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ABSTRACT

Dendritic geometry has been shown to be a critical determinant of information process-
ing and neuronal computation. However, it is not known whether cortical projection neurons
that target different subcortical nuclei have distinct dendritic morphologies. In this study,
fast blue retrograde tracing in combination with intracellular Lucifer yellow injection and
diaminobenzidine (DAB) photoconversion in fixed slices was used to study the morphological
features of corticospinal, corticostriatal, and corticothalamic neurons in layer V of rat motor
cortex. Marked differences in the distribution of soma, somal size, and dendritic profiles were
found among the three groups of pyramidal neurons. Corticospinal neurons were large, were
located in deep layer V, and had the most expansive dendritic fields. The apical dendrites of
corticospinal pyramidal neurons were thick, spiny, and branched. In contrast, nearly all
corticostriatal neurons were small cells located in superficial layer V. Their apical dendritic
shafts were significantly more slender, though spiny like those of corticospinal neurons.
Corticothalamic neurons, which were located in superficial layer V and in layer VI, had small
or medium-sized soma, slender apical dendritic shafts, and dendrites that were largely spine
free. This study indicates that, in layer V of rat motor cortex, each population of projection
neurons has a unique somatodendritic morphology and suggests that distinct modes of
cortical information processing are operative in corticospinal, corticostriatal, and corticotha-

lamic neurons. J. Comp. Neurol. 476:174-185, 2004.

© 2004 Wiley-Liss, Inc.

Indexing terms: dendrites; retrograde tracing; corticospinal; corticostriatal; corticothalamic;

intracellular injection

Pyramidal neurons are the predominant output neurons
of the neocortex and make up 80% of the total cortical neu-
ronal population. These cells are heterogeneous with regard
to somal size, somal shape, dendritic branching, spine den-
sity, axonal collateralization, and projection site (DeFelipe
and Farinas, 1992). Given that specific classes of intrinsic
and extrinsic afferents terminate in different cortical layers,
the laminar position and dendritic morphology of a neuron
will essentially determine the spectrum of inputs impinging
on the neuron, as well as neuronal computation of these
inputs, and ultimately will influence the propagation of ac-
tion potentials, coincidence detection, and synaptic plasticity
(Larkman and Mason, 1990; Johnston et al., 1996; Magee et
al., 1998; Vetter et al., 2001; Benavides-Piccione et al., 2002;
Holthoff et al., 2002; Williams and Stuart, 2002, 2003;
Hausser and Mel, 2003; Schaefer et al., 2003; Ariav et al.,
2003; Konur et al., 2003).

Previous studies have suggested that pyramidal cells in
different cortical layers exhibit diverse dendritic morphol-
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ogies (Feldman, 1984; Ghosh et al., 1988; Benavides-
Piccione et al., 2002; Elston and Rockland, 2002; Konur et
al., 2003; Buckmaster et al., 2004). Recently, numerous
studies have demonstrated that projection neurons di-
rected to different targets are distinguished by somal size
and laminar origin in a number of species, e.g., rat, rabbit,
cat, dog, and monkey (Macchi and Bentivoglio, 1986; Wil-

Grant sponsor: National Science Foundation of China; Grant number:
39570244.

Wen-Jun Gao’s current address is Department of Neurobiology, Yale
University School of Medicine, SHM B403, 333 Cedar St., New Haven, CT
06510.

*Correspondence to: Wen-Jun Gao, Department of Neurobiology, Yale
University School of Medicine, SHM B403, 333 Cedar St., New Haven, CT
06510. E-mail: wen-jun.gao@yale.edu

Received 27 March 2002; Revised 28 April 2004; Accepted 28 April 2004
DOI 10.1002/cne.20224
Published online in Wiley InterScience (www.interscience.wiley.com).



SOMATODENDRITIC MORPHOLOGY OF PYRAMIDAL NEURONS

son, 1987; McGeorge and Full, 1989; Ebrahimi et al.,
1992). Moreover, it is increasingly apparent that, even
within a single layer of visual or sensory cortex, pyramidal
cells exhibit pleomorphic dendritic arbors and patterns of
axonal collateralization that correlate with their projec-
tion targets or electrophysiological properties (Katz, 1987;
Yamamoto et al., 1987a; Hallman et al., 1988; Hubener et
al., 1990; Kim and Connors, 1993; Buckmaster et al.,
2004).

