Cortical Structure Predicts the Pattern of
Corticocortical Connections

Cortical areas are linked through pathways which originate and
terminate in specific layers. The factors underlying which layers are
involved in specific connections are not well understood. Here we
tested whether cortical structure can predict the pattern as well as
the relative distribution of projection neurons and axonal terminals in
cortical layers, studied with retrograde and anterograde tracers. We
used the prefrontal cortices in the rhesus monkey as a model system
because their laminar organization varies systematically, ranging
from areas that have only three identifiable layers, to those that have
six layers. We rated each prefrontal area based on the number and
definition of its cortical layers (level 1, lowest; level 5, highest). The
structural model accurately predicted the laminar pattern of
connections in [B0% of the cases. Thus, projection neurons from a
higher-level cortex originated mostly in the upper layers and their
axons terminated predominantly in the deep layers (4-6) of a
lower-level cortex. Conversely, most projection neurons from a
lower-level area originated in the deep layers and their axons
terminated predominantly in the upper layers (1-3) of a higher-level
area. In addition, the structural model accurately predicted that the
proportion of projection neurons or axonal terminals in the upper to
the deep layers would vary as a function of the number of levels
between the connected cortices. The power of this structural model
lies in its potential to predict patterns of connections in the human
cortex, where invasive procedures are precluded.

Introduction

Corticocortical connections in primates form a massive
communication system which is likely to mediate elementary
sensory processes as well as complex cognitive processes such
as learning and memory. It is, therefore, important to identify
specific neuronal populations involved in this massive
communication system, and to determine whether there are
general rules that govern its organization.

Projection neurons in sensory cortices originate and
terminate in specific layers depending on their destination
(Rockland and Pandya, 1979; Wong-Riley, 1979; Fitzpatrick and
Imig, 1980; Tigges et al., 1981; Galaburda and Pandya, 1983;
Maunsell and Van Essen, 1983). In addressing whether general
rules govern the connections of association cortices, we
previously examined the laminar origin of projection neurons
directed to frontal cortices (Barbas, 1986). We showed that the
laminar organization of a given area is the best indicator of the
laminar origin of its projections to the frontal cortex. Thus,
projection neurons from those sensory association areas that
have the sharpest laminar borders arise mostly from the upper
layers. In contrast, in areas with blurred laminar borders, such as
the limbic areas, projection neurons originate primarily from the
deep layers. Between the above extremes, laminar definition
decreases in a graded fashion in a direction from elementary
processing sensory cortices towards the limbic areas, and the
distribution of projection neurons shifts gradually from the
upper to the deep layers. This rule applies to all cortical systems,
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transcending the type of modality, functional specialization or
distance between the connected areas (Barbas, 1986).

Here we addressed several additional questions on the
relationship of cortical structure to corticocortical connections.
Do projection neurons from one area originate and terminate in
different layers when they project to two structurally disparate
areas? For example, do limbic areas issue projections from
neurons in their deep layers when they project to eulaminate
areas as well as when they communicate with each other? What
is the pattern of connection between eulaminate areas with
different laminar organization? What is the relative distribution
of projection neurons or axonal terminals in different layers
when structurally distinct cortices, in general, are connected?

The present study addresses these questions by focusing on
connections between prefrontal cortices in the rhesus monkey.
The prefrontal region is composed of structurally heterogeneous
areas, ranging from agranular type areas, which have only three
identifiable layers, to eulaminate areas which have six distinct
layers. Thus, the prefrontal region is ideal for addressing the
relationship of structure to connectional patterns.

Structural analysis as defined in this study classifies areas into
a few cortical types, determined by the number of identifiable
layers in each area and by how distinct the layers are from each
other. By contrast, cytoarchitectonic analysis is a more detailed
process, which identifies cortical type, and further subdivides
cach cortical type into individual cytoarchitectonic areas on the
basis of the unique cellular features of each area. The rationale
for focusing on structure is based on our previous findings
suggesting that cortical type, rather than cellular morphology,
appears to underlie the pattern of corticocortical connections
(Barbas, 1986). For example, whereas limbic cortices in the
orbitofrontal, cingulate and temporal regions differ on the basis
of their cellular features, they are structurally similar, belonging
either to the agranular or the dysgranular type, and all issue
projections to eulaminate areas through their deep layers
(Barbas, 1986). Thus, even though there are many cyto-
architectonic areas in the cortex, there are only a few types of
cortex, and only a few patterns of connection.

In the present study we focused exclusively on laminar
organization to test the hypothesis that cortical structure
underlies the pattern of corticocortical connections. We used a
previous parcelling system of the prefrontal region (Barbas and
Pandya, 1989) to assign a numerical rating (1-5) to prefrontal
cortices on the basis of the number and definition of their layers.
We then used quantitative procedures to test whether cortical
structure predicts the pattern and relative laminar distribution of
corticocortical connections. To the extent that the structural
model succeeds, it can be used to infer the pattern of
connections in the human cortex, where invasive procedures are
precluded.
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Materials and Methods

Surgical Procedures and Tissue Processing

Experiments were conducted on 18 adult rhesus monkeys (Macaca
mulatta) according to the NIH Guide for the Care and Use of Laboratory
Animals (NIH publication 80-22, 1987). The animals were anesthetized
with ketamine hydrochloride (10 mg/kg, i.m.) followed by sodium
pentobarbital administered i.v. until a surgical level of anesthesia was
achieved. Surgery for injection of neural tracers was performed under
aseptic conditions as described previously (Barbas, 1993). In each case
the injectate was delivered 1.5 mm below the pial surface over a 30 min
period in the following quantities and concentrations: 0.05-0.1 pl, 8%
HRP-WGA; 0.4 pl, 3% diamidino yellow or fast blue; 0.4-1 pl of
[*H]leucine and [*H]proline, sp. act. 40-80 Ci/mmol.

Injections of HRP-WGA (Sigma) were placed in prefrontal cortices in
seven animals, fluorescent dyes were injected in five animals and
[SH]amino acids were injected in six animals. In cases with fluorescent
dyes two different sites were injected in each animal. Injections were
placed in the following architectonic areas in the number of sites
indicated in parentheses: areas PAll and Pro (n = 5); area 13 (n = 3); area
32 (n = 3); area 11 (n = 1); orbital area 12 (n = 3); lateral area 12 (n = 1);
medial area 14 (n = 2); medial area 9 (n = 1); area 46 (n = 4). The total
number of prefrontal sites examined was 23. After a post-surgical survival
period of 40-48 h for animals injected with HRP, or 10 days for animals
injected with fluorescent dyes or [*H]amino acids, the monkeys were
anesthetized deeply and perfused through the heart with saline followed
by a fixative, as described previously (Barbas and Pandya, 1989; Barbas,
1993). The brain was then removed from the skull and photographed. In
the HRP-WGA or fluorescent dye experiments the brains were frozen in
-75°C isopentane, transferred to a freezing microtome and cut in the
coronal plane at 40 um in 10 series. Brain sections were processed
histochemically to visualize HRP-WGA label (Mesulam et al., 1980), or
directly mounted on glass slides to visualize neurons labeled with
fluorescent dyes, as described previously (Barbas, 1993). The brains of
animals injected with [*H]amino acids were embedded in paraffin, cut in
the coronal plane at 10 pm and processed for autoradiography according
to the procedure described by Cowan et al. (1972). Exposure time of
radiolabeled material was 3-6 months. In all experiments, series of
sections adjacent to those prepared to visualize retrograde tracer labeling
were stained for Nissl bodies, and acetylcholinesterase (AChE), or myelin
(or both) to aid in delineating architectonic borders.

