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To help understand the role of long-range, clustered lateral connec-
tions in the superficial layers of macaque striate cortex (area VI), we
have examined the relationship of the patterns of intrinsic connections
to cytochrome oxidase (CO) blobs, interblobs, and ocular dominance
(OD) bands, using biocytin based neuroanatomical tracing, CO histo-
chemistry, and optical imaging. Microinjections of biocytin in layer 3
resulted in an asymmetric field (average anisotropy of 1.8; maximum
spread—3.7 mm ) of labeled axon terminal clusters in layers 1-3, with
the longer axis of the label spread oriented orthogonal to the rows of
blobs and imaged OD stripes, parallel to the V1/V2 border. These la-
beled terminal patches (n = 186) from either blob or interblob injec-
tions (a = 20) revealed a 71% (132 out of 186) commitment of patches
to the same compartment as the injection site; 11% (20 out of 186) to
the opposite compartment and 18% (34 out of 186) to borders of blob—
interblob compartments, indicating that the connectivity pattern is not
strictly blob to blob, or interblob to interblob (p < 0.005; \z). In injec-
tions placed within single OD domains (n = 11), 54% of the resulting
labeled terminal patches (43 out of 79) fell into the same 0D territories
as the injection sites, 28% (22 out of 79) into the opposite 0D regions,
and 18% (14 out of 79) on borders, showing some connectional bias
toward same-eye compartments (p < 0.02; AN0VA). Individual injec-
tion cases, however, varied in the degree (50-100% for CO patterns,
22-100% for 0D patterns) to which they showed same-compartment
connectivity. These results reveal that while connectivity between
similar compartments predominates (e.g., blob to blob, right eye col-
umn to right eye column), interactions do occur between functionally
different regions.

The superficial layers 2 and 3 of macaque VI are character-
ized by an extensive connection system of laterally spreading
axon collaterals, arising from pyramidal neurons in the same
layers and establishing repetitive patchy terminal fields (Rock-
land and Lund, 1983; Lund et al., 1993)- Previous studies, using
cross-correlation analyses (Ts'o et al., 1986; Ts'o and Gilbert,
1988) and combined biocytin connectional anatomy and
functional imaging (Malach et al., 1993), suggest a predomi-
nance of connections between cortical regions preferring
similar stimulus orientation. Another feature of the superficial
layers is the pattern of CO-rich blobs, which mark the ter-
mination sites of thalamic inputs from the intercalated layers
of the dorsal lateral geniculate nucleus (LGN), and which pos-
sess the same repeat distance as previously described lattice-
like connections arising from pyramidal neurons (Rockland
and Lund, 1983); it has also been shown that lateral connec-
tions preferentially link blobs together and interblobs togeth-
er, less frequently linking blob to interblob regions (Living-
stone and Hubel, 1984b; Lund et al., 1993; Malach et al., 1993).
A different geometry characterizes eye-specific domains in
the superficial layers, which form stripe-like patterns appar-
ently in register with the pattern of ocular dominance col-
umns derived from geniculocortical afferents in layer 4C (Hu-
bel and Wiesel, 1969; Hendrickson and Wilson, 1979; Horton
and Hubel, 1981; Blasdel and Salama, 1986). Although the
clear segregation of functional and anatomical modules has
been emphasized in these previous studies, it has also been

noted that conspicuous interactions between different chan-
nels and modules occur in the visual cortex mediated by both
excitatory and inhibitory neurons (Ts'o and Gilbert, 1988;
Lund and Yoshioka, 1991; Kritzer et al., 1992; Malach et al.,
1994).

In this study, we further explore the commitment of ana-
tomical connectivity patterns to two cortical modules—cy-
tochrome oxidase (CO>rich and CO-poor compartments—as
well as ocular dominance domains as visualized by functional
imaging. Since these two compartments differ markedly in
their geometry across the superficial layers, we were anxious
to determine if one or other feature might take a predominant
role in the distribution of connections, and thus expand upon
the observations of Malach et al. (1993).