As in other neocortical areas, the motor cortex contains
pyramidal neurons with highly variable morphologies
(Chen et al., 1996; Franceschetti et al., 1998). Corticospi-
nal neurons (PTN) in layer V of cat motor cortex not only
have unique morphologic features that correlate with
their conduction velocities (Deschenes et al., 1979; Ghosh
et al., 1988) but also exhibit distinct distributions of syn-
apses on their dendrites (Liu et al., 1991). Pyramidal
neurons in motor cortex also project to other subcortical
areas, such as striatum and thalamus, in addition to spi-
nal cord. However, it is not known whether layer V pyra-
midal cells in motor cortex that project to different sub-
cortical targets differ morphologically with respect to
dendritic arborization and spine distribution. In the
present study, we investigated the dendritic morphologies
and sublaminar distribution of corticospinal, corticostria-
tal, and corticothalamic neurons (PTN, CSN, and CTN,
respectively) in layer V of rat motor cortex by means of
fluorescent retrograde tracing combined with intracellular
injection in fixed brain slices.

MATERIALS AND METHODS
Surgery and perfusion

This study is based on the results obtained from 30
adult male Sprague-Dawley rats weighing 200-300 g.
Twenty-four animals were injected with fast blue (FB;
Sigma, St. Louis, MO) in one of three subcortical sites to
label PTN, CSN, or CTN, respectively. For the injection
surgery, the rats were anesthetized with sodium pento-
barbital (Nembutal; 42 mg/kg body weight, i.p.), and the
heads were immobilized in a stereotaxic apparatus. Injec-
tions into the caudate-putamen nucleus (CPu) and the
parafascicular nucleus of the thalamus (Pf) were based on
coordinates from the atlas of Karl Zilles (1985). All FB
injections were delivered via a glass pipette attached to a
1.0-pl Hamilton syringe and were infused over a period of
10—20 minutes. 1) For PTN injections, FB (3%, 0.1-0.3 ul)
was injected into the lumbar enlargement of spinal cord.
2) For CSN injections, a lateral approach was used for the
CPu injections to avoid dye pollution of the motor cortex.
A small opening was made in the left side of the cranial
bone above the parietal cortex. FB (3%, 0.1 ul) was pres-
sure injected into dorsolateral portion of the CPu (AP 0-1
mm, DV 4-5 mm, RL 3.0 mm to bregma). 3) For CTN
injections, a direct vertical approach was used to inject FB
(0.05 wl, 3%) into the Pf (AP 4.2, RL 1.1, DV 6.0 mm to
bregma). After all injections, the needle was maintained
in situ at least 5-10 minutes to prevent FB leakage along
the pathway of the needle. The glass pipette was then
withdrawn, the incisions were sutured, and the animals
were allowed to survive for 3-7 days.

An additional six rats were used for fluorescent double
labeling to compare directly the distributions of projection
neuron populations within layer V and to determine
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whether single pyramidal neurons project to more than
one subcortical target area. Pair combinations were PTN-
CSN, PTN-CTN, and CTN-CSN. First, 3% FB was injected
into CPu; 3 days later, nuclear yellow (1%, 0.05 pl; Molec-
ular Probes Inc., Eugene, OR) was injected into the lum-
bar enlargement of the spinal cord or into the Pf, and
animals were allowed to survive for an additional 2440
hours.

The animals were overdosed with sodium pentobarbital
intraperitoneally and were perfused through the ascend-
ing aorta with 100 ml 0.9% saline to rinse the vascular
system, followed by 300 ml fixative [2% paraformalde-
hyde + 0.1-0.5% glutaraldehyde in 0.1 M phosphate
buffer (PB), pH 7.4, 4°C]. The lightly fixed brains were
removed and stored in 10% sucrose-PB solution overnight
at 4°C.