Data Analysis

Retrogradely Labeled Neurons

Brain sections were viewed microscopically under bright-field
illumination for HRP cases, and fluorescence illumination in experiments
with dyes. Drawings of prefrontal sections and the location of labeled
neurons ipsilateral to the injection site were transferred from the slides
onto paper by means of a digital plotter (Hewlett Packard 7475A)
electronically coupled to the stage of the microscope and to a computer
(Austin 486), as described previously (Barbas and De Olmos, 1990). This
procedure allows accurate topographic presentation of labeled neurons
with respect to anatomic landmarks. Software developed for this purpose
ensured that each labeled neuron noted by the experimenter was
recorded only once. Labeled neurons within each architectonic area were
counted by encircling the area by moving the x and y axes of the stage of
the microscope. The number of labeled neurons within the perimeter
was calculated automatically using an algorithm written in our program.
This method provided the number of labeled neurons in the upper layers
(2-3) and in the deep layers (5-6), as well as the total number (sum of
labeled neurons in upper and deep layers) for each section and for each
area. We did not see labeled neurons in layers 4 or 1.

In cases injected with fluorescent dyes, brain outlines and labeled
neurons were drawn and plotted from unstained sections and the data
were stored on computer disk. The brain sections were then stained with
thionin, coverslipped and returned to the microscope to count the
labeled neurons in the upper (2-3) and deep (5-6) layers and determine
cytoarchitectonic borders. The architectonic borders were superimposed
on prerecorded drawings of the brain sections with the labeled neurons.
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Anterograde Label

Anterograde label in the HRP-WGA or autoradiographic experiments was
examined microscopically from coronal sections under dark-field
illumination. The density of anterograde grain was initially evaluated on a
scale of 1-6, with ratings of 1 and 2 assigned for light, 3 and 4 for
moderate, and 5 and 6 for dense label for the upper (1-3) and deep (4-6)
layers for each area in each section. If more than one site contained label
within a single architectonic area, then each site was rated separately. In
addition, in some cases density values were obtained with an image
analysis system (MetaMorph, Universal Imaging). This high-resolution
system uses a CCD camera mounted on the microscope and captures
images directly from brain sections. Measurements were made under
dark-field illumination at a magnification of 100x. An initial density
measure in each section was taken in an area with no anterograde label to
determine the level of background. The background density was
subtracted from subsequent density measures in the areas of interest to
determine the density of anterograde label. Measurements of density of
anterograde label represented the mean density taken from sample
squares distributed throughout each area to avoid retrogradely labeled
neurons. The cumulative density of label within the entire extent of each
architectonic area was calculated from serial coronal sections. Thus for
each area we obtained the density of anterograde label in the upper (1-3)
and the deep (4-6) layers, and the total density (total density = density in
upper layers + density in deep layers).

In all experiments, the number of labeled neurons or density of
anterograde label throughout an architectonic area was obtained from
serial coronal sections and entered into a database processing system for
further analysis. References to architectonic areas of the prefrontal cortex
are according to a previous study (Barbas and Pandya, 1989).

Normalization of Data

After injection of tracers in the areas listed above, labeled neurons or
axonal terminals were observed in many prefrontal cortices, which
included a large enough sample in each of the five levels to conduct
statistical analyses. The charting and initial evaluation of the density of
labeled neurons and terminals established which areas were consistently
interconnected. Data from each architectonic area where the number of
labeled neurons in each animal exceeded 100 labeled neurons after a
single injection were included for further analysis. For anterograde label,
the criterion for inclusion in the analyses was a cumulative score of 8 or
greater in each architectonic area, based on the density scale of 1-6
(described above). Areas with lower densities of label than the above were
not included in the statistical analyses. Also excluded from the analyses
were labeled neurons or terminals found in the same architectonic area as
the injection site.

The total number of labeled neurons in the cases and areas examined
for each injection site ranged from 118 to 2480. For anterograde grain the
cumulative density for individual areas was 10-165, based on the rating
scale of 1-6. It was thus necessary to normalize the data so that
comparisons could be made across areas. To this end, for each individual
projection area mapped after a single injection, we expressed the number
of labeled neurons in the upper layers (2-3) and in the deep layers (5-6)
as a percentage of the total number for that area. Following the same
approach, the density of anterograde label in the upper (1-3) and in the
deep (4-6) layers was expressed as a percentage of the total of each
individual area in each animal. Thus, the data were converted into
percentages so that for each area mapped after each injection, the sum of
the density of label in the upper and in the deep layers totaled 100%.

Anterograde label in some cases was analyzed using the imaging
system (see above), as well as the rating method (1-6). The reliability
estimate of the normalized density obtained using the two independent
methods of measurement was 0.99 (Pearson r).

Construction of Structural Levels

The next step was to use a common method to classify connected cortices
according to their structure. Classic architectonic methods for parcelling
the cortex are based on detailed descriptions of the cellular
characteristics of an area (e.g. Walker, 1940). A variation of the classic
approach takes into account the degree of laminar definition of an area, as
well as its specific cellular characteristics (Barbas and Pandya, 1989). This
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Figure 1. Prefrontal areas were classified into five levels based on the number of
identifiable layers and the degree of their laminar definition. Level 1 includes agranular
limbic areas, level 2 dysgranular limbic areas, and levels 3—5 eulaminate areas with
increasing laminar definition. The maps on the right show the architectonic areas on (4)
the medial, (B) lateral and (C) basal surfaces. The maps were adapted from Barbas and
Pandya (1989). Abbreviations: PAIl, periallocortex (agranular); Pro, proisocortex
(dysgranular); Letters appearing before architectonic areas stand for: C, caudal; L,
lateral; M, medial; O, orbital; R, rostral.

method relies on the principle that laminar definition changes gradually
and systematically within the cortex (Sanides, 1970). Using this method,
areas are classified into a few cortical types based on the number and
definition of the layers in each area, and each cortical type is further
subdivided into individual cytoarchitectonic areas on the basis of the
unique cellular features of each area.

We used the above method to assign injection sites and projection
zones into specific architectonic areas. We then focused exclusively on
the broad laminar features of areas for the purpose of testing the
structural model. This allowed us to group areas which are
architectonically distinct but similar in cortical type. For example, areas
25, 13 and 32 in the prefrontal cortex are architectonically distinct, yet
they all belong to the dysgranular cortical type on account of their poorly
developed layer 4.

To test the relationship of structure to patterns of connection we
classified injection sites as well as projection areas into five structural
levels. Each level included all structurally similar areas and was given a
numerical rating (1-5), as shown in Figure 1. Using the criterion of
laminar definition for grouping areas, the agranular limbic areas, which
have only three distinguishable layers, were placed in level 1. Adjacent
dysgranular limbic areas, which have four distinguishable layers,
occupied level 2. Eulaminate areas, which have six layers, were placed in
levels 3-5 according to the degree of their laminar definition. Eulaminate
areas with the most distinct lamination, including a wide granular layer 4,
were placed in level 5. Eulaminate areas found adjacent to dysgranular
areas have six layers, but the width of layer 4 and the distinction between
the layers is lower than in other eulaminate areas; these were placed in
level 3. Eulaminate cortices with an intermediate laminar definition were
placed in level 4. When an injection of tracer or a projection zone
straddled the border of two areas, it was given a rating in between the
two. For example, an injection site in area PAIl (level 1) and in the
adjacent area Pro (level 2) was given a rating of 1.5.

