely that we could have missed a hypothetical segre-
gation of dendrites by orientation domains due to technical con-
siderations such as the resolution of optical imaging or the
alignment of dendritic fields relative to the layout of the orienta-
tion map. First, orientation maps obtained by intrinsic signal
optical imaging and by two-photon calcium imaging are consis-
tent (Ohki et al., 2006; O’Herron et al., 2012). We further quan-
tified the relationship and found that the position of pinwheel
centers between the two optical imaging techniques varied on
average by 20 �m (range 7–33 �m, n � 3 cats). This range is small
relative to the span of dendritic trees of cortical layer 2/3 pyrami-

Figure 4. Spread of dendrites in neighboring orientation domains. A, Four possible combinations of symmetric/asymmetric dendritic trees located in pinwheels or iso-orientation domains (left
column: black, original dendritic tree; white, rotated tree), and corresponding dendritic orientation distributions (right column: red, distribution before rotation; gray, distribution after random
rotation; black, mean distribution after random rotation). The mean distribution after random rotation is broader than the original distribution when the tree is biased toward one of the orientation
domains converging at a pinwheel center (row 1), but the two curves are similar in the other scenarios (rows 2– 4). B, Z-projection of a dendritic tree located in a pinwheel (left) and the
corresponding dendritic orientation distributions (right) before (thick red curve) and after random rotation (thin gray curves; mean, thick black curve). For clarity, only 20 of 10,000
distributions obtained after rotation are represented. C, Z-projected tree and dendritic orientation distributions of a different neuron located in an iso-orientation domain. D, Selectivity
(OSI) of each neuron dendritic orientation distribution as a function of the distance between the soma and the closest pinwheel center (red circles, OSImeasured; black crosses, OSIrandom).
The red and black curves correspond to the best exponential fits (red, measured: d50 � 64 �m, Amax � 0.95; black, random: d50 � 65 �m, Amax � 0.96). E, Difference between
OSImeasured and OSIrandom as a function of the distance between soma and pinwheel center.
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dal neurons (Fig. 1). Second, all neurons were electroporated
under the visual control of a two-photon microscope, ensuring
that they were located below the vessel-based position of the tar-
geted pinwheel center or iso-orientation domain. Moreover, in
vivo dendritic imaging avoided possible distortions due to histo-
logic processing, such as tears or tissue shrinkage. Finally, we
maintained the cortical surface as flat and horizontal as possible,
and its angle relative to the optical apparatus was not changed
when switching from intrinsic signal optical imaging to two-
photon imaging (O’Herron et al., 2012). Any residual slant was
accounted for post hoc during the projection of the somato-
dendritic tree on the vessel map.

Our finding that dendritic trees extend across multiple orien-
tation domains is consistent with physiological studies showing
that the responses of layer 2/3 neurons in pinwheels can be
influenced by a broad range of orientations (Mariño et al.,
2005; Nauhaus et al., 2008; Hashemi-Nezhad and Lyon, 2012). In
combination with isotropic local axonal projections near pin-
wheel centers (Mariño et al., 2005; Buzás et al., 2006), unbiased
dendritic trees in layer 2/3 provide an anatomical substrate for
pooling information across multiple orientations, and more gen-
erally, across functional domains (Hübener and Bolz, 1992; Ko-
ssel et al., 1995). For instance, in the macaque visual cortex,
anatomical studies have shown that the dendrites of layer 2/3
pyramidal neurons can cross the borders between ocular domi-
nance columns, contrary to those of layer 4 stellate cells which
tend to stay in the column of the soma (Katz et al., 1989; Kossel et
al., 1995). These differences in dendritic territories are matched at
the input level: the LGN inputs to layer 4 stellate cells are segre-
gated by ocular dominance columns, whereas the axonal fields of
layer 4 stellate cells into layer 2/3 are much more extensive (Katz
et al., 1989). As a result, neurons in layer 2/3 are more often binoc-
ular than those in layer 4 (Hubel and Wiesel, 1968). Whether, in the
cat visual cortex, the dendrites of layer 4 neurons are more tightly
constrained by the orientation map than those of layer 2/3 is still
unknown. A comparison of dendritic geometry and orientation se-
lectivity in layer 4 versus layer 2/3 neurons at similar positions on the
orientation map may advance our understanding of how local and
feedforward inputs are integrated during orientation processing
(Mariño et al., 2005; Ringach, 2007).

The lack of a correlation between dendritic geometry and the
organization of orientation maps does not rule out the possibility
that receptive field properties can shape local wiring. First, some
models of corticocortical connectivity based on Hebbian self-
organization predict broad orientation tuning in pinwheels, due
to isotropic lateral connections (Miikkulainen et al., 2005). Sec-
ond, other functional maps encoding binocular disparity, ocular
dominance, or spatial frequency may influence the structure of
dendritic trees. Finally, dendrites could preferentially sample in-
puts from a subset of all the functional domains they cover.
Whether any of these mechanisms is involved in wiring-up cor-
tical microcircuits will likely be resolved with new techniques for
imaging synaptic inputs in vivo (Jia et al., 2010; Levy et al., 2012).
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