Histology and intracellular injection with
Lucifer yellow

The brains were cut on a Vibratome (Oxford) into alter-
nating 300-pm-thick slices and 50-pm-thick sections in a
plane orthogonal to the gyrus and parallel to the dendritic
orientation of pyramidal neurons. One 300-pm slice was
cut for intracellular injection of Lucifer yellow (LY; see
below) followed by two 50-um sections that were mounted
on slides to localize the FB injection site and to photo-
graph cells retrogradely labeled with FB. This pattern of
one thick and two thinner sections was repeated through-
out the motor cortex. The 50-um sections were counter-
stained with cresyl violet to determine the laminar distri-
bution of retrogradely labeled neurons. The brains used
for fluorescent double labeling were serially sectioned at
30 pm in the same orthogonal plane and mounted on
gelatin-coated slides, then directly observed under an
Olympus BX70 epifluorescence microscope and photo-
graphed.

The method used for intracellular injection of LY (pro-
vided by Dr. W. Stewart) in fixed slices has been reported
elsewhere (Buhl and Lubke, 1989; Gao et al., 1996). In
brief, while slices were visualized under a Leitz epifluo-
rescence microscope (Leica Microsystems, Wetzlar, Ger-
many), LY (4%) was infused into the FB-labeled cells with
a negative DC current of 1-5 nA for 5-20 minutes via a
glass pipette (tip diameter <1 pm). LY rapidly diffused
into neuronal soma and dendrites. Successful injection
was characterized by complete filling of the dendritic ar-
bor, including small-caliber (<1 um) dendrites and spines.
The slices were then immersed in diaminobenzidine
(DAB) solution [dissolved in 0.05 M Tris buffer (TB), pH
8.2] for 2-5 minutes and irradiated for 15-30 minutes
with LY excitation wavelengths (430—490 nm) until all
visible fluorescence had faded and the brown DAB reac-
tion had product formed. Excess DAB was washed out
with several rinses in phosphate buffer (PB). The slices
were mounted on gelatin-soaked slides, air dried, dehy-
drated in an ascending series of ethanols, cleared in xy-
lene, and coverslipped with neutral resin.

Data analysis

All morphological measurements of DAB-photo-
converted neurons were performed at X500 magnification
under a Leitz brightfield microscope unless otherwise
stated. Two measurements of somal size were taken, so-
mal width and somal height. The latter was measured
from the bottom of the soma to the point where the soma
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joined the primary apical dendrite (Yamamoto et al.,
1987a). Reconstruction of the injected neurons was per-
formed with the aid of camera lucida drawing tube. The
cortical laminar location of LY-injected cells and FB-
labeled cells was determined by comparison with adjacent,
cresyl violet-stained sections. The areal extent of the
basal, oblique, and apical dendritic fields was defined as
illustrated in Figure 1. All measurements of the dendritic
fields were processed through a computer-assisted Com-
plot 7,000 digitizer from the camera lucida-drawn cells
described above and were further analyzed with the Sholl
(1953) method.

Detailed analyses of spine distributions were performed
on neurons drawn under a X100 oil-immersion lens with
the aid of a camera lucida at a total magnification of
x1,250. All neurons were drawn for arbitrary classifica-
tion of spine density: neurons were classified as spine
dense (=20 spines/50 pm), spine sparse (<20 spines/50
pm), and spine free. Some spine-free neurons were addi-
tionally classified as “probable” if only a few profiles were
observed that could not be definitively identified as spines.
For analysis of spine distribution, the two most spine-
dense neurons from each projection population were se-
lected, and three oblique dendrites, three basal dendrites,
and the apical dendritic trunk of each of these neurons
were analyzed. The number of spines along each 10-pm
dendritic segment was counted for oblique and basal den-
drites; the number of spines along each 50-pm dendritic
segment was counted for apical dendrite shafts. Correc-
tions were not made for tissue shrinkage during histolog-
ical processing nor for spines hidden by the dendritic
shaft. Axonal staining was not complete or consistent
enough with this methodology to allow morphologic com-
parison of the three projection neuron populations.

Statistical analysis

Pearson’s correlation analysis was performed on all rel-
evant pairs of parameters in each of the three projection-
specific populations; parameters included somatic size,
somatic cut area, apical dendritic length, stem number of
oblique and basal dendrites, and dendritic field areas. A
two-way ANOVA, or rank sum test for the samples with
great variance, was used to test for statistical significance.
All measurements are expressed as means *= SD.

