
QUANTITATIVE ANALYSIS OF THE DENDRITIC MORPHOLOGY OF
CORTICOCORTICAL PROJECTION NEURONS IN THE MACAQUE

MONKEY ASSOCIATION CORTEX

H. DUAN,a;b S. L. WEARNE,b;c;d J. H. MORRISONa;b;d;e and P. R. HOFa;b;d;e;f �

aKastor Neurobiology of Aging Laboratories and Fishberg Research Center for Neurobiology,
Mount Sinai School of Medicine, New York, NY 10029, USA

bComputational Neurobiology and Imaging Center, Mount Sinai School of Medicine, New York, NY 10029, USA
cDepartment of Biomathematical Sciences, Mount Sinai School of Medicine, New York, NY 10029, USA

dAdvanced Imaging Program, Mount Sinai School of Medicine, New York, NY 10029, USA
eDepartment of Geriatrics and Adult Development, Mount Sinai School of Medicine, New York, NY 10029, USA

fDepartment of Ophthalmology, Mount Sinai School of Medicine, New York, NY 10029, USA

Abstract6The polymodal association areas of the primate cerebral cortex are heavily interconnected and play a crucial
role in cognition. Area 46 of the prefrontal cortex in non-human primates receives direct inputs from several association
areas, among them the cortical regions lining the superior temporal sulcus. We examined whether projection neurons
providing such a corticocortical projection di¡er in their dendritic morphology from pyramidal neurons projecting locally
within area 46. Speci¢c sets of corticocortical projection neurons were identi¢ed by in vivo retrograde transport in young
macaque monkeys. Full dendritic arbors of retrogradely labeled neurons were visualized in brain slices by targeted
intracellular injection of Lucifer Yellow, and reconstructed three-dimensionally using computer-assisted morphometry.
Total dendritic length, numbers of segments, numbers of spines, and spine density were analyzed in layer III pyramidal
neurons forming long projections (from the superior temporal cortex to prefrontal area 46), as well as local projections
(within area 46). Sholl analysis was also used to compare the complexity of these two groups of neurons.
Our results demonstrate that long corticocortical projection neurons connecting the temporal and prefrontal cortex

have longer, more complex dendritic arbors and more spines than pyramidal neurons projecting locally within area 46.
The more complex dendritic arborization of such neurons is likely linked to their participation in cortical networks that
require extensive convergence of multiple a¡erents at the cellular level. B 2002 IBRO. Published by Elsevier Science
Ltd. All rights reserved.
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Cognitive functions in mammals are likely to rely on the
activity of large-scale networks of functionally intercon-
nected cortical regions (Bressler, 1995; Mesulam, 1998;
Compte et al., 2000). Such networks are subserved by
long-range corticocortical pathways that link multiple
association areas in the cerebral cortex, such that a
given polymodal association area (e.g. cortical regions
in the superior temporal gyrus or in the dorsolateral
prefrontal cortex) receives numerous convergent inputs
from other association cortices. For example, the associ-
ation areas in the parietal, temporal, and parahippocam-
pal cortex are reciprocally linked with each other as well

as with the prefrontal cortex through long association
corticocortical pathways (for reviews, see Goldman-
Rakic, 1988, 1995, 1996; Barbas, 1992; Weinberger,
1993), providing an anatomical substrate for certain cog-
nitive functions (Bressler, 1995; Mesulam, 1998; Compte
et al., 2000). Layer III pyramidal neurons are the major
cell type furnishing these long association corticocortical
pathways (Jones, 1984; Barbas, 1986; de Lima et al.,
1990; Campbell et al., 1991; Hof et al., 1995). Interest-
ingly, the cortical neurons forming long corticocortical
pathways are thought to be particularly vulnerable in
Alzheimer’s disease (Morrison et al., 1987; Hof and
Morrison, 1990; Hof et al., 1990), further supporting
the notion that these neurons are crucial mediators of
cognitive and memory functions in primates (Hof et
al., 1990; Morrison, 1993; Morrison and Hof, 1997).
In addition, we have demonstrated that the neurons fur-
nishing long corticocortical connections between associ-
ation cortices di¡er in their neurochemical phenotype
from those providing short projections and their vulner-
ability is partially dependent on their particular neuro-
chemical attributes (Hof et al., 1995, 2002).
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Recent studies in macaque monkeys have demon-
strated the existence of local horizontal connections
between groups of pyramidal cells within the prefrontal
cortex (Levitt et al., 1993; Lund et al., 1993; Kritzer and
Goldman-Rakic, 1995; Pucak et al., 1996; Melchitzky et
al., 1998). The axons of pyramidal cells in layers II and
III of the prefrontal cortex extend horizontally for some
distance (up to 7^8 mm) and form discrete, stripe-like
clusters of axon terminals in cortical layers I to III
(Levitt et al., 1993; Pucak et al., 1996). These axon ter-
minals form exclusively asymmetric synapses and contact
primarily the dendritic spines of other excitatory neu-
rons, presumably pyramidal neurons (Melchitzky et al.,
1998). A double-labeling study also suggested that the
intrinsic horizontal connections in the prefrontal cortex
are reciprocal (Pucak et al., 1996). This pattern of con-
nections has been implicated as a functional substrate for
reverberating excitatory circuits amongst primate associ-
ation cortices (Pucak et al., 1996; Melchitzky et al.,
1998), which are known to be involved in working mem-
ory in the prefrontal cortex (Goldman-Rakic, 1988, 1995,
1996), and as such are less likely to mediate the long
distance inter-regional communication with other associ-
ation areas.
Although much is known about the topographic dis-