Areas with label were grouped according to their structural level in
order to address specific connectional relationships. For each group of
cortices we computed the mean percentage of labeled neurons or density
of axonal terminals in the upper layers and in the deep layers and the
standard error. Because the composition of the groups depended on the
number and type of areas with label after the injections, the number of
areas in each group varied.

All statistical analyses compare the percentage of labeled neurons or
terminals in the deep layers between two groups of cortices. Because the
comparisons were based on normalized data, the same results would be
obtained by comparing the percentage of label in the upper layers (%
labeled cells in upper layers = 100 - % cells in deep layers). Unless
otherwise stated, differences between groups of areas were confirmed
using Student’s #-test.

Results

Injection Sites

The injection sites included areas from all three surfaces of the
frontal lobe: 12 sites were sampled from the orbital surface, six
from the medial and five from the lateral surfaces. Most cases in
this study had been used previously to map thalamic,
amygdaloid, hippocampal or corticocortical connections. The
previous studies focused on the topography of connections
between the above structures and prefrontal cortices, but did
not address the questions investigated here. In recent years,
cases have been designated consistently by the same codes
indicated below in parentheses. These include all cases injected
with WGA-HRP or fluorescent dyes in this study. For reference to
the maps of these injection sites see Barbas (1993, 1995),
Dermon and Barbas (1994) and Barbas and Blatt (1995). The HRP
injections were located in the following areas: area PAll/Pro
(case AG); area Pro (case AF); area 11 (case AM); orbital area 12
(case MBY); area 9 (case AO; Fig. 2B); ventral area 46 (cases AA;
MAYV; Fig. 24). Case A A was designated as case 5 in Barbas and
De Olmos (1990). The following areas were injected with
fluorescent dyes: orbital area Pro (case ALy); area 13 (cases AJb;
AlLy); area 32 (cases DLy; AKy); orbital area 12 (cases AJy; ANDb);
area 14 (cases DLb; AKDb); lateral area 12 (case ANy). The
following areas were injected with [3H]amin0 acids: orbital area
Pro (2 cases); area 13; area 32 (Fig. 2C); ventral area 46 (caudal
part); area 46 (rostral part).

All injection sites encompassed the entire cortical depth and
the needle marks were confined to the cortical mantle (Fig. 2).
This is a critical feature, because all analyses assume that every
cortical layer at the injection site has the opportunity to
transport the tracer. Thus, the distribution of labeled neurons or
axonal terminals in cortical layers provides an accurate
indication of the laminar pattern of the connections between
areas.

The Relationship of Structure to Cortical Connections
Labeled neurons or axonal terminals were observed in all
prefrontal areas, covering the entire range of structural levels.
The areas which contained labeled neurons or terminals were
grouped according to their structural level as shown in Figure 1.
The standard error of the normalized labeling data for each
group was relatively small regardless of the number of areas in
each (see Figs 3-5, 8-9). This suggests that areas in each group
were similar in their connectional pattern. Moreover, the laminar
pattern of connections did not fluctuate significantly on the
basis of the overall density of label in individual areas.

The above grouping of areas by laminar definition made it
possible to compare the laminar distribution of connections
between structurally distinct groups of cortices. The structural
model was tested against a large body of quantitative data, and
the details of the main analyses are shown in Tables 1 and 2. For
each comparison, connections are described in terms of the
difference between the levels of origin and termination of the
groups of cortices compared. This relationship was expressed as
delta, A (A = level of origin - level of termination). A negative A
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Figure 2. Bright-field photomicrographs showing the injection sites (black areas) in three different prefrontal cortices: (A) an injection of HRP-WGA in the caudal part of area 46, a
level 5 cortex; (B) an injection of HRPAWGA in area 9, a level 3 cortex; (C) an injection of [*H]amino acids in area 32, a level 2 cortex. The images were captured directly from tissue
slides with a CCD camera. Abbreviations: A, arcuate sulcus; Cg, cingulate sulcus; LO, lateral orbital sulcus; MO, medial orbital sulcus; P principal sulcus. Numbers indicate the

architectonic areas with the injection sites.

denotes a projection originating from a cortex at a lower
structural level and terminating in a cortex of a higher structural
level. Connections proceeding in the reverse direction are indi-
cated by positive A.

In our first analysis we tested for global differences in
the laminar distribution of connections between limbic areas
(agranular, level 1, and dysgranular, level 2) and eulaminate areas
(2level 3). We found that limbic areas issued projections to
eulaminate areas primarily from the deep layers when A was -1
(Table 1, A), whereas the reciprocal projections arose predom-
inantly from neurons in the upper layers of level 3-4 eulaminate
areas when A was +1 to +2 (P < 0.005; Table 1, B). This result
confirms our previous findings (Barbas, 1986). Efferent fibers
from limbic cortices terminated mostly in layers 1-3 of
eulaminate areas when A was -1 to -3 (Fig. 34; Table 2, A),
whereas efferent fibers from eulaminate cortices terminated
primarily in the deep layers of limbic cortices when A was +1 to
+3.5 (P < 0.0005; Fig. 3B; Table 2, B).

In our second analysis we compared the bidirectional
connections of two types of limbic cortices whose structural
relationship is clear. The comparison was between the agranular
(level 1) and dysgranular (level 2) limbic cortices. This analysis
revealed that when level 1 (or 1.5) areas projected to level 2
areas, and A was thus negative, most projection neurons were
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Figure 3. The laminar distribution of axonal terminations linking agranular/dysgranular
(limbic) and eulaminate cortices. (A) Axons originating from agranular and dysgranular
cortices (levels 1 and 2) terminated mostly in the upper layers of eulaminate cortices
(levels 3-5). (B) In the reciprocal relationship, axons originating in eulaminate areas
terminated mostly in the deep layers of agranular and dysgranular cortices. See Table
2, A, B. Inall bar graphs (Figs 3—5 and 8-9) vertical lines on bars indicate the standard
error, and the differences in the distribution of connections in the deep layers between
groups of cortices are statistically significant.

found in the deep layers (Fig. 44; Table 1, C). In the reciprocal
relationship, when A was positive, projection neurons were
found mostly in the upper layers (P < 0.025; Fig. 4B; Table 1, D).
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Figure 4. The laminar distribution of projection neurons linking agranular (level 1) and dysgranular (level 2) cortices. (A) Labeled neurons found mostly in the deep layers of level 1
and 1.5 cortices projected to level 2 cortices. (B) In the reciprocal relationship, labeled neurons found mostly in the upper layers of level 2 cortices (area 13) projected to level 1.5
cortices. (C) Labeled neurons found mostly in the deep layers of area 13 (level 2) projected to eulaminate areas (level 3). See Table 1, C, D.

The above findings indicate that when the cortex of destination
has a lower laminar definition than the origin, even limbic
cortices issue projections from the upper layers.