RESULTS

In total, 87 neurons were injected intracellularly and
photoconverted by DAB; however, detailed morphometric
analysis was limited to the 44 completely filled cells. The
remaining cells, which had truncated dendritic profiles,
were eliminated from the data set.

Areal and laminar origin of subcortical
projection neurons

PTN had large soma that were found in a well-defined,
dense band in contralateral Vb. Most labeled cells were
distributed in the rostral part of lateral agranular cortex
(Agl; the primary motor cortex; Zilles, 1985). Fewer cells
were located in medial agranular cortex (Agm) and in
secondary somatic sensory cortex (SII; Fig. 2A, Table 1).
In contrast to PTN, CSN were significantly smaller (F =
298.2, P < 0.001) and were found predominantly in ipsi-
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Fig. 1. Drawing illustrating the neuronal landmarks used to de-
termine the areal extent of apical, oblique, and basal dendritic fields.
The apical dendritic field was defined as a polygon whose top was
formed by lines connecting the distal tufts, whose sides were formed
by lines connecting the tips of the oblique dendrites and whose base
was formed by a line intersecting the stem of the apical dendrite. A
similar polygonal area represented the oblique dendritic field; the
sides of this field were also defined by lines connecting the tips of the
oblique dendrites and base by a line intersecting the stem of the apical
dendrite. However, the top was defined by a line intersecting the tips
of the distal-most oblique dendrites (line indicated by arrows). The
basal dendritic field formed an area beneath the soma that was
defined by connecting all the points represented by the distal tips of
the basal dendrite with the line formed by the base of the pyramidal
cell soma (area below soma).

lateral prefrontal cortex and motor cortex (Table 1). How-
ever, both the areal distribution and the relative number
of labeled cells varied with the locus of the striatal injec-
tion. In the prefrontal cortex, densely labeled CSN
spanned laminae II-VI, whereas, in primary motor cortex,
most cells were located in Va, with a few found in Illc
bilaterally (Fig 2B). CTN soma were significantly smaller
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than PTN soma (F = 288.9, P < 0.001) and were observed
in both layers Va and VI contralaterally (Fig. 2C,D, Table
1). Significant differences were found in the average depth

Fig. 2. Photomicrographs of retrogradely labeled fluorescent PTN,
CSN, and CTN showing the laminar distributions in the contralateral
motor cortex after injection of FB in the lumbar spinal cord, dorsolat-
eral part of caudate-putamen nucleus, and parafascicular nucleus of
thalamus (injection site also shown), respectively. A: PTN were
heavily labeled in a dense, compact band in deep layer V (Vb). B: In
contrast, CSN were dispersed throughout the superficial part of layer
V (Va) and extended into deep layer III (ITIc). C: The injection site of
FB in the parafascicular nucleus of thalamus appears as a teardrop-
shaped white area. The fasciculus retroflexus (asterisk) and the lat-
eral ventricle (V) are indicated for anatomic orientation. D: The vast
majority of retrogradely labeled CTN cells was located in layers Va
and VI. Scale bar = 200 pm in D (applies to A,B,D); 400 pm for C.

177

from the pial surface between PTN and CSN (P < 0.01)
and between PTN and CTN (P < 0.05). CSN and CTN did
not differ from each other in laminar depth or somal size
(Table 1).

Fluorescence double labeling failed to show any double-
labeled PTN-CSN or PTN-CTN cells in the motor cortex.
However, a few (<5%) double-labeled CTN-CSN neurons
were found. This finding is consistent with the overlap-
ping distribution of CTN and CSN in Va of motor cortex
(data not shown).

Dendritic morphology of subcortical
projection neurons

Apical dendritic shafts. PTN had thick apical den-
drites that tapered gradually in an ascending course to-
ward the pial surface. Many (9/16, 56%) bifurcated two to
four times at variable positions within layer III, generally
within 300 pm of the soma, and in so doing gave rise to
multiple, parallel dendritic trunks that terminated in sev-
eral small, horizontally oriented tufts in layer I (Figs. 3A,
4A, 5, Table 1). In comparison with PTN, CSN had thinner
apical dendritic shafts that changed very little in diameter
in their traverse to the pial surface (Figs. 3B, 4B, 5). The
majority of CSN shafts did not bifurcate. As with CSN,
most CTN were also characterized by thin apical dendritic
shafts of a relatively homogeneous diameter that did not
bifurcate (Figs. 3D, 5, Table 1).