tribution, cell typology, and organization of the axon
terminals of many corticocortical projection neurons, lit-
tle e¡ort to date has been expended to de¢ne the detailed
dendritic morphology of speci¢c types of cortical neu-
rons giving rise to corticocortical projections in associa-
tion cortex (de Lima et al., 1990; Nimchinsky et al.,
1996; Duan et al., 2000; Soloway et al., 2002). A few
studies in rat and cat suggested that cortical pyramidal
cells in the same layer of the infragranular layers have
distinct morphological features related to their projec-
tions (Katz, 1987; Hallman et al., 1988; Hu«bener and
Bolz, 1988; Hu«bener et al., 1990; Kasper et al., 1994;
Rumberger et al., 1998). Only one study in the cat has
related the morphological features of pyramidal cells to
their projection types in the super¢cial layers of the vis-
ual cortex (Matsubara et al., 1996). However, so far
there is only limited evidence whether pyramidal cells
in the association cortex that give rise to a particular
type of corticocortical projection have a distinct dendritic
architecture that might render them recognizably di¡er-
ent from those giving rise to another type of corticocorti-
cal projection (Duan et al., 2000; Soloway et al., 2002).
In addition, recent studies in human and non-human
primates have described a hierarchical increase in the
size, complexity, and spine density of basal dendritic
¢eld of cortical layer III pyramidal neurons from pri-
mary cortices to unimodal and polymodal association
areas (Elston et al., 1996, 1999a^c, 2001; Elston and
Rosa, 1997, 1998; Jacobs et al., 1997, 2001; Elston,
2000).
We predicted that the complexity of the neurons pro-

viding the convergent corticocortical circuits intercon-
necting areas such as area 46 and the superior
temporal cortex would be re£ected at the cellular level,
in that these neurons should have highly complex den-
dritic trees with high numbers of spines to accommodate

the regional convergence on a cellular level. To test this
hypothesis, we quanti¢ed and compared several mor-
phometric parameters of the dendritic arbor in neurons
projecting from the superior temporal cortex to area 46
with pyramidal neurons that project locally within area
46.

EXPERIMENTAL PROCEDURES

Animals and surgical procedures

Five adult male long-tailed macaque monkeys (Macaca fasci-
cularis ; 10^12 years old) were used in this study. All experimen-
tal protocols were conducted according to National Institutes of
Health (NIH) guidelines for animal research and were approved
by the Institutional Animal Care and Use Committee at Mount
Sinai School of Medicine. The animals were tranquilized with
ketamine hydrochloride (25^25 mg/kg i.m.), intubated, and
maintained under iso£urane general anesthesia and strict sterile
surgical conditions. They were placed for surgery in a custom-
designed large animal head holder (David Kopf Instruments,
Tujunga, CA) and a craniotomy was performed over the cortical
site. The animals received injections of the retrograde tracer
Fast Blue (FB) in ventral area 46 (Fig. 1). An aqueous solution
of FB (4% ; Sigma, St. Louis, MO, USA) was injected into the
left hemisphere using a 5-Wl Hamilton microsyringe with a 24-
gauge needle. Injections were placed at depths from 0.6 to 1.2
mm below the pial surface. Nine to 12 300^400 nl injections
were placed in each animal and none penetrated the underlying
white matter. Following surgery, a survival time of 21 days was
set to allow for optimal retrograde transport. Then the animals
were perfused intracardially as previously described (Hof et al.,
1995; Nimchinsky et al., 1996). In brief, the animals were deeply
anesthetized with ketamine hydrochloride (25 mg/kg) and pen-
tobarbital sodium (20^35 mg/kg i.v.), intubated, and mechani-
cally ventilated. The chest was opened to expose the heart, and
1.5 ml of 0.1% sodium nitrite was injected into the left ventricle.
The descending aorta was clamped and the monkeys were per-
fused transcardially with cold 1% paraformaldehyde in phos-
phate-bu¡ered saline (PBS) for 1 min, and then for 12 min
with cold 4% paraformaldehyde and 0.125% glutaraldehyde in
PBS.

