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We have used a combination of anatomical and physiological tech-
niques to explore the functional organization of vertical and horizontal
connections in tree shrew striate cortex. Our studies of vertical con-
nections reveal a remarkable specificity in the laminar arrangement
of the projections from layer IV to layer III that establishes three par-
allel intracortical pathways. The pathways that emerge from layer IV
are not simple continuations of parallel thalamocortical pathways.
Layer IV and its connections with layer ll/lll restructure the inputs
from the LGN, combining the activity from ON and OFF channels and
from the left and right eye and transmit the products of this synthesis
to separate strata withingthe overlying layers. In addition, studies of
two other prominent vertical connection pathways, the projections
from layer VI to layer IV and from layer ll/lll to layer V suggest that
the parallel nature of these systems is perpetuated throughout the
cortical depth.

Our studies of horizontal connections have revealed a systematic
relationship between a neuron's orientation preference and the distri-
bution of its axon arbor across the cortical map of visual space. Hor-
izontal connections in layer ll/lll extend for greater distances and give
rise to a greater number of terminals along an axis of the visual field
map that corresponds to the neuron's preferred orientation. These find-
ings suggest that the contribution of horizontal inputs to the response
properties of layer ll/lll neurons is likely to be greater in regions of
visual space that lie along the axis of preferred orientation (endzones)
than along the orthogonal axis (side zones). Topographically aligned
horizontal connections may contribute to the orientation preference of
layer ll/lll neurons and could account for the axial specificity of some
receptive field surround effects.

Together, these results emphasize that specificity in the spatial
arrangement of local circuit axon arbors plays an important role in
shaping the response properties of neurons in visual cortex.

Neurons in visual cortex participate in a rich network of local
connections that refines the patterns of activity supplied by
the lateral geniculate nucleus and elaborates new response
properties such as selectivity for the orientation of an edge
or its direction of motion in visual space (Hubel and Wiesel,
1962,1968,1977). Despite an increasingly detailed picture of
the anatomical organization of these intracortical circuits, we
are still far from understanding the rules that relate the re-
sponse properties of individual neurons to their patterns of
intracortical connectivity. This review focuses on one element
of this complex network—intracortical axon arbors—and
considers how specificity in the arrangement of these pro-
cesses contributes to the functions of intracortical circuits.

Based on their distribution relative to the cortical surface,
two basic types of intracortical pathways can be identified.
The most prominent type, and the first to be identified with
anatomical techniques, includes axons that travel perpendic-
ular to the pial surface, have terminal fields that arborize with
relatively little lateral spread (roughly 0.5 mm), and provide
much of the communication between cortical layers (Ramon
y Cajal, 1911; Valverde, 1971; Lund, 1973; Lund and Boothe,
1975). Vertical connections play an essential role in transmit-
ting activity from the main geniculorecipient layer, layer IV, to

the superficial cortical layers, and they also provide a major
link between neurons in the superficial and deep cortical lay-
ers. The recognition of a second type of connectivity had to
await the development of more sensitive anatomical tracing
techniques, which revealed a system of horizontally oriented
axon arbors extending long distances (2-3 mm) parallel to
the pial surface (Rockland and Lund, 1982,1983; Gilbert and
Wiesel, 1983, 1989). Horizontal connections are most promi-
nent in the superficial cortical layers (layers II—III), somewhat
less so in the deeper layers (V and VI) and largely absent from
cortical layer IV

Critical for any attempt to relate the arrangement of ver-
tical and horizontal axonal connections to the response prop-
erties of cortical neurons is the availability of morphological
landmarks for functionally distinct populations of neurons.
Lamination provides the functional framework for addressing
specificity in the arrangement of vertical axonal connections,
and a convenient starting point is the orderly termination of
lateral geniculate axons in cortical layer IV In species with
well-developed visual systems, the projections from the lateral
geniculate nucleus are composed of parallel pathways that
differ in their response properties and terminate on neurons
that lie at different depths within cortical layer TV (Hubel and
Wiesel, 1972, 1977; Harting et al., 1973; Hendrickson et al.,
1978; Fitzpatrick et al., 1983; Livingstone and Hubel, 1984). As
a result, the vertical projections of layer IV neurons determine
whether the information from parallel lateral geniculate path-
ways merges or remains separate, and specify the type(s) of
information delivered to neurons that project to other cortical
and subcortical visual areas.