Quantitative comparison of apical dendritic features
among the three groups revealed that PTN had a signifi-
cantly larger diameter of apical dendritic shafts at 100 um
from the soma relative to CSN (F = 46.624, P < 0.005) or
CTN (F = 93.126, P < 0.001; Table 1), with no difference
between CSN and CTN (F = 1.664, P = 0.238). Consis-
tently with the depth of their soma relative to the pial
surface, PTN had the longest average apical dendritic
lengths, CSN had the shortest, and CTN apical dendrites
were intermediate in length (Figs. 6, 8A). Apical dendritic
lengths were not correlated with somatic sizes or somatic
cut areas for any of the three populations.

Oblique dendrites. The stem numbers of oblique den-
drites and their spatial expanse were very similar for the
three populations of neurons (Table 1, Fig. 4; note, how-
ever, that the CTN shown in Fig. 4C is atypical in having
few oblique dendrites). Generally, oblique dendrites
branched from the apical shaft in layers V and III above
the cell body. Although the longest of these branches was

TABLE 1. Somatodendritic Morphology of Subcortical Projection Neurons in the Motor Cortex

PTN (n = 16) CSN (n = 13) CTN (n = 15) Statistics
Layers of origin Vb Va, Illc Va, VI
Depth of soma (m) 824.1 + 169.28 601.7 + 241.77 713.7 + 164.41 aZ, b
Soma size (um) 21.2 + 2.63 X 25.2 + 3.87 15.7 + 2.22 X 16.2 + 5.19 15.5 + 2.36 X 18.9 + 3.48 as, b’
Somatic cut area (um?) 536.0 + 123.38 253.0 + 83.62 294.6 + 79.11 a’, b?
Number of AD bifurcations 9 0 1
Diameter of AD 25 pm to soma 6.9 + 0.83 3.5 + 0.99 4.1+ 1.04 a’, b?
Diameter of AD 100 wm to soma 4.2 + 0.63 2.8 = 0.64 2.6 = 0.76 aZ, b®
Stem number of OD 8.8 +2.27 7.5 = 2.30 7.9 = 2.83
Stem number of BD 5.2 + 1.28 7.3+ 1.65 5.3 + 1.63 ad, ¢
Number of terminal tips of BD 3.9+ 2.39 2.8 + 1.46 44 + 157 aZ, ¢?
Dendritic field of AD (um?) 54,500 + 19,500 40,900 * 10,800 49,800 = 19,700
Dendritic field of OD 45,300 * 11,100 40,600 * 15,000 42,800 * 21,800
Dendritic field of BD 66,700 + 29,200 57,300 + 21,300 65,100 + 25,700 al

1P < 0.05.
2p <0.0L
3P < 0.001.

AD, apical dendrite; BD, basal dendrite; OD, oblique dendrite; CSN, corticospinal neurons; CTN, corticothalamic neurons; PTN, corticospinal neurons. a, comparison between PTN

and CSN; b, comparison between PTN and CTN; ¢, comparison between CSN and CTN.
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Fig. 3. Photomicrographs of intracellularly LY injected and DAB
photoconverted cells in 300-pm-thick slices. A: A Nomarski photo-
graph of a DAB photoconverted PTN shows the large cell body and a
thick apical dendritic trunk that bifurcates into two parallel apical
dendrites. B: A typical CSN has a smaller soma and more slender and
even-caliber apical dendritic shaft. An LY intracellularly labeled (C)
and DAB-photoconverted (D) CTN is shown to illustrate the small
soma and nonbifurcating apical dendrite. Scale bar = 50 pum.

400 pm, their lengths ranged from 50-200 pm (mean
162.9 + 37.70 pm). For all three populations, stem num-
ber varied greatly (range 4—-12, Table 1) and often had
secondary or tertiary order branches, resulting in a total
of ~16 distal endings or tips. However, some characteris-
tics of oblique dendrites differed among the three pyrami-
dal cell populations. For example, most oblique dendrites
on PTN and CTN originated within 200 pm of the soma,
whereas oblique dendrites of CSN branched closer to the
soma (*+150 pm). In addition, a significant positive corre-
lation was found between the number of oblique dendrites
and the length of the apical dendritic shaft for CSN (r® =
0.648), but not for PTN (r? = 0.123) or CTN (r* = 0.224;
Fig. 6).