Tissue preparation

Following perfusion, the brain was removed from the skull
and 4^5-mm-thick slabs of tissue were obtained from the pre-
frontal and temporal cortex. These tissues were blocked in a
plane perpendicular to the principal sulcus in the prefrontal
cortex or to the superior temporal sulcus in the temporal cortex.
Blocks of tissue containing the injection sites and region adja-
cent to them in the rostral or caudal directions within area 46
were dissected out from the brain. The blocks containing the
injection sites were used for Nissl staining to verify the injec-
tions. These blocks were post¢xed for 6 h in the same ¢xative,
sectioned at 40 Wm on a Vibratome and stained with Cresyl
Violet. One block of tissue adjacent to the injection sites was
used for intracellular injection. FB-labeled cells in this area form
local intrinsic horizontal corticocortical projections (for simplic-
ity, called local projections hereafter) within area 46 (Pucak et
al., 1996; Melchitzky et al., 1998). Another block of tissue used
for cell loading was taken from the cortex located in the fundus
of the superior temporal sulcus, corresponding to areas TPOr,
IPa and TEa (de Lima et al., 1990; Cusick et al., 1995). In our
experiment, the FB-labeled cells visualized in this area formed
long association corticocortical projections (hereafter referred to
as long projections) from the temporal cortex to area 46 (de
Lima et al., 1990; Hof et al., 1995). These blocks were post¢xed
for 2 h in the same ¢xative. Then they were placed into PBS and
cut at 400 Wm on a Vibratome. Sections were cut in a plane
perpendicular to the pial surface.
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Intracellular injections

For intracellular injection, the sections were mounted on
nitrocellulose ¢lter paper and immersed in PBS. FB retrogradely
labeled pyramidal cells in the supragranular layers were identi-
¢ed under epi£uorescence with a UV ¢lter, impaled with sharp
micropipettes, and loaded with 5% Lucifer Yellow (LY; Molec-
ular Probes, Eugene, OR, USA) in dH2O under a DC current of
3^8 nA for 10^12 min, or until the dye had ¢lled distal processes
and no further loading was observed (de Lima et al., 1990;
Nimchinsky et al., 1996). Generally, three to four cells were
injected per slice, and injections were far enough apart to
avoid overlapping of the dendritic trees. After neuronal labeling,
sections were ¢xed again in 4% paraformaldehyde and 0.125%
glutaraldehyde in PBS for 4 h at 4‡C, washed, and stored in
PBS. In order to be included for three-dimensional reconstruc-
tion and further analysis, ¢lled neurons had to satisfy four cri-
teria: (1) they had to be located in layer III. Accurate
determination of cortical layers was performed on the ¢xed
slice after counterstaining selected sections with 4,6-diamidino-
2-phenylindole (Sigma), which is a £uorescent nucleic acid stain;
(2) the dendritic tree of the pyramidal cell had to be ¢lled com-
pletely, which was judged by tracing higher order branches to
abrupt, well-de¢ned tips (Nimchinsky et al., 1996; Elston and
Rosa, 1997, 1998); (3) the soma^apical dendrite orientation had
to be perpendicular to the pial surface; and (4) absence of adja-
cent cells ¢lled by the same injection and a reasonable distance
between individual cells had to allow for unambiguous determi-
nation of the exact origin of every dendritic segment.

