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We have used small injections of biocytin to label and
compare patterns of intraareal, laterally spreading pro-
jections of pyramidal neurons in a number of areas of
macaque monkey cerebral cortex. In visual areas (VI,
V2, and V4), somatosansory areas (3b, 1, and 2), and
motor area 4, a punctate discontinuous pattern of con-
nections is made from 200-/un-diameter biocytin injec-
tions in the superficial layers. In prefrontal cortex (areas
9 and 46), stripe-like connectivity patterns are observed.
In all areas of cortex examined, the width of the ter-
minal-free gaps is closely scaled to the average diameter
of terminal patches, or width of terminal stripes. In
addition, both patch and gap dimensions match the av-
erage lateral spread of the dendritic field of single py-
ramidal neurons in the superficial layers of the same
cortical region. These architectural features of the con-
nectjonal mosaics are constant despite a twofold dif-
ference in scale across cortical areas and different spe-
cies. They therefore appear to be fundamental features
of cortical organization. A model is offered in which
local circuit inhibitory "basket" interneurons, activated
at the same time as excitatory pyramidal neurons, could
veto pyramidal neuron connections within either circular
or stripe-like domains; this could lead to the formation
of the pattern of lateral connections observed in this
study, and provides a framework for further theoretical
studies of cerebral cortex function.

It is clear from our own studies and those of other
investigators (Gilbert and Wiesel, 1983; Rocklandand
Lund, 1983; Livingstone and Hubel, 1984; Levitt et al.,
1992; Yoshioka et al., 1992a,b) that the visual cerebral
cortex of the primate is characterized by orderly, re-
petitive intraareal connections; these connections,
forming lattice-like arrays concentrated in the super-
ficial layers, arise from pyramidal neurons (Rockland
and Lund, 1983), and terminate largely upon pyra-
midal neurons (RockJand, 1985; McGuire et al., 1991).
We have been curious to see what general features
might be shared by these patterned connections in
different cortical areas in the macaque, and whether
a comparison of their anatomical structure across ar-
eas might provide clues to both their function and
the rules governing their formation. Recently, we have
found that a new tracer substance, biocytin (Horikawa
and Armstrong, 1988; King et al., 1989; Lachica et al.,
1991), provides excellent labeling of these connec-
tions in cerebral cortex, and we have employed it in
this study to compare intrinsic patterns of connectivity
in three visual areas, VI, V2, and V4, as well as in
motor (area 4), somatosensory (areas 1-3), and pre-
frontal (areas 9 and 46) cortices.

In area VI, the pattern of local connectivity is known
to be a patch-to-patch repeating system within two
clearly different territories (Rocklandand Lund, 1983;
Livingstone and Hubel, 1984) that are defined by be-
ing either rich or poor in cytochrome oxidase (CO;
the blob and interblob zones). Our own work on V4
and V2 (Levitt et al., 1992; Yoshioka et al., 1992a)
suggests that a patch-to-patch lattice may also char-
acterize the visual association cortices; the studies of
Juliano et al. (1990) and Huntley and Jones (1991)
show a patchy connectivity in somatosensory-motor
areas as well, though different labeling techniques
were employed. We felt that analyses and comparison
between areas should be made using a common tracer
substance and a similar range of injection sizes in
order to provide comparable data.

The current view of such intrinsic, presumed ex-
citatory, projections is that they are created during
postnatal development by both new growth and prun-
ing from widely spreading axon collateral branching
(Callaway and Katz, 1990; LQwel and Singer, 1992),
and that in area VI they link cell clusters that share
common functional properties (Ts'o et al., 1986; Ts'o
and Gilbert, 1988; Gilbert and Wiesel, 1989). We ask
in this study what might determine the scale and pat-
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tern of intrinsic connections, what relationship the
pattern of these laterally spreading connections may
have to patterns of afferent fiber termination and to
the distribution of efferent neuron populations within
each area, and whether the neurons giving rise to
them lie in common laminar locations in each region.
We have observed in prior studies in tree shrew and
macaque VI that the periodicity of the longdistance
intrinsic connectivity systems matches the average
dendritic spread of pyramidal neuron dendritic arbors
in the same laminar environment (Rockland et al.,
1982; Lund and Yoshioka, 1991). We, and others, have
suggested such a relationship might be an important
feature of the visual cortex. We therefore made mea-
sures of pyramidal neuron dendritic field dimensions
in each area, in those layers giving rise to and re-
ceiving the lattice connections, to compare the av-
erage dimensions of the axon terminal zones with the
spread of single pyramidal neuron dendritic fields
(Rockland and Lund, 1983; Lund and Yoshioka, 1991,
Malach, 1992). We have also found it of interest to
compare our findings in the macaque cortex with the
organization of connections in visual cortices of cats,
tree shrews, and rats to determine if this aspect of
cortical organization is unique to primates or rather
is a more universal architectural feature.