All the examples of projections from dysgranular cortices to
agranular cortices originated in area 13 (Fig. 4B; Table 1, D). In
sharp contrast to its projection to agranular cortices, when area
13 (level 2) projected to eulaminate cortices (level 3) and A was
-1, it issued projections mostly from its deep layers (P < 0.025;
Fig. 4C; Table 1, E). This finding is consistent with a projection
from agranular/dysgranular to eulaminate areas, in general.
Efferent fibers from level 1 and 1.5 cortices terminated primarily
in layers 1-3 of area 13 when A was -0.5 to -1 (Fig. 54; Table 2,
C), whereas efferent fibers from eulaminate cortices terminated
primarily in the deep layers (4-6) of area 13 when A was +1 (Fig.
5B; P <0.025; Table 2, D).

Examples of the above relationships are shown in
photomicrographs of tissue sections in Figures 6 and 7. Thus,
axonal fibers from dysgranular area 32 (level 2) terminated in the
upper layers of eulaminate area 9 (level 3) when A was negative
(Fig. 64), but they terminated in the deep layers (5-6) of the
agranular area PAIl (level 1; Fig. 6B) when A was positive (Fig.
60). Figure 7 illustrates the origin as well as terminations of
projections simultaneously, obtained after injection of the
bidirectional tracer HRP-WGA. A coronal section through area
13 (Fig. 74) shows the connectional pattern of area 13 with area
PAll/Pro (level 1.5) which had been injected with HRP-WGA
(not shown). Labeled neurons found mostly in layers 2-3 of area
13 (Fig. 74, arrowheads) projected to area PAll/Pro when A was
positive, and axonal fibers from area PAIll/Pro terminated
primarily in layers 1 and 2 of area 13 (Fig. 74, arrow) when A was
negative, as seen in the same section. In another monkey, a
coronal section through area 13 (Fig. 7B) shows its connectional
pattern with eulaminate area 12 (level 3), which had been
injected with HRP-WGA (not shown). Labeled neurons found
mostly in the deep layers of area 13 (Fig. 7B, arrowheads)
projected to orbital area 12 when A was negative, and axonal
fibers from area 12 terminated primarily in the deep layers of
area 13 (Fig. 7B, white grain) when A was positive, as seen in the
same section. A comparison of the pattern of connections in
Figure 74 and 7B illustrates the differences in the origin and
terminations of projections when area 13 (level 2) was
connected with two structurally disparate areas, a level 1.5 area
(Fig. 74) and a level 3 area (Fig. 7B).

The above findings support the hypothesis that the structural
relationship between two cortices determines which layers
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Figure 5. Axonal fibers from agranular and from eulaminate cortices terminated
mostly in different layers of area 13. (A) Axonal fibers originating from level 1 and 1.5
cortices terminated predominantly in the upper layers of area 13 (level 2). (B) Axonal
fibers originating from level 3 eulaminate areas terminated primarily in the deep layers
of area 13. See Table 2, C, D.

participate when they are connected. In our next analysis we
tested this hypothesis further by examining the pattern of
connections between eulaminate cortices belonging to different
structural levels. We found that when those eulaminate areas
that have the most distinct layers (e.g. level 5) projected to
culaminate areas with comparatively less distinct laminar
borders (e.g. level 3) and A was +1 to +2, the projection neurons
were found primarily in the upper layers (Fig. 84; Table 1, F),
and axonal fibers terminated mostly in the deep layers (Fig. 8B;
Table 2, E). The reciprocal connections arose primarily from the
deep layers of level 3 cortex (not shown). Efferent fibers from
levels 3 and 4 eulaminate areas terminated mostly in the upper
layers of areas belonging to levels 4 or 5, for A= -1 to -2 (Fig. 8C;
Table 2, F; comparison between 8B and 8C, P < 0.0005). These
findings indicate that the laminar pattern of connections of
eulaminate areas, like agranular and dysgranular areas, depends
on the structural levels of the connected cortices. In all cases,
the projection pattern showed a predominant, though not
exclusive, distribution either in the upper or in the deep layers.

Predicting the Direction of a Connectional Pattern

The main findings thus far indicated that connections between
prefrontal cortices are direction specific, where direction refers
to whether A is less or greater than 0. We asked how reliable the
structural model was in predicting the direction of connections,
i.e. whether the majority (>50%) originated or terminated in the
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Table 1
Density of retrogradely labeled neurons in the deep layers in relation to the structural levels of the connected cortices

Group of Level of areas compared A Normalized density in Figure
connected layers 5-6*
cortices Projection origin Projection destination

(retr. labeled neurons) (RT injection site)
A level 2 level 3 -1 54° not shown
B levels 3—4 level 2 +1to +2 34° not shown
C levels 1and 1.5 level 2 -0.5t0-1 65° 4A
D level 2 level 1.5 +05 20" 48
E level 2 level 3 -1 60° 4
F levels 4-5 levels 3-4 +1t0+2 28 84

The levels of connected cortices are shown as the projection origins (retrogradely labeled neurons) and the areas of destination [retrograde tracer (RT) injection sites]. Delta, A = level of the projection
origin — level of the projection destination. Statistical analyses compared the normalized density of retrogradely labeled neurons in the deep layers (5-6) between two groups of connected cortices (pairs
compared are designated with the same letter, a—c). Significance levels for comparisons are: 2P < 0.005; °P < 0.025; °P < 0.025.

*The normalized density was expressed as a percentage: mean % labeled neurons in the deep layers is 100 — (mean % labeled neurons in superficial layers). For each group, the number of areas, number of
sections and total number of labeled neurons are: A, 10 areas, 67 sections, 7537 neurons; B, 9 areas, 54 sections, 6836 neurons; C, 2 areas, 11 sections, 1205 neurons; D, 3 areas, 14 sections, 2204
neurons; E, 2 areas, 13 sections, 1997 neurons; F, 7 areas, 52 sections, 2436 neurons.

Table 2
Density of anterograde label in the deep layers in relation to the structural levels of connected cortices

Group of Level of areas compared A Normalized density in Figure
connected layers 4-6*
cortices Projection origin Projection destination

(injection site) (anterograde label)
A levels 1-2 levels 3-5 ~1t0-3 30°
B levels 3-5 levels 1-2 +1t0+35 78° 3B
C levels 1 and 1.5 level 2 —0.5and -1 34°
D level 3 level 2 +1 67" 58
E levels 4-5 level 3 +1to+2 64° 8B
F levels 3-4 levels 4-5 -1t0-2 25°¢ 8C
G levels 3-4 level 2 +1t0 +2 64 9%
H level 5 levels 1.5-2 +3t0+3.5 929 9B

The levels of connected cortices are shown as the projection origins (injection sites) and the areas of destination (anterograde label). Delta, A = level of the projection origin — level of the projection
destination. Statistical analyses compared the normalized density of anterograde label in the deep layers (4-6) between groups of connected cortices (pairs compared are designated with the same letter,
a—d). Significance levels for comparisons are: 2P < 0.0005; °P < 0.025; °P < 0.0005; %P < 0.01. *The normalized density was expressed as a percentage: mean % density in the deep layers (4-6) is 100
— (mean % density in superficial layers). For each group, the number of areas, number of sections, number of sites and cumulative density of anterograde label are: A, 8 areas, 35 sections, 42 sites, density
= 340; B, 8 areas, 51 sections, 76 sites, density = 430; C, 2 areas, 9 sections, 10 sites, density = 104; D, 2 areas, 10 sections, 14 sites, density = 184; E, 4 areas, 23 sections, 23 sites, density = 122; F,