Quantitative analyses

Sections containing selected LY-¢lled neurons were then cov-
erslipped with PermaFluor mounting medium and reconstructed
using a computer-assisted morphometry system, consisting of a
Zeiss Axiophot photomicroscope equipped with a Zeiss MSP65
computer-controlled motorized stage, a Zeiss ZVS-47E video
camera system, a Macintosh G3 computer, and custom-designed
morphometry software NeuroZoom (Nimchinsky et al., 1996;
Young et al., 1997; Hof et al., 2000). This system allows for
accurate mapping and tracing of the cell processes in all three
dimensions. Neurons were visualized ¢rst using a Zeiss Fluar
10U objective, and their locations within the tissue sections
were mapped (Fig. 1A^D). Then the loaded neurons were
drawn using a Zeiss Apochromat 100U objective with a numer-
ical aperture of 1.4. A live RGB image was ported to the com-
puter screen and mapping was performed by moving the stage in
1-Wm steps through the z-axis along the length of each dendrite.
Spines were plotted at the same time. Then, the section itself was
drawn at 10U. In this manner, the x, y, and z coordinates of
each dendritic segment and spine were recorded to enable later
three-dimensional representation and rotation of the recon-
structed neuron (Nimchinsky et al., 1996). Three to eight cells
were reconstructed from each type of projection neurons for
each subject. The NeuroZoom datasets were then exported to
generate three-dimensional renderings of the traced neurons
using NeuroGL, a self-contained, compact, and fast application
to visualize structural details of neurons, including branching
patterns, spine location, and spine density, at a range of scales
and in an interactive three-dimensional environment (Rodriguez
et al., 2001).
Dendrograms showing the branching pattern of each dendritic

tree were prepared for each neuron. By using the three-dimen-
sional capabilities of the software, we quanti¢ed the following
parameters for each cell : 1) total dendritic length, representing
the summed length of dendritic segments; 2) dendritic segment
counts, representing the total number of dendritic segments;
3) total dendritic spine number, representing the sum of all
spines on dendritic segments; and 4) dendritic spine density,
representing the average number of spines per Wm of dendritic
length. In addition, the dendritic branching patterns were ana-
lyzed using Sholl’s method (Sholl, 1953). The number of den-

dritic intersections crossing each 20-Wm radius ring progressively
more distal from the soma was counted.
Statistical testing was performed using analysis of variance to

assess possible di¡erences in the various morphometric param-
eters among cases for both neuronal types. As the variance
between was smaller than that within animals and the variances
of each subject did not signi¢cantly di¡er for each of the mea-
sured parameters, data were expressed as means from all the
animals for both groups of neurons. Projection type-speci¢c
di¡erences in these variables across the total, apical, and basal
dendritic domains were then assessed by comparing means using
Tukey tests for groups with unequal numbers. Finally the data
from the Sholl analyses were also expressed as cumulative fre-
quencies and statistical di¡erences between the two neuronal
populations were assessed using the Kolmogorov^Smirnov
test. Di¡erences were considered statistically signi¢cant at
P6 0.05.

Fig. 1. Surface rendering of the lateral view of a macaque monkey
(Macaca fascicularis) brain, showing the maximal extension of the
intracortical FB injections obtained from series of Nissl-stained
sections (black area) in area 46 of ¢ve macaque monkeys. The
maps A^D illustrate representative sections in which retrogradely
labeled neurons were ¢lled with LY and reconstructed. The loca-
tion of the sections is indicated on the view of the brain above.
Each section was traced at 10U magni¢cation, and the localiza-
tion of of the LY-¢lled neurons plotted (light dots on black
boxes). These boxes actually correspond to screen dumps from the
computer software that are embedded in the low power maps.
CS, cingulate sulcus; PS, principal sulcus; STS, superior temporal

sulcus.
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RESULTS

Morphology of the LY-¢lled neurons

The injections of FB in the ventral part of area 46
resulted in comparable numbers of retrogradely labeled
local projection neurons within area 46 and the long
projection neurons in the cortex lining the superior tem-
poral sulcus. The local projection neurons were located
primarily in layer II and layer III, which is consistent
with previous studies in macaque monkey prefrontal cor-
tex (Kritzer and Goldman-Rakic, 1995; Pucak et al.,
1996; Melchitzky et al., 1998). The long projection neu-
rons formed two clearly de¢ned bands, corresponding to
layer III, and layers V and VI. This pattern of laminar
distribution for long projection neurons is in agreement

with earlier macaque monkey studies (de Lima et al.,
1990; Hof et al., 1995).
Forty-eight local projection neurons and 55 long pro-

jection neurons in layer III were intracellularly injected
with LY. Of these, 46 neurons (27 long projection neu-
rons and 19 local projection neurons) were reconstructed
(Duan et al., 2000). All of the ¢lled neurons used for
quantitative analysis exhibited a typical pyramidal mor-
phology with extensive dendritic branching and large
numbers of spines (Figs. 2, 3).