Materials and Methods
Seventeen macaque monkeys (Macaca fascicularis,
M. mulatto) were used in these experiments. For
biocytin transport studies, all animals were M. fasci-
cularis. For the Golgi impregnation studies, M fas-
cicularis material was used where available (VI, V2,
and V4). Only M. mulatto material was available for
other areas. However, comparison of the two species
in Golgi preparations from the visual areas (see Table
1) revealed no major differences in dendritic field
size, and therefore we feel reasonably confident in
including Golgi data from the M. mulatto animals. In
somatosensory and motor cortices, both infant (2
months) and adult Golgi material was examined; den-
dritic spread differed by no more than 10% between
the two age groups. Adult means are shown in Table
1. The methods employed in making small biocytin
injections to visualize intraareal patterns of cortical
conneaivity were outlined in detail in a previous study
(Yoshioka et al., 1992a). We varied the size of injec-
tions, making small iontophoretic injections (with core
of the deposit measuring 200 nm or less) as well as
larger (300-1500 pm) iontophoretic or pressure in-
jections of 4% biocytin (0.2-1.0 til) in each area, and
prepared serial sections cut in both pia-to-white mat-
ter and tangentialto-pia planes. Individual injections
within each area were spaced at least 3-6 mm apart
to prevent overlap of label from adjacent injection
sites. Each area, apart from V2, was an exposed surface
region of cortex, and each presented a reasonably flat
surface for tangential sections Area V2 was dissected
free and physically flattened. We mapped the result-
ing labeled fibers, terminal arbors, and retrogradely
labeled neurons through the section series, and ad-
justing for different angles of section, the label was
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F t g i m 1 . Diagram of macaque monkey ccrcbr&i cortex showing areas examined in
i t u study 89 injections were made in the exposed outer operaiim of area V I . 35
injections were made in the region of V2 n the posterns bank of the lunate jutcus.
30 injections were matle in area V4 on the pretunate gyrus, 2 injections were made
in motor cortex on the preceraral gyms (tjrertats / and 2], 2 injection: were made
m somatosensory cortex on the postcentral gyrus [asterisks 3 and 4), and 34 mjections
were made in prefromal cortex sreaj 9 and 46. AS. arcuate sufcus: CS. central H * D J ;
IDS. nfenor ocophai sufcus, IPS, ntraparietal sufcus; LS. lateral sulcus, LuS. lunate
sufcus: Pf, prefromal cortex: PS. principal sulcus; STS, superior temporal sufcus.

reflected in columnar fashion to the cortical surface
for purposes of map comparison between areas. In
areas VI and V2, a cytochrome oxidase (CO)-reacted
series was interleaved with the sections reacted for
biocytin to identify blobs in VI and CO-rich and CO-
poor stripes in V2. A section series from area V2 was
reacted for Cat-301 (DeYoe et al., 1990) to allow ver-
ification of the position of CO-rich thick stripes. In
some cases in VI both biocytin and CO reactions were
carried out on single sections following the proce-
dure of Lachica et al. (1991). A CO series was also
interleaved in the somatosensory and motor cortex
section sets to help identify laminar boundaries.

Biocytin label was mapped with light microscopy
at both low and high power, and maps from serial
sections were matched by blood vessels in the case
of tangential series, or by reference to the mid-line
or sulcus edges in the case of pia to white matter
section series. Figure 1 summarizes injection sites in
each area used for this study. The injection sites were
defined as a core zone where dense biocytin deposit
made recognition of cell or fiber structure impossible.
Surrounding this core in each case was a narrow zone
of intense cell and fiber label. The limit to the actual
region of deposit of biocytin was taken to be where
the cell and fiber labeling became first apparent. We
measured patch dimensions across both the widest
axis and orthogonal to that; the mean of these two
measures was taken to be patch diameter. Stripe-like
label was measured across the axis orthogonal to stripe
trajectory. Spacing between labeled regions was mea-
sured as the shortest distance from center to center
of neighboring labeled patches or stripes (see Table
1). In V2, spacing was measured between patches
clustered in single stripe domains. In all areas, we
measured a minimum of 30 patches and their center-
to-center distances resulting from at least two separate
injections.

We used Golgi preparations to determine the av-
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