For exploring specificity in the arrangement of horizontal
connections, the relevant functional groups are the columns
of cells with similar response properties that repeat at regular
intervals across the cortical surface (Hubel and Wiesel, 1977;
Livingstone and Hubel, 1984; Blasdel, 1992; Bonhoeffer and
Grinvald, 1993)- The fact that horizontal connections termi-
nate in patches similar in size to these functional domains led
to the identification of one simple rule: horizontal connec-
tions selectively link columns of neurons that have similar
receptive field properties (Livingstone and Hubel, 1984; Ts'o
et al., 1986; Gilbert and Wiesel, 1989; Blasdel et al., 1992; Ma-
lach et al., 1993; Fitzpatrick et al., 1994). But, another equally
important feature of horizontal connections is their arrange-
ment with respect to the map of visual space. This issue is of
interest because the axon arbors of individual neurons are
often elongated across the cortical surface, extending farther
and giving rise to more terminals along one axis of the map
than others (Gilbert and Wiesel, 1983; McGuire et al., 1991;
Kisvarday and Eysel, 1992). Thus, specificity in both the to-
pographic and modular arrangement of intracortical axon ar-
bors could make significant contributions to the functions
mediated by horizontal connections.

The bulk of the work described in this review comes from
experiments in which anatomical and physiological tech-
niques were used to explore the organization of local circuits
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Figure 1. Cytoarchitecture of tree shrew striate cortex and lateral geniculate nucleus. ACoronal section through striate cortex demonstrating the cell-rich layer IV, which is divided
into ON- and OFF subdivisions IVa and IVb, respectively. B, Coronal section through the lateral geniculate nucleus. Layers 1, 2, 4, and 5 are the source of projections to cortical
layer IV. Layers 1 and 2 receive input from ON-center retinal ganglion cells, layers 4 and 5 from OFF-center ganglion cells. Layers 1 and 5 are targets of the ipsilateral eye; layers
2 and 4 are targets of the contralateral eye. Layers 3 and 6 receive ON- and OFF-center information from the contralateral eye and relay this information to the supragranular layers
of the cortex.

in the striate cortex of the tree shrew, a small, highly visual
mammal indigenous to Southeast Asia. Comparative anato-
mists were the first to draw attention to these curious animals
because their gross anatomical features and their highly or-
ganized central visual structures suggested that they were
closely related to primates, perhaps the modern day descen-
dent of the mammals that gave rise to the primate line
(LeGros Clark, 1924, 1971; Simpson, 1945). Although the evo-
lutionary relationships between tree shrews and primates re-
main unresolved (Cronin and Sarich, 1980; Luckett, 1980;
MacPhee, 1993), they are, for us, only a secondary concern.
The highly developed visual cortex of the tree shrew, which
includes a strikingly laminated layer IV, a sharply defined area
17-area 18 border, and a well-defined system of orientation
columns, provides a unique system for teasing apart struc-
ture-function relationships in cortical circuitry (Halting et al.,
1973; Humphrey et al., 1980a,b; Conley et al., 1984; Raczkows-
ki and Fitzpatrick, 1990; Muly and Fitzpatrick, 1992; Usrey et
al., 1992; Usrey and Fitzpatrick, 1996). In the following sec-
tions we summarize our analysis of vertical and horizontal
connections in tree shrew visual cortex and we consider the
implications of these findings for understanding the function-
al organization of intracortical circuits.

The Organization of Vertical Connections in Tree Shrew Striate Cortex

Parallel Pathways from Layer IV to Layer ll/lll
The two subdivisions of layer IV in tree shrew striate cortex
that receive inputs from parallel LGN pathways are separated

by a prominent cell-sparse cleft (Fig. M). Unlike primates
where differences in conduction velocity, receptive field size,
and color responses distinguish the inputs to subtiers of layer
IV, layer IV-projecting neurons in the tree shrew LGN are
largely homogeneous in their response properties, with one
striking exception: the sign of their response to luminance
change. The LGN projections to layer IVa arise from neurons
in layers 1 and 2 that receive their retinal input from ON-
center ganglion cells (Figs. IB, 2A). The LGN projections to
layer IVb arise from neurons in layers 4 and 5 that receive
their retinal input from OFF-center ganglion cells (Fig. 7JB)
(Harting et al., 1973; Conway and Schiller, 1983; Conley et al.,
1984; Raczkowski and Fitzpatrick, 1990). Because the den-
dritic processes of layer IV neurons are horizontally stratified
and sample selectively from either IVa or IVb, the segregation
of the ON and OFF channels is maintained in the responses
of layer IV neurons (Geisert and Guillery, 1979; Kretz et al.,
1986). Thus, in the tree shrew, the vertical connections of
neurons in layers IVa and IVb are responsible for transferring
the information from ON and OFF channels to other cortical
layers.

The primary targets of layer IV axons are the superficial
cortical layers (layers I-IIIc). As a first step in tracing the in-
tracortical course of the ON and OFF pathways, small injec-
tions of retrograde tracers were placed into the superficial
layers and the distribution of labeled cells in layer IV directly
below the injection site was evaluated (Muly and Fitzpatrick,
1992). In each case, labeled cells were found in both layers
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