Quantitative analysis of dendrites

There were no di¡erences in morphometric parameters
among the animals within each group of projection neu-
rons, and therefore data from each projection type were

Fig. 2. Examples of LY-¢lled long projection neurons (A, B) and short projection neurons (C, D). The neuron in A was ¢lled
from its apical dendrite (the arrow shows the site of injection). Note the more extensive dendritic arbors of the long projec-
tion neurons. Panel E shows a high power photomicrograph of a segment of an apical dendrite of a layer III pyramidal
neuron injected with Lucifer Yellow. Note the high quality of the LY ¢lling, permitting optimal tracing and mapping of the

spines. Scale bar (on E)= 50 Wm (A^D) and 5 Wm (E).
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pooled across animals. Examples of reconstructed neu-
rons forming long projections and local projections are
shown in Fig. 3. Quantitative measures revealed a sig-
ni¢cant di¡erence between projection types for both the
dendritic length and apparent complexity (Table 1 and
Fig. 4). Long projection neurons had longer dendritic
lengths (P6 0.05) and more dendritic segments
(P6 0.01) than local projection neurons in their apical

dendrites. Statistically signi¢cant di¡erences between
projection types were also observed in the basal dendrites
for both dendritic length (P6 0.05) and dendritic seg-
ment numbers (P6 0.01). The total length of the den-
drites was longer in long projection neurons (P6 0.05),
and these cells also had overall more dendritic segments
(P6 0.05).
Furthermore, long projection neurons had higher

Fig. 3. Representative examples of three-dimensional reconstructions of corticocortically projecting pyramidal cells with the
spines (blue dots) plotted onto the dendritic trees (in red). These three-dimensional reconstructions of neurons were obtained
using NeuroGL and are rendered with variable scaling and degrees of rotation about their principal axis to depict the extent
of their basal and apical dendritic arborization. Neurons in A are long projection neurons and neurons in B are local projec-
tion neurons. Note that the long projection neurons shown in A exhibit an apparently more complex dendritic structure than

the local projection neurons depicted in B.

NSC 5738 15-8-02 Cyaan Magenta Geel Zwart

Morphology of corticocortical neurons in monkeys 353



spine numbers than local projection neurons on their
basal dendrites (P6 0.05; Fig. 4). In contrast, there
was no statistically signi¢cant di¡erence in spine num-
bers for the apical dendrites and spine density for both
apical and basal dendrites (Table 1). However, the fact
that long projection neurons had more extensive den-
dritic arbors than short projection neurons and an
apparent larger size overall suggest that the trend toward
higher spine densities in short projection neurons shown
in Table 1 may have a functional signi¢cance.
Dendrograms of representative neurons forming long

projections and local projections are shown in Fig. 5.
These dendrograms, obtained from the reconstruction
of the cells with the NeuroZoom software, demonstrate
the overall branching pattern of the dendritic trees and
are scaled in terms of length and complexity. This anal-
ysis also revealed a qualitative di¡erence between the two
types of projections for the dendritic complexity of both
the apical and basal dendrites (Fig. 5). The complexity of
apical and basal dendritic trees for the two types of pro-
jection neurons was further assessed using Sholl analysis
(Fig. 6). The maximal Sholl intersection radius of the
apical dendritic tree for the local projection neurons
was 440 Wm, whereas it was 760 Wm for the apical den-
dritic tree of the long projection neurons (Fig. 6). There
were more intersections in the long projection neurons
than local projection neurons after a radius of 80 Wm,
with a signi¢cant di¡erence between radii 100 and 220
Wm (Fig. 6). The maximal Sholl intersection radius of the
basal dendritic tree for the local and long projection
neurons was similar (280 and 300 Wm, respectively;
Fig. 6). However, when the entire dendritic tree was con-
sidered as a whole, there was a signi¢cant di¡erence for
all radii between 40 Wm and 180 Wm (Fig. 6; P6 0.01,
except for the 40-, 180-, and 200-Wm levels, where
P6 0.05), with more bifurcations on the basal dendrites
of the long projection neurons than on the local projec-
tion neurons. Finally, the distribution cumulative fre-
quency of Sholl intersections along the dendritic arbors

was signi¢cantly di¡erent between the long and short
projection neurons (P6 0.002 for total and apical arbors,
and P6 0.05 for basal arbors; Fig. 6).