The division of the superficial layer territory into CO-rich
blobs and CO poor interblob regions is a prominent feature
of its organization; the blobs lie in register with the OD bands
of layer 4 (Horton and Hubel, 1981). The blobs receive direct
input from a neurochemically distinct (CaM II kinase positive)
population of the LGN cells found in the intercalated layers
(Fitzpatrick et al., 1983; Hendry and Yoshioka, 1994; see Cas-
agrande, 1994, for review) as well as relays from layers 4B and
4A (Yoshioka et al., 1994). Neurons in blobs and interblobs
show certain physiological differences, cells in the blob ter-
ritory are largely monocular, orientation-nonspecific, color-
specific, and show high contrast sensitivity, whereas cells in
the interblob regions are mainly binocular, orientation specif-
ic, color-nonspecific, and possess high contrast sensitivity
(Livingstone and Hubel, 1984a).

Another robust functional characteristic of visual input to
the cortex is the separation of information transmitted from
each eye. Relays from the dorsal lateral geniculate nucleus
(LGN) to the primary visual cortex establish topographically
segregated terminal zones in layer 4C of area VI where left
and right eye relays terminate in alternating stripe-like OD
bands (Hubel and Wiesel, 1969; LeVay et al., 1975). Binocular
interaction begins within layer 4C, particularly in 4C alpha,
but becomes more prominent as visual information is relayed
from layer 4C to the more superficial layers 4B and 3B where
substantial binocular interactions take place (Wiesel, 1982).
Despite considerable further binocular interaction in the su-
perficial layers following relays from layers 4B and 3B to lay-
ers 1-3A, dominance of one or other eye is seen in the ma-
jority of recorded neurons in the superficial layers (Living-
stone and Hubel, 1984a), and OD banding, in vertical align-
ment with the layout of thalamic inputs in layer 4C, can still
be detected in the activity patterns of the neurons in layers
2 and 3 using 2-deoxyglucose (2-DG; Hendrickson and Wilson,
1979;Tootell et al., 1988) or optical imaging techniques (Bias-
del and Salama, 1986; Bartfeld and Grinvald, 1992; Blasdel,
1992a,b; Malach et al., 1993). In New World monkeys such as
owl and squirrel monkeys, however, ocular segregation is min-
imal in the superficial layers of VI as well as in V2, and the
contribution of ocularity in forming organized connectivity
therefore appears to be negligible in these species (Malach et
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Figure 1. Lateral view of macaque brain showing the left hemisphere. Opercular region
of area VI is surrounded by lunate sulcus (iS) and inferior occipital sulcus (/OS), and
the area outlined by a broken line represents the region where optical recordings and/
or biocytin injections were made.

al., 1994). In the cat, Lowel and Singer (1992) showed no
correlation between superficial layer patchy lateral connec-
tions and single eye dominance; however, rearing kittens with
artificially induced strabismus or with alternating monocular
occlusion showed that these connections could be forced
into purely monocular links during development (similar re-
sults are shown in monkey VI by rearing the animal with
alternating monocular occlusion—see Burkhalter and Tych-
sen, 1993).

In the present study, we were interested to determine
whether the lattice of patchy lateral connections arising from
pyramidal neurons are also formed without regard for ocular-
ity in the normal adult monkey, and whether the connectivity
is governed solely by differential characteristics of blobs and
interblobs. The results of this study show the connections of
CO blobs and interblobs to be less segregated than previously
suggested (Livingstone and Hubel, 1984b), with approximate-
ly one-third of the connections linking blobs with interblob
or blob edge regions. The elongated spread of the field of
terminal clusters around single small injection sites appears
to relate to the anisotropy of the cortical retinotopic map,
and to link regions topographically related to the minimum
response receptive field of neurons at the injected point, rath-
er than extending far enough to include regions beyond the
classical receptive field. The patterns of connectivity relative
to the images of ocular dominance show that while connec-
tions provide ample substrates for interocular connectivity,
they favor single ocular dominance domains. These results are
in agreement with and expand upon observations in a recent
report by Malach et al. (1993).

A brief report of the present study has appeared previously
(Yoshioka et al., 1992a).

Materials and Methods
Two macaque (JM. nemestrind) monkeys were used for both optical
recordings and neuroanatomical tracing, and three additional mon-
keys (M. fasdcularis) were used solely for anatomical experiments
in the current study. Opercular regions of area VI, representing pre-
dominantly the lower visual field, were used for both physiological
and anatomical studies (Fig. 1).