Basal dendrites. Basal dendrites of the three classes
of pyramidal neurons also shared many common features.
For instance, the branching pattern, as measured by the
number of tips arising from each stem, was highly vari-
able (ranging from 1 to 12) in all three populations, result-
ing in large standard deviations of the mean value of tips
for all three pyramidal classes (Table 1). Most of the
branching occurred proximal to the soma, and this dif-
fered from the pattern on oblique dendrites (Fig. 7). In
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addition, certain characteristics distinguished basal den-
drites among the three neuronal populations. PTN and
CTN basal dendrites were similar (F = 1.672, P = 0.217)
in morphology but significantly differed from CSN den-
drites in having fewer primary “stem” basal dendrites
(PTN vs. CSN: F = 102.4, P < 0.001; CTN vs. CSN: F =
288.3, P < 0.001) and number of terminal tips (PTN vs.
CSN: F =6.936, P < 0.01; CTN vs. CSN: F = 79.3, P <
0.001; Table 1).

Dendritic field area. The basal dendritic fields of
PTN were similar to those of CTN (F = 1.474, P = 0.328)
but significantly larger compared with CSN fields (F =
5.852, P < 0.05; Table 1). In addition, Sholl analysis indi-
cated that the basal dendrites of CSN extended outward
only 200 pm from soma, a radial distance shorter than
that of either CTN or PTN (Fig. 7A). Apical dendritic field
sizes did not differ among three neuronal populations
(Table 1), although PTN had significantly longer apical
dendrites in comparison with CSN (F = 6.35, P < 0.01).
The lack of a significant difference may indicate that the
PTN have longer, but narrower, apical dendritic fields or
might be due to the considerable variability among indi-
vidual neurons. Oblique dendrites of all three pyramidal
populations had generally similar areal field sizes and
radial expanses (Table 1, Fig. 7).

Spine distribution. The three morphologic classes of
spines described previously by Peters and Kaisermann-
Abramof (1970), i.e., mushroom-shaped, stubby, and thin
spines, were all observed in the present study, although
most spines belonged to the thin spine category. Classifi-
cation of neurons according to spine density as described
above revealed that all three populations of neurons had
both spine-dense and spine-sparse neurons (Table 2). Only
CTN were definitively classified as spine free, and notably
spine-free CTN constituted 53.3% (8/15) of all CTN stud-
ied, or 66.7% (10/15) of all CTN if probable spine-free
neurons were included (Table 2, Fig. 8). In comparison,
only two PTN were classified as spine free, and there was
some uncertainty about the classification (Table 2).

The general patterns of spine distribution, as assessed
in the two most spine-dense neurons in each population,
were similar in PTN, CSN, and CTN. The most proximal
portions of the apical and basal dendrites were always
devoid of spines (Figs. 8F, 9A,C). The length of the spine-
free segment on the primary basal dendrite was compara-
ble in the three neuronal populations (~20 pm); in con-
trast, the spine-free segment of the apical dendritic shafts
varied greatly in length, with PTN having the longest
(56070 pm), CSN having the shortest (~20 pm), and CTN
having an intermediate length (30—40 pm) spine-free seg-
ment. In all three populations, spine density on apical
dendritic shafts increased to a peak density midway be-
tween the soma and the distal dendritic tufts and then
gradually decreased on apical dendritic shafts as den-
drites ascended toward the pial surface (Fig. 8A—C). Like-
wise, in all three populations of neurons, oblique dendrites
were covered with spines. Finally, there was a marked
reduction in spine density on oblique branches in layer I,
and the distal tips of basal and oblique dendrites had few
spines.