DISCUSSION

In this study, we examined the dendritic morphology
of layer III pyramidal neurons forming local and long
corticocortical projections in macaque monkey neocor-
tex. By comparing the dendritic length, branching pat-
tern, spine numbers, and spine density of layer III
pyramidal cells that provide local (i.e. within area 46)
and long (i.e. from the cortex lining the superior tempo-
ral sulcus to area 46) corticocortical projections, we
found that distant neurons furnishing long projections
to area 46 have larger and more complex dendritic
arbors with a greater number of dendritic spines than
resident neurons providing short intraregional projec-
tions. We have shown that these same two circuits di¡er
in key neurochemical attributes (Hof et al., 1995, 2002).
In addition, other studies have shown that cortical pyra-
midal cells have distinct morphological features that are
related to the types of projection they provide (Katz,
1987; Hallman et al., 1988; Hu«bener and Bolz, 1988;
Hu«bener et al., 1990; Kasper et al., 1994; Matsubara
et al., 1996; Rumberger et al., 1998). These earlier mor-
phological studies were conducted in the visual cortex of
the rat and cat and mostly focussed on neurons in infra-
granular layers of visual cortex with di¡erent target
areas. Our design di¡ered from these studies in that the
target region was similar (i.e. area 46), yet the origin
di¡ered (i.e. local area 46 neurons vs. distant superior
temporal cortex neurons). Both designs revealed distinct
morphological di¡erences among pyramidal cells in the
same layer of association cortex (i.e. layer III) that fur-
nish fundamentally di¡erent connections.
The combination of in vivo tract-tracing and cell load-

ing in ¢xed slices yields high-quality labeling of dendritic

Table 1. Morphometric analysis of cortical neurons forming long and local projections

Parameter Long Short % Di¡erence P Value
(n=27) (n=19)

Total dendritic length
Total 5517.4 U 247.0 4138.7 U 218.9 325.0 6 0.05
Apical 2553.8 U 194.5 1870.5 U 156.4 326.8 6 0.05
Basal 2963.6 U 112.6 2268.2 U 109.2 323.5 6 0.05
Total dendritic segments
Total 86.9U 3.2 63.8U 2.9 326.6 6 0.01
Apical 35.3 U 2.3 26.0U 1.8 326.4 6 0.01
Basal 51.7U 1.8 37.8U 2.0 326.8 6 0.01
Total spine number
Total 2799.5 U 122.2 2328.3 U 187.0 316.8 6 0.05
Apical 1356.4 U 102.9 1118.5 U 118.1 317.5 n.s.
Basal 1443.0 U 55.7 1209.8 U 82.4 316.2 6 0.05
Spine density
Total 0.51U 0.01 0.55U 0.02 +7.8 n.s.
Apical 0.54U 0.01 0.58U 0.03 +7.4 n.s.
Basal 0.49U 0.01 0.53U 0.02 +8.2 n.s.

Dendritic lengths are in Wm and spine densities are expressed per Wm of dendrite. Data represent means US.E.M. Note that the di¡erences
between long and local projection neurons are about dendritic complexity and spine numbers, but that the spine densities are not di¡erent
between the two groups of investigated neurons. n.s., non-signi¢cant.
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structures (dendrites and dendritic spines) of selected
neurons (de Lima et al., 1990; Nimchinsky et al., 1996;
Duan et al., 2000). This is critical for a quantitative
analysis of dendritic extent and spine numbers on iden-
ti¢ed neurons. However, some practical problems do
exist at present. As addressed elsewhere (Uylings et al.,
1986; Jacobs et al., 1997), sectioning tissue at 400 Wm
will result in cut dendritic segments. Therefore, measure-
ments in this study represent estimates rather than abso-
lute values because the full dendritic extent may not be
exactly assessed in all cases with certainty. It is likely that

there might be more cut segments for larger neurons
forming long projections than smaller neurons forming
local projections. Furthermore, with respect to spine
measurements, spines that either lie on the backside of
the dendrite or are pointing directly up at the viewer
cannot be seen reliably with standard light microscopy
(Trommald and Hulleberg, 1997). Thus measurements of
spine density with the light microscope will necessarily
underestimate the total number of spines. However, since
this a¡ects all neurons equally there is no direct e¡ect on
the di¡erences of the spine density between the two types
of projections. Thus the actual projection type di¡erences
in both dendritic and spine measurements may actually
be larger than observed in the present study because of
the possibility that more segments were cut in long pro-
jection neurons. We did not observe in the present study
signi¢cant di¡erences in spine densities across projection
types, although we cannot exclude the possibility that
regional constraints can a¡ect arborization patterns

Fig. 4. Histograms showing the quantitative data for long and
local projection neurons from the ¢ve macaque monkeys used in
this study. Statistically signi¢cant di¡erences are indicated by
asterisks (*P6 0.05; **P6 0.01). The bars represent means

US.E.M.