Biocytin Injections
The methods employed in making extracellular biocytin injections
to visualize patterns of intrinsic connectivity in macaque visual cor-
tex have previously been described in detail (Yoshioka et al., 1992b).
In brief, microinjections (n = 25; 120 (un average core diameter) of
4% biocytin (in 0.9% saline) were made iontophoretically through
glass micropipettes (6-15 u,m tip inner diameter) by passing an an-
odal current of 3-6 uA for 3-15 min (7 sec ON/7 sec OFF) in layers

2-3. Following a postinjection survival time of 2-24 hr, the animals
were transcardially perfused with phosphate buffered 4% parafor-
maldehyde under deep anesthesia. The visual cortical regions con-
taining biocytin injections were sectioned tangentially (parallel to the
pia) on a freezing microtome at 40-50 u,m thickness. Prior to the
sectioning, the tissues were flattened by pressure applied with a glass
slide during the freezing process. As the bottom of the tissue was
curved away in a manner that the bottom plane became parallel to
the pial plane, the tissue distortion due to flattening process was
minimal. Radial blood vessel patterns allowed verification of align-
ment of serial sections in cortical depth. Alternate sections were re-
acted for biocytin (Horikawa and Armstrong, 1988; King et al., 1989)
or cytochrome oxidase (Wong-Riley, 1979). Occasionally, both bio-
cytin and cytochrome oxidase (CO) reactions were performed on
single sections to correlate the biocytin label with CO-rich and -poor
zones directly in the same section (Lachica et al., 1991).

Correlation of Biocytin Label with CORicb and -Poor Terri-
tories in Layers 2-3
We mapped the resulting labeled fibers, terminal arbors, retrogradely
labeled neurons (Fig. 2) and CO-rich and -poor zones through a light
microscope drawing tube at both low and high power. Tracings from
tangential serial sections were aligned by matching blood vessels and
tissue landmarks such as sulci. We defined the injection sites as a
core zone where a dense biocytin deposit made recognition of cell
or fiber structure impossible. There is no abrupt boundary to CO
blob compartments; a transition zone of decreasing CO density merg-
es into the surrounding CO-poor regions. The intensity and size of
the CO-rich blobs also depends to some extent on the reaction time
during histological processing. The position of the boundaries be-
tween CO-rich and -poor zones was mapped by two methods, both
of which assigned a firm border. One method involved using a com-
puter image analysis program (NIH Image) to draw boundaries based
on the mean gray scale pixel value between blob and interblob ter-
ritories; in the second, boundaries were drawn directly from the mi-
croscope image independently for the same tissue sections by at least
two observers. These two methods were compared and found to give
very similar results. Patches were identified by the presence of axon
terminal branches that constituted a cluster of densely labeled pro-
cesses at the same position in a number of consecutive tissue sec-
tions (Fig. 2). These terminal branches bore boutons, and often ran
perpendicular to the axons emanating radially from the injection site.
In mapping patch locations in relation to blob and interblob com-
partments, a patch was considered to fall inside a compartment when
more than 67% of its area fell within the compartment; when the
patch was identified as falling in neither blob nor interblob regions,
it was defined as a patch on the blob/interblob edge.

Most injections were spaced adequately to assure that labeled
clusters were not overlapped. When clusters from two injections
were situated closely, however, the origin of the axon terminals was
discerned by examining the orientation of radiating fibers between
a particular injection site and the clusters under light microscopy
with medium- to high-power objective lenses. In general, the con-
nectivity was examined by using more than three tissue sections per
injection to help obtain precise origin-to-termination relationships.
Cytochrome oxidase-rich structures were also traced from a few tis-
sue sections in each injection, and were compared with biocytin
patches traced from the sections most adjacent to the CO reacted
sections. The use of multiple CO-reacted sections minimized possible
alignment errors resulting from different blob outlines at different
tissue depths.

Optical Recording Procedures for Ocular Dominance Column
Slapping
The detailed methods of optical imaging have been previously de-
scribed (Blasdel and Salama, 1986; Blasdel, 1992a,b). In short, the
animals' anesthesia was induced with a mixture of ketamine and xy-
lazine, and maintained by pentothal, supplemented by ventilation
with a 2:1 mixture of nitrous oxide and oxygen through an intuba-
tion tube. During physiological recordings, animals were paralyzed
with pancuronium or vecuronium bromide to stabilize the eyes. Fol-
lowing craniotomy and implantation of a recording chamber (25 mm
diameter), the dura was opened and a 0.1% solution (in saline) of
voltage-sensitive dye NK2367 (Nippon Kankoh-Shikiso Kenkyusha,
Ltd., Okayama, Japan) was superfused to the cortical surface through

238 Lateral Connectivity of Macaque VI Cortex • Yoshioka et al.