5 areas, 19 sections, 20 sites, density = 199; G, 4 areas, 17 sections, 23 sites, density = 236; H, 4 areas, 18 sections, 19 sites, density = 104.

upper or in the deep layers for the above data. The structural
model accurately predicted the direction of a connectional
pattern in 75% of cases using retrograde data, and in >80% of the
cases when based on anterograde data. Some of the deviations
may be attributed to experimental variation, particularly for
areas which are close in laminar definition. For example, our
observations indicated that projection neurons in medial
dysgranular areas (level 2) originated predominantly in the
upper layers when their destination was an orbitofrontal
dysgranular area, such as area Pro or area 13 (level 2). Moreover,
the reciprocal connections from orbitofrontal to medial
dysgranular areas involved a majority of projection neurons from
the deep layers. We also noted that the pattern of projection from
medial area 14 (level 3) was comparable with the pattern
expected for dysgranular (level 2) cortices.

Predicting the Laminar Distribution of Connections

The structural model predicts that the proportion of projection
neurons or axonal terminals in the upper or deep layers, will
depend on the value of A, i.e. the number of levels between the
connected cortices. We tested the sensitivity of the structural
model to predict the laminar distribution of labeled neurons
within the deep layers, using the set of retrograde data obtained
after injection of fluorescent dyes. We found that the relative
distribution of projection neurons differed according to the
number of levels separating the connected cortices (Pearson 7 =
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-0.72, P <0.001). We then tested whether the relative density of
anterograde label within cortical layers varied as a function of A
as well. As described above, efferent fibers from eulaminate
areas (levels 3-5) terminated mostly in layers 4-6 of limbic areas
(levels 1 and 2; Fig. 3B). We subdivided the data from areas
depicted in Figure 3B into those originating in a lower (levels 3
and 4) and a higher (level 5) structural group (Fig. 9). Analysis of
the subdivided data showed that efferent fibers from eulaminate
cortices one or two levels higher than the limbic terminated
primarily in the deep layers of limbic cortices (Fig. 94). As the
model predicts, the proportion of terminations in the deep layers
was higher when A was higher (Fig. 9B; P < 0.01; comparison
between Fig. 94 and B; Table 2, G, H). The normalized density of
axonal terminals in the deep layers was plotted as a function of
the difference in the level of connected areas (value of A), and
the correlation was significant (Pearson » = 0.95, P < 0.001; Fig.
10). In addition, when distinct architectonic cortices which are
at the same structural level are connected (A = 0), the
distribution of axonal terminals is approximately equal in the
upper and deep layers.

Comparison of the Area Occupied by Layers 1-3 and

4-6 in Structurally Distinct Cortices

We measured the proportion of area under the upper (1-3) and
deep (4-06) layers (in mmz) for several prefrontal cortices in
order to determine whether there are consistent differences in



Figure 6. Axonal fibers originating from area 32 (level 2) terminated predominantly in different layers of two structurally disparate cortices, area 9 (level 3) and area PAIl (level 1).
(A) Dark-field photomicrograph of a coronal section showing the axonal terminations in the upper layers (1-3) of area 9 (white grain). (B) Bright-field photomicrograph showing the
architecture of area PAIl (level 1). (C) Dark-field photomicrograph of a coronal section showing the axonal terminations in the deep layers (5-6) of area PAIl (level 1; white boutons
and grain). Note the difference in the laminar distribution of anterograde label when A was negative (4) than when A was positive (C). Pairs of silhouette arrows and arrowheads
in (B) and (C) point to the same blood vessels for landmarks. Scale in (B) applies to (4).
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Figure 7. Differences in the origin and termination of projections when one area is connected with two structurally disparate areas. The laminar origin and termination of projection
neurons from, and to, area 13, are shown simultaneously in dark-field photomicrographs of single coronal sections in two animals, after injection of the bidirectional tracer HRP-WGA
inarea PAIl/Pro or orbital area 12 (012). (A) HRP-labeled neurons seen mostly in layers 2—3 (arrowheads) of area 13 (level 2) projected to area PAll/Pro (level 1.5); labeled terminals
seen in the upper layers, and predominantly in layer 1, of area 13 (white band, arrow) originated from axons in area PAIl/Pro. (B) HRP-labeled neurons in area 13 seen mostly in layers
5-6 (arrowheads) projected to eulaminate area 012 (level 3); labeled terminals seen mostly in the deep layers of area 13 (white grain, arrowheads) originated from axons in area 012.
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Figure 8. The laminar origin and termination of projections linking eulaminate areas of different levels. (4) Labeled neurons found mostly in the upper layers of levels 4 and 5
eulaminate areas projected to levels 3 or 4 eulaminate areas (Table 1, F). (B) Axons from levels 4-5 eulaminate areas terminated primarily in the deep layers of level 3 eulaminate
areas. (C) In the reciprocal relationship, axons originating from levels 3—4 eulaminate areas terminated mostly in the upper layers of levels 4-5 eulaminate areas. For data in Figure

8B and 8C see Table 2, E, F

cortices belonging to different levels. The deep layers occupied
52% of the total area for level 1 cortices, 44% for level 2 cortices
and 41% for eulaminate cortices. There were no significant
differences in the area occupied by the deep layers of eulaminate
areas which belonged to different structural levels (3-5), even
though their connectional pattern differed. This evidence
suggests that the proportion of area occupied by the deep and
upper layers cannot account for the observed differences in
connections.
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Discussion

Predicting Connections from Structure

The results demonstrate that the structural relationship of two
cortices predicts which layers will be involved in their
interconnections. These results extend our previous findings on
the role of architecture to corticocortical connections (Barbas,
1986; Barbas and Pandya, 1989). Here we also present the first
systematic and quantitative analysis indicating which specific
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Figure 9. The sensitivity of the structural model to differences in the number of levels
between connected areas. The data shown in Figure 3B were subdivided into those
where axonal fibers originated in lower (levels 3—4, A, n = 4) and higher (level 5, B,
n = 4) level eulaminate areas, and terminated in agranular and dysgranular cortices.
(A) Axonal fibers from level 3—4 eulaminate areas terminated mostly in the deep layers
of level 2 dysgranular cortices. (B) Axonal fibers from level 5 eulaminate areas
terminated overwhelmingly in the deep layers of level 1.5 and level 2 cortices. Note the
differences in the relative laminar distribution of anterograde label for different values of
A. See Table 2, G, H.

100 | [ ]

80 |- L

40 |

% ANTEROGRADE LABEL IN LAYERS 4-6
[ F ]
”»
L

! 1 i ! I 1
4 -3 -2 4 0 1 2 3 4

DIFFERENCE IN LEVEL

Figure 10. The normalized density of anterograde label in the deep layers differed as
a function of the difference in levels (A) between pairs of connected areas (represented
by dots; Pearson r = 0.95, P < 0.001). Difference in level was determined by
subtracting the level of termination from the level of origin, as shown in Figure 1. Points
—4 to -1 show the termination of efferent fibers in areas with comparatively higher
laminar definition than the origin (~A); points 1 to 4 show the termination of efferent
fibers in areas with comparatively lower laminar definition than the origin (+4). 0 point
shows connections between distinct areas which are at the same structural level
(A =0).

neuronal populations are involved when a given pair of
prefrontal cortices is connected. The present study of a major
association system extends these analyses to neural interactions
not previously addressed, including those between limbic
cortices and between different types of eulaminate association
cortices.