Fig. 5. Representative dendrograms of apical and basal dendritic
trees of long and local projection neurons. The soma of these neu-
rons would be located to the left of the dendrites (noted by a
dot). The dendrogram shows the general branching patterns of the
dendritic tree. It is also scaled in terms of length and complexity.
The long projection neurons have an apparently more complex
dendritic arborization than the local projection neurons. The basal
dendrites are shown under the apical tree of the same neuron in

each case. Scale bar = 50 Wm.
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and may be an in£uencing factor for the spine density
measurements (Lund et al., 1993; Jacobs et al., 1997,
2001; Elston and Rosa, 1997, 1998; Elston et al.,
1999a,b, 2001; Elston, 2000). In this context it should
be noted that the neurons of origin of long projections

appear to be larger than locally projecting neurons (Hof
et al., 1995) and have more elaborate dendritic trees
(Fig. 2). It is thus possible that spines are actually denser
in neurons from area 46 compared to neurons from the
superior temporal cortex as suggested by the observed

Fig. 6. Sholl analysis of long projection (dark) and local projection (gray) neurons in the ¢ve macaque monkeys. Asterisks
indicate statistically signi¢cant di¡erences across the dendritic trees (*P6 0.05; **P6 0.01). Values represent meansUS.E.M.
Cumulative frequency plots of the distribution of Sholl intersections along the dendritic trees also revealed statistically signi¢-
cant di¡erences between long and local projection neurons (insets; P6 0.002 for apical and total arbors and P6 0.05 for
basal arbors). The x and y axis values on the insets represent cumulative frequencies in % (for clarity, some of the data

points were omitted).
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trend. This may be functionally relevant in the context of
the role of the prefrontal networks in working memory
(Goldman-Rakic, 1995, 1996; Compte et al., 2000;
Miller and Cohen, 2001), in that these short projection
neurons are receiving convergent information from local
networks (Pucak et al., 1996; Melchitzky et al., 1998), on
a smaller dendritic tree.
Given the fact that prefrontal pyramidal neurons as a

group show a signi¢cantly higher degree of branching
than those in the temporal lobe (Elston, 2000; Elston
et al., 2001; Jacobs et al., 2001), the observed projection
type di¡erences in the dendritic length and complexity
reported here are particularly impressive, since the local
projection neurons were chosen from the prefrontal
region and the long projection neurons were sampled
from the temporal cortex. In this respect, it should be
noted that the prefrontal population of neurons investi-
gated by Elston and colleagues (Elston, 2000; Elston et
al., 2001) were sampled from a di¡erent region than in
the present analysis, namely, in the frontopolar area 10.
These authors also studied the inferior temporal cortex,
and focussed on the basal dendrites (Elston et al.,
1999a,b, 2001). Our data are, however, supported by a
recent study (Henry et al., 2002) that used a mass-multi-
fractal approach to quantify di¡erence in neuronal mor-
phology and showed signi¢cant di¡erences in the global
complexity of dendritic arborization between long and
local projection neurons. Furthermore, it could be
argued that the observed di¡erences could be attributed
to di¡erences in the a¡erent connectivity of the two areas
which in turn exhibit speci¢c architectural and functional
characteristics. In this study we focussed our analysis on
neurons labeled from a local injection and neurons dis-
tant from that site, based on our previous data on ma-
caque monkey corticocortical connectivity (Hof et al.,
1995). We have preliminary evidence from a limited sam-
ple of neurons that the reciprocal projection from area
46 to the superior temporal cortex does not di¡er in the
parameters analyzed here from the neurons projecting
from the temporal to the prefrontal cortex. Clearly,
future analyses of pyramidal cell morphology comparing
neurons of similar regional origin with di¡erent target
regions will be instructive.
One of the most signi¢cant structural features of the