In contrast, spine density differed among the three pop-
ulations of neurons on both basal (F = 3.214, P = 0.055)
and oblique (F = 62.002, P < 0.001; Fig. 9) dendrites.
Comparison of spine densities on basal dendrites among
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Fig. 4. Representative, camera lucida-drawn PTN, CSN, and
CTN. A: A typical spiny PTN in deep layer V (Vb) of motor cortex is
illustrated. The large soma had a thick apical dendrite that tapered as
it ascended toward the pial surface and bifurcated twice to produce
three parallel apical dendritic trunks that terminated as small hori-
zontal tufts in layer I. The axon (a) also can be seen clearly. B: A CSN
with a spine-dense dendritic tree is located in layer Va. These had

the three groups revealed that PTN and CSN had signif-
icantly more spines relative to CTN (F = 10.034, P < 0.01
and F = 9.505, P < 0.01, respectively), with no difference
between PTN and CSN (F = 0.425, P = 0.525). Similarly,
the spine density on the oblique dendrites of PTN was
significantly greater than that of CTN (F = 10.880, P <
0.01); no significant differences were observed between
PTN and CSN (F = 4.087, P = 0.056) as well as between
CSN and CTN (F = 1.425, P = 0.244).

Though not studied in detail, spine distribution on
spine-sparse neurons differed from that of spine-dense
neurons for all three populations. The apical dendritic
trunks of spine-sparse neurons were nearly devoid of
spines, and the primary branches of oblique dendrites on
spine-sparse cells had greatly reduced spine density rela-
tive to the secondary branches.

DISCUSSION

The somatodendritic morphology of PTN, CSN, and
CTN has been revealed in detail by a combination of
retrograde tracing and intracellular injection in fixed
slices. We uncovered striking differences between PTN
and CSN in layers of origin, somal size, and dendritic
profiles. CTN more closely resembled CSN but also exhib-
ited some features in common with PTN.
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Vi

small soma and thin apical dendrites that gave off oblique branches in
their ascending course to layer I. C: An aspiny CTN located in the
superficial part of layer V (Va) is shown. These cells were generally
small or medium-sized neurons with thin apical dendritic trunks that
gave rise to several oblique dendritic branches. The cell illustrated
here is not representative of the population as a whole with respect to
number of oblique dendrites. Scale bar = 100 pm.

Methodological considerations

The advantages of the techniques used here have been
well described elsewhere (Buhl and Lubke, 1989; Hubener
et al.,, 1990). In our study, the intracellular injection
method produced nearly complete filling of the dendritic
tree, with exception of the axonal processes. In most neu-
rons, dye was observed in fine basal and oblique terminal
dendrites (diameter <1 pm) and in spines. In the majority
of filled neurons, the apical dendrite extended into layer I
and ended in a cluster of small dendritic tufts, in accor-
dance with descriptions of layer V pyramidal cell den-
drites from Golgi studies (Feldman, 1984; DeFelipe and
Farinas, 1992) and in vivo intracellular injection (Wilson,
1987; Cowan and Wilson, 1994).

One potential drawback of intracellular injection meth-
odology is the need to use thick slices. Only the FB-labeled
cells just below the surface of a slice are visible because of
the general opaqueness of the tissue. In addition, super-
ficially located perikarya were impaled more easily than
those lying deeper in the slice. As a result, some intracel-
lular injections filled only a portion of the dendritic tree,
because the remainder of the dendritic arbor was not
present within the slice containing the cell body. A sys-
tematic error of this nature might interfere with quanti-
tative analysis of neurons in three dimensions, but, for
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Fig.5. Comparison of the diameter of apical dendritic shafts in the
three cell classes. PTN possessed significantly thicker apical den-
drites relative to both CSN (P < 0.01) and CTN (P < 0.001), which had
very slender apical dendrites. The apical dendritic shafts of PTN
tapered in the first 100 pm from the soma, whereas apical dendrites
of CSN and CTN changed relatively little in diameter.

two-dimensional analyses such as those performed in the
present study in which only that portion of the dendritic
tree located in the same plane as the cell soma was exam-
ined, this error did not significantly affect the results.
Moreover, the somatic locations of intracellularly stained
PTN, CSN, and CTN were quite comparable to the lami-
nar distributions previously described for a larger sample
of cells retrogradely labeled by horseradish peroxidase
(HRP; Wise and Jones, 1977). Thus, our sample of intra-
cellularly injected cells was not biased toward larger cells
and was representative of the whole population of PTN,
CSN, and CTN.