The structural model made two predictions successfully. First,
it accurately predicted whether connections would originate or
terminate predominantly in the upper or the deep layers for
most pairs of connected cortices. Second, the structural model
predicted the relative distribution of projection neurons or
axonal terminals within cortical layers. A small number of
comparisons consistently departed from predictions. One

possible explanation is that there are subtle differences in the
structure of these cortices which were not detected using
architectonic methods.

The Salient Features and Limitations of the Structural
Model

The analyses that we have conducted rely on accurate parcelling
of the prefrontal cortices according to their laminar
characteristics. Architectonic parcelling of the cortex is not a
trivial task, which may explain the differences in the maps of
classic and recent studies (e.g. Brodmann, 1905; Vogt and Vogt,
1919; Walker, 1940; Von Bonin and Bailey, 1947; Preuss and
Goldman-Rakic, 1991; Morecraft et al., 1992; Carmichael and
Price, 1994). In parcelling the prefrontal cortex we previously
considered the degree of laminar definition of areas, in addition
to their cellular features (Barbas and Pandya, 1989). This
approach is based on a principle which formulates the method
for parcelling the cortex. The principle is that laminar definition
changes gradually and systematically within the cortex (Sanides,
1970). The method of parcelling the cortex is based on the
number of identifiable layers in each area, and by how distinct
the layers are. In this study we focused exclusively on the
laminar organization of areas to test the hypothesis that cortical
structure underlies the pattern of corticocortical connections.

In its present form the structural model does not address the
question of whether the connections of different areas will be
robust or weak, or whether any two cortices will be connected.
In addition, the procedure of classifying areas into five cortical
types is suitable for comparing structurally distinct cortices, but
has to be refined in order to discriminate the pattern of intrinsic
connections within one large architectonic area. For example,
whereas as an entity area 13 is dysgranular in type, its laminar
definition is not uniform, being lower at the border with level 1
cortex than at the border with level 3 cortices. This observation
is consistent with the principle that changes in laminar
definition within the cortex are gradual rather than punctuated
(Sanides, 1970). Such ‘focal’ differences in laminar definition are
not significant when considering the connections of one area
with cortices that have an overall higher or lower laminar
definition, and which thus belong to a different type or
structural bracket. However, the structural model predicts that
focal differences in laminar definition will be important, and
finer areal subdivisions must be made, when considering the
intrinsic connections of one large area.

The present study focused on the role of structure on
corticocortical connections. It is likely that other areal features
are important to the pattern of corticocortical connections as
well. In recent years studies have shown that several molecular
markers, such as GAP-43 and CAT-301, are not uniformly
distributed in the cortex (Benowitz and Routtenberg, 1987;
Hendry et al., 1988; Benowitz et al., 1989; McGuire et al., 1989).
An examination of the regional distribution of the above markers
suggests that their expression is graded in a fashion that matches
gradients in laminar definition. The present findings suggest that
features which are likely to be important to the pattern of
connections must vary systematically among cortices in order to
account for the observed differences in connections. This is
based on findings from this and previous studies indicating that
each area can issue predominantly upper or deep layer
projections depending on destination (for review see Felleman
and Van Essen, 1991).
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Figure 11. Summary of the pattern of connections predicted by the structural model. (4) Connections between cortices with large differences in laminar definition show a readily
distinguishable pattern. (Top) Projection neurons originate predominantly in the deep layers of cortices with low laminar definition and their axons terminate predominantly in the
upper layers of cortices with high laminar definition. (Bottom) The opposite pattern is seen for the reciprocal connections. (B) A less extreme version of the above pattern is predicted
in the interconnections of cortices with moderate differences in laminar definition. (Top) Most neurons (though fewer than in A) originate in the deep layers of the cortex with
comparatively lower laminar definition, and their axons terminate primarily in the upper layers of the cortex with comparatively higher laminar definition. (Bottom) The opposite

pattern is predicted for the reciprocal connections.

Comparison with Sensory Cortices

In the sensory cortices connectional patterns have been
described as forward and backward to denote their relationship
to the primary cortices, or into ascending and descending,
which suggests function (for review see Felleman and Van Essen,
1991). Forward connections proceed away from the primary
cortices. In functional terms, they originate in cortices con-
cerned with elementary sensory processing, and terminate in
areas concerned with more complex aspects of sensory
processing. Backward projections proceed towards the primary
areas (Rockland and Pandya, 1979; Friedman et al., 1986;
Rockland and Van Hoesen, 1994).

Are the connectional patterns in the prefrontal and in the
sensory cortices comparable? Projections originating from areas
with lower laminar definition and terminating in areas with
higher laminar definition in this study are comparable to the
backward projections described in sensory cortices. In both
cases, this type of projection originates primarily in the deep
layers and terminates primarily in the upper layers, with layer I
most heavily targeted. Projections originating in areas with
higher laminar definition and terminating in areas with lower
laminar definition in this study are comparable to forward
projections described in sensory cortices. In both cases, this
type of projection originates primarily in the upper layers (layers
2 and 3). In the sensory cortices, forward projections terminate
around layer 4, and in the prefrontal cortices they terminated
mostly in the deep layers (4-6). Thus, the prefrontal inter-
connections are comparable to those in the sensory cortices,
though somewhat more diffuse (see also Friedman et al., 1986;
Saleem and Tanaka, 1996).

The structural model may be applied to the sensory and motor
cortical systems as well because they too show systematic
structural differences in primates (for review see Pandya et al.,
1988). For example, if we consider the entire ventral visual
cortical system, laminar definition is highest in V1 and declines
gradually along a direction leading to ventral temporal polar
areas. A similar pattern is observed for the dorsal visual cortical

644 Predicting Connections from Structure -+ Barbas and Rempel-Clower

system, which extends from dorsal V1 to superior temporal
visual cortices. Viewed within the framework of the structural
model, ascending projections in visual areas always originate in
areas with higher laminar definition in comparison with the site
of termination, while the opposite is true for descending
projections. Thus, whereas the pattern of corticocortical
connections has previously been interpreted within a sensory
specific directional framework (e.g. Rockland and Pandya, 1979;
Maunsell and Van Essen, 1983), the present study demonstrated
that it is the structural relationship of two cortices that
ultimately permits one to predict the pattern of their inter-
connections.