neurons in the central nervous system is the potentially
large synaptic surface they attain by the extension of
their dendritic processes. Sholl (1955) estimated that den-
drites form 90^95% of the receptive surface of the neu-
rons in the cat sensorimotor and visual cortices. The
dendrites and spines of pyramidal cells are postsynaptic
sites for both excitatory and inhibitory inputs (DeFelipe
and Farin‹as, 1992; Somogyi et al., 1998). Therefore, dif-
ferences in the length and complexities in the dendritic
arbors of cortical pyramidal cells re£ect the putative dif-
ferences in the number of excitatory and inhibitory
inputs received by individual neurons (Jacobs et al.,
1997, 2001; Elston and Rosa, 1997, 1998; Elston et al.,
1999a,b, 2001; Elston, 2000). Thus, pyramidal cells
forming the long projections with more complex den-
dritic trees and more spines are likely to be able to inte-
grate a larger number of inputs, which is required to

perform complex cortical functions that underlie cogni-
tion (Bressler, 1995; Hof et al., 1995; Yuste and Tank,
1996; Mesulam, 1998; Miller and Cohen, 2001;
Nimchinsky et al., 2002). In contrast, the apparently
more limited dendritic arborizations of the local projec-
tion neurons in the prefrontal cortex may be a re£ection
of the fact that these neurons are predominantly the
targets of the intrinsic axonal patches (Lund et al.,
1993; Pucak et al., 1996; Melchitzky et al., 1998) that
enable local processing rather than extensive inter-
regional convergence. We cannot in the present study
ascertain that our local projection neurons do not fur-
nish some association projections to neighboring cortical
areas within the prefrontal cortex. Evidence for this type
of dual projections has been documented in detail in
double-labeling studies combined with electron microsco-
py that showed very similar numbers of asymmetric syn-
apses, nearly all of them on spines, formed by axons
traced from either local injection sites or through some
distance in the prefrontal cortex, indicating that the same
neurons can furnish both types of connections (Pucak et
al., 1996; Melchitzky et al., 1998).
The morphologic di¡erences between the two circuits

analyzed here are accompanied by other cellular special-
izations that are re£ected in neurochemical phenotype.
Other analyses (Hof et al., 1995, 2002) have shown
that the neurons furnishing the superior temporal cortex
to area 46 projection virtually all have a high abundance
of neuro¢lament protein in the somatodendritic domain,
whereas less than 25% of the neurons projecting within
area 46 display this attribute. The correspondence with
complex morphology described here suggests that the
abundant somatodendritic neuro¢lament protein is
required to support the dendritic arbor required for
extensive convergence in these circuits (Hof et al.,
1995). It is notable that this particular attribute may
also render the homologous neurons vulnerable to
degeneration in humans with Alzheimer’s disease (Hof
et al., 1990; Hof and Morrison, 1990; Morrison and
Hof, 1997).
Although these data compare only two di¡erent cir-

cuits, they suggest that neurons furnishing long projec-
tions interconnecting polymodal association cortices will
generally have more complex dendritic trees compared to
pyramidal neurons that project locally. The present
results agree and complement a recent study reporting
that callosal projections to areas 9 and 46 of the ma-
caque monkey prefrontal cortex have more extensive api-
cal and basal arbors then local ipsilateral projections
(Soloway et al., 2002). Interestingly, these authors
found higher spine densities on their long (callosal) pro-
jection neurons, pointing to the possible existence of a
range of spine distributions on corticocortical neurons
which may have considerable functional repercussions.
Clearly, the role played by corticocortically projecting
neurons in the superior temporal gyrus and in area 46
in cognitive processing requires integration of inputs
from a large number of other neocortical areas, para-
hippocampal areas, as well as thalamic nuclei. The
present data suggest that the extensive convergence is
re£ected on a cellular level as well as a regional level,
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in that the neurons providing connections from a distant,
functionally linked region have dendritic arbors and
spine numbers suitable for the reception of a large num-
ber of convergent inputs, implying that there is a system
linking neurons with a high capacity for convergence, as
one would expect. Such morphologic complexity subserv-
ing extensive convergence would be expected to be
re£ected in complex response properties (Yuste and
Tank, 1996) for neurons in superior temporal or prefron-
tal cortex (Miller and Cohen, 2001). Should the dendritic
arbor of these neurons be compromised, for example,
during aging (Page et al., 2002; Nimchinsky et al.,
2002), then their possible role in mediating cognition

would be compromised. Non-human primate studies
are currently underway to test this hypothesis.
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