Laminar distribution of projection neurons

PTN were situated contralateral to the injection site in
layer Vb and, therefore, did not overlap the more superfi-
cially located CSN and CTN neurons in layer Va. The
distribution of the three efferent populations of cells in
layer V reported here is consistent with findings from
tract tracing studies in rat (Wise and dJones, 1977;
Catsman-Berrevoets et al., 1980; Catsman-Berrevoets
and Kitai, 1981; Miller, 1987), cat (Catsman-Berrevoets
and Kitai, 1981), and monkey (Catsman-Berrevoets and
Kuypers, 1978). CSN were located in layer III, as well as
in layer Va, and were distributed both ipsilateral and
contraleral to the injection site. The cells of origin of the
crossed corticostriatal projection were of the same size and
had the same laminar distribution as those of the ipsilat-
eral cells, as previously reported (Jones et al., 1977; Ger-
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Fig. 6. A positive correlation between the number of oblique den-
drite and length of apical dendritic shaft was observed only in CSN
(B) and not PTN (A) or CTN (C).

fen, 1989; Akintunde and Buxton, 1992). CTN soma that
projected to the Pf nucleus were located mainly in layers
VI and Va, in agreement with the results of previous HRP
studies in cat (Royce, 1983a; Rouiller and Welker, 2000).

In the present study, only a small percentage of projec-
tion neurons was doubly labeled, and all formed collateral
projections to the striatum and thalamus, an observation
consistent with previous reports of retrograde studies
(Catsman-Berrevoets et al., 1980; Donoghue and Kitai,
1981; Wilson, 1987; Royce, 1983b) and results of juxtacel-
lular anterograde labeling (Deschenes et al., 1994; Zhang
and Deschenes 1997; Veinante et al., 2000). However,
Donoghue and Kitai (1981) also reported that collaterals
from corticospinal neurons entered the striatum, a finding
that was not corroborated in this study.

Dendritic morphology in relationship to
physiological properties
In the motor cortex of cat and monkey, PTN in layer V
with fast and slow axonal conduction velocities have been
shown to exhibit distinct dendritic characteristics (De-
schenes et al., 1979; Landry et al., 1984; Liu et al., 1991;
Baranyi et al., 1993). Fast PTN have larger somata than
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Fig. 7. Sholl plots showing the number of intersections made by
PTN (A), CSN (B), and CTN (C) dendrites with a series of concentric
circles placed at regularly spaced distances from the soma (for basal
dendrites) or from the apical dendritic shaft (for oblique dendrites).
The overall pattern of dendritic complexity was similar among the
three neuronal populations, although basal dendrites of CSN were
generally shorter than those of PTN and CTN.

slow PTN, and their dendritic fields occupy a larger terri-
tory in the tangential plane relative to that of slow PTN.
Also, dendrites of fast PTN are smooth and devoid of
spines, whereas dendrites of slow PTN have a moderate
number of spines. Thus, even neurons that belong to the
same efferent system may have distinct dendritic mor-
phologies, perhaps reflecting differences in the way in
which these cells integrate afferent information. It is note-
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TABLE 2. Classification of Projection Neurons Based on Spine Density

PTN CSN CTN
(n = 16) (n = 13) (n = 15)
Spine dense (=20 spines/50 pm) 8 4 2
Spine sparse (<20 spines/50 um) 6 9 3
Spine free, definite 0 0 8
Spine free, probable 2 0 2

worthy that all of the injected PTN in the present study,
with the exception of two that were not definitively clas-
sified, belonged to the slow PTN, because all bore spines.
This observation is consistent with Cowan and Wilson’s
study (1994) showing that all PTN in rat had anatomical
and physiological properties corresponding to those of
slow PTN in cat and monkey (Donoghue and Kitai, 1981).

Intrinsic burst firing is another physiologic property
that has been shown to correlate with somatic location
and dendritic morphology (Bannister and Larkman,
1995a,b). Neurons in layer Vb in the visual cortex of cat
(Hubener et al., 1990) exhibit burst firing and also have
large, thick apical dendritic trunks (Church and Baim-
bridge, 1991). This is consistent with the situation in layer
V of the rat neocortex; large cells with long, thick apical
trunks were burst spiking, whereas smaller cells with
thinner, shorter apical trunks were regularly spiking
(Chagmac-Amitai et al., 1990; Mason and