The structural model differs from previous qualitative
descriptions of patterns in corticocortical connections in several
ways. First, the structural model predicts connectional
relationships. Connections can then be used to test the model. In
contrast, the establishment of ascending or descending
relationships in sensory cortices relies on a study of the
connections. Second, the structural relationship of two areas,
described here by A, can be applied to all cortices. In contrast,
the ascending and descending terms apply only to sensory
cortices. Third, the structural model can discriminate among
grades of connections within a direction, a relationship
described here by the value of A. In contrast, most descriptions
of connections in the sensory cortices have not taken into
account relative differences in the pattern of connections within
the ascending and descending directions. For example, the
projections from area TE3 to TE1 and from TE2 to TE1 may be
described simply as forward, or ascending. However, the
structural model predicts that the proportion of projection
neurons in the upper layers will be higher in TE3 than in TE2,
because laminar definition is highest in TE3, intermediate in TE2
and lowest in TE1. Therefore, A is greater in the first than in the
second pair of cortices. The structural model similarly predicts a
graded pattern for connections proceeding in the opposite
direction. In fact, there is evidence that as the distance from V1
increases so does the proportion of projection neurons in the



deep layers of visual association areas which project to V1
(Kennedy and Bullier, 1985). Longer distance in the latter case
coincides with a higher absolute value of A within the
framework of the structural model. Finally, the structural model
does not assume that cortices are organized in strict hierarchies,
and there is considerable evidence that connections are highly
distributed (for discussion see Goldman-Rakic, 1988). However,
the ascending and descending terminology implies a
connectional and functional hierarchy. Hierarchical schemes in
sensory cortices are based on the assumption that directionally
specific corticocortical connections are qualitatively different.
This idea is contrary to evidence suggesting that connections
differ quantitatively but not qualitatively, as shown in previous
studies and here (Schwartz and Goldman-Rakic, 1984; Barbas,
1986; De Lima et al., 1990; Einstein, 1997). A qualitative scheme
of connections has been used to place areas in hierarchies in the
sensory cortical systems (Felleman and Van Essen, 1991) with
limited success (see Hilgetag et al, 1996). In assigning
hierarchical position, models based on a qualitative pattern of
connections succeed in cases where neurons originate
overwhelmingly in the upper layers, or in the deep layers, but fail
for patterns in between the above extremes (see Fig. 3 in
Felleman and Van Essen, 1991).

What Are the Factors that Determine these Stereotyped
Connections?

An intriguing question is what factors contribute to the
establishment of these highly consistent connectional patterns.
In the rhesus monkey, connections of prefrontal cortices occur
prenatally (Schwartz et al., 1991), and their establishment is
likely to depend on a variety of developmental factors (for
reviews see O’Leary et al., 1994; Allendoerfer and Shatz, 1994;
Sur and Cowey, 1995). Developmental abnormalities may disrupt
the pattern of these highly ordered corticocortical connections.
Human disorders which are thought to have their roots in
development include dyslexia, learning disabilities, schizo-
phrenia and certain forms of epilepsy (Akbarian et al., 1993; for
review see Mischel et al, 1995). There is evidence that in
dyslexia there are changes in the structure of cortices associated
with auditory perception (Galaburda and Kemper, 1979). The
present findings suggest that abnormal structure may lead to
abnormal connections. Disruption of cortical pathways is also
likely to account for the complex cognitive and mnemonic
deficits observed in Alzheimer’s disease, which appears to affect
preferentially neurons participating in corticocortical connec-
tions (Hyman et al., 1984; Pearson et al., 1985; Lewis et al.,
1987; Morrison et al., 1990; Arnold et al., 1991; Van Hoesen et
al., 1991).

The present study demonstrated that the structural model
predicts the pattern of connections within the prefrontal
association cortices. Identification of the specific neurons
involved in neural circuits is critical in understanding basic
principles of neural communication. Further studies are
necessary to determine whether these findings apply to other
systems and in other species as well. The strength of the
structural model lies in its potential to predict connectional
relationships in the human cortex, which shows systematic
changes in laminar definition as well (Sanides, 1969). The
significance of the highly ordered pattern of corticocortical
pathways ultimately lies in identification of their functional
attributes.

Notes
We thank Dr Shuwan Xue, Mr Behram Dacosta and Mr Yuri Orlov for

computer programming, and Mr Troy Ghashghaei and Ms. Kathy Alcarez
for help with graphics. This work was supported by grant NS24760.

Address correspondence to Helen Barbas, Boston University, 635
Commonwealth Avenue, Room 431, Boston, MA 02215, USA. E-mail.
barbas@bu.edu.

References

Akbarian S, Bunney WE, Potkin SG, Wigal SB, Hagman JO, Sandman CA,
Jones EG (1993) Altered distribution of nicotinamide-adenine-
dinucleotide phosphate-diaphorase cells in frontal lobes of
schizophrenics implies disturbances of cortical development. Arch
Gen Psychiat 50:169-177.

Allendoerfer KL, Shatz CJ (1994) The subplate, a transient neocortical
structure: its role in the development of connections between
thalamus and cortex. Annu Rev Neurosci 17:185-218.

Arnold SE, Hyman BT, Flory J, Damasio AR, Van Hoesen GW (1991) The
topographical and neuroanatomical distribution of neurofibrillary
tangles and neuritic plaques in the cerebral cortex of patients with
Alzheimer’s disease. Cereb Cortex 1:103-116.

Barbas H (1986) Pattern in the laminar origin of corticocortical
connections. ] Comp Neurol 252:415-422.

Barbas H (1993) Organization of cortical afferent input to orbitofrontal
areas in the rhesus monkey. Neuroscience 56:841-864.

Barbas H (1995) Pattern in the cortical distribution of prefrontally
directed neurons with divergent axons in the rhesus monkey. Cereb
Cortex 5:158-165.

Barbas H, Blatt GJ (1995) Topographically specific hippocampal
projections target functionally distinct prefrontal areas in the rhesus
monkey. Hippocampus 5:511-533.

Barbas H, De Olmos J (1990) Projections from the amygdala to
basoventral and mediodorsal prefrontal regions in the rhesus monkey.
J Comp Neurol 301:1-23.

Barbas H, Pandya DN (1989) Architecture and intrinsic connections of
the prefrontal cortex in the rhesus monkey. J Comp Neurol
286:353-375.

Benowitz LI, Routtenberg A (1987) A membrane phosphoprotein asso-
ciated with neural development, axonal regeneration, phospholipid
metabolism, and synaptic plasticity. Trends Neurosci 10:527-532.

Benowitz LI, Perrone-Bizzozero NI, Finklestein SP, Bird ED (1989)
Localization of the growth-associated phosphoprotien GAP-43 (B-50,
F1) in the human cerebral cortex. ] Neurosci 9:990-995.

Brodmann K (1905) Beitrage zur histologischen localisation der
Grosshirnrinde. III. Mitteilung: Die Rindenfelder der niederen Affen.
J Psychol Neurol 4:177-266.

Carmichael ST, Price JL (1994) Architectonic subdivision of the orbital
and medial prefrontal cortex in the macaque monkey. J Comp Neurol
346:366-402.

Cowan WM, Gottlieb DI, Hendrickson AE, Price JL, Woolsey TA (1972)
The autoradiographic demonstration of axonal connections in the
central nervous system. Brain Res 37:21-51.

De Lima AD, Voigt T, Morrison JH (1990) Morphology of the cells within
the inferior temporal gyrus that project to the prefrontal cortex in the
macaque monkey. ] Comp Neurol 296:159-172.

Dermon CR, Barbas H (1994) Contralateral thalamic projections
predominantly reach transitional cortices in the rhesus monkey. J
Comp Neurol 344:508-531.

Einstein G (1997) Reciprocal projections of cat extrastriate cortex: I.
Distribution and morphology of neurons projecting from posterior
medial lateral suprasylvian sulcus to area 17. J Comp Neurol
376:518-529.

Felleman DJ, Van Essen DC (1991) Distributed hierarchical processing in
the primate cerebral cortex. Cereb Cortex 1:1-47.

Fitzpatrick KA, Imig TJ (1980) Auditory cortico-cortical connections in
the owl monkey. ] Comp Neurol 192:589-610.

Friedman DP, Murray EA, O‘Neill JB, Mishkin M (1986) Cortical
connections of the somatosensory fields of the lateral sulcus of
macaques: evidence for a corticolimbic pathway for touch. J Comp
Neurol 252:323-347.

Galaburda AM, Kemper TL (1979) Cytoarchitectonic abnormalities in
developmental dyslexia: a case study. Ann Neurol 6:94-100.

Galaburda AM, Pandya DN (1983) The intrinsic, architectonic and
connectional organization of the superior temporal region of the
rhesus monkey. ] Comp Neurol 221:169-184.

Goldman-Rakic PS (1988) Topography of cognition: parallel distributed

Cerebral Cortex Oct/Nov 1997, V7 N7 645



networks in primate association cortex. Ann Rev Neurosci
11:137-156.

Hendry SHC, Jones EG, Hockfield S, McKay RDG (1988) Neuronal
populations stained with the monoclonal antibody Cat-301 in the
mammalian cerebral cortex and thalamus. J Neurosci 8:518-542.

Hilgetag C-C, O’Neill MA, Young MP (1996) Indeterminate organization
of the visual system. Science 271:776-777.

Hyman BT, Van Hoesen GW, Damasio AR, Barnes CL (1984) Alzheimer’s
disease: cell-specific pathology isolates the hippocampal formation.
Science 225:1168-1170.

Kennedy H, Bullier J (1985) A double-labeling investigation of the afferent
connectivity to cortical areas V1 and V2 of the macaque monkey. J
Neurosci 5:2815-2830.

Lewis DA, Campbell MJ, Terry RD, Morrison JH (1987) Laminar and
regional distributions of neurofibrillary tangles and neuritic plaques in
Alzheimer’s disease: a quantitative study of visual and auditory
cortices. ] Neurosci 7:1799-1808.

Maunsell JHR, Van Essen DC (1983) The connections of the middle
temporal visual area (MT) and their relationship to a cortical hierarchy
in the macaque monkey. J Neurosci 3:2563-2586.

McGuire PK, Hockfield S, Goldman-Rakic PS (1989) Distribution of
Cat-301 immmunoreactivity in the frontal and parietal lobes of the
macaque monkey. ] Comp Neurol 288:280-296.

Mesulam M-M, Hegarty E, Barbas H, Carson KA, Gower EC, Knapp AG,
Moss MB, Mufson EJ (1980) Additional factors influencing sensitivity
in the tetramethyl benzidine method for horseradish peroxidase
neurohistochemistry. J] Histochem Cytochem 28:1255-1259.

Mischel PS, Nguyen LP, Vinters HV (1995) Cerebral cortical dysplasia
associated with pediatric epilepsy, review of neuropathologic features
and proposal for a grading system. J Neuropathol Exp Neurol
54:137-153.

Morecraft RJ, Geula C, Mesulam M-M (1992) Cytoarchitecture and neural
afferents of orbitofrontal cortex in the brain of the monkey. J] Comp
Neurol 323:341-358.

Morrison JH, Hof PR, Campbell MJ, De Lima AD, Voigt T, Bouras C, Cox
K, Young WG (1990) Cellular pathology in Alzheimer’s disease:
implications for corticocortical disconnection and differential
vulnerability. In: Imaging, cerebral topography and Alzheimer’s
disease (Rapoport SR, Petit H, Leys D, Christen Y, eds), pp 19-40.
Berlin, Heidelberg: Springer-Verlag.

O’Leary DD, Schlaggar BL, Tuttle R (1994) Specification of neocortical
areas and thalamocortical connections. Annu Rev Neurosci
17:419-439.

Pandya DN, Seltzer B, Barbas H (1988) Input-output organization of the
primate cerebral cortex. In: Comparative primate biology, Vol 4,
Neurosciences (Steklis HD, Erwin J, eds), pp 39-80. New York: Alan
R.Liss.

Pearson RCA, Esiri MM, Hiorns RW, Wilcock GK, Powell TPS (1985)

646 Predicting Connections from Structure -+ Barbas and Rempel-Clower

Anatomical correlates of the distribution of the pathological changes
in the neocortex in Alzheimer disease. Proc Natl Acad Sci USA
82:4531-4534.

Preuss TM, Goldman-Rakic PS (1991) Myelo- and cytoarchitecture of the
granular frontal cortex and surrounding regions in the strepsirhine
primate Galago and the anthropoid primate Macaca. ] Comp Neurol
310:429-474.

Rockland KS, Pandya DN (1979) Laminar origins and terminations of
cortical connections of the occipital lobe in the rhesus monkey. Brain
Res 179:3-20.

Rockland KS, Van Hoesen GW (1994) Direct temporal-occipital feedback
connections to striate cortex (V1) in the macaque monkey. Cereb
Cortex 4:300-313.

Saleem KS, Tanaka K (1996) Divergent projections from the anterior
inferotemporal area TE to the perirhinal and entorhinal cortices in the
macaque monkey. J Neurosci 16:4757-4775.

Sanides F (1969) Comparative architectonics of the neocortex of
mammals and their evolutionary interpretation. Ann NY Acad Sci
167:404-423.

Sanides F (1970) Functional architecture of motor and sensory cortices in
primates in the light of a new concept of neocortex evolution. In: The
primate brain: advances in primatology (Noback CR, Montagna W,
eds), pp 137-208.

Schwartz ML, Goldman-Rakic PS (1984) Callosal and intrahemispheric
connectivity of the prefrontal association cortex in rhesus monkey:
relation between intraparietal and principal sulcal cortex. ] Comp
Neurol 226:403-420.

Schwartz ML, Rakic P, Goldman-Rakic PS (1991) Early phenotype
expression of cortical neurons — evidence that a subclass of migrating
neurons have callosal axons. Proc Natl Acad Sci USA 88:1354-1358.

Sur M, Cowey A (1995) Cerebral cortex: function and development.
Neuron 15:497-505.

Tigges J, Tigges M, Anschel S, Cross NA, McBride RL (1981) Areal and
laminar distribution of neurons interconnecting the central visual
cortical areas 17, 18, 19, and MT in squirrel monkey (saimiri). ] Comp
Neurol 202:539-560.

Van Hoesen GW, Hyman BT, Damasio AR (1991) Entorhinal cortex
pathology in Alzheimer’s disease. Hippocampus 1:1-8.

Vogt C, Vogt O (1919) Allgemeinere Ergebnisse unserer Hirnforschung. J
Psychol Neurol 25:279-462.

Von Bonin G, Bailey P (1947) The neocortex of Macaca mulatta. Urbana:
The University of Illinois Press.

Walker C (1940) A cytoarchitectural study of the prefrontal area of the
macaque monkey. ] Comp Neurol 98:59-86.

Wong-Riley M (1979) Columnar cortico-cortical interconnections within
the visual system of the squirrel and macaque monkeys. Brain Res
162:201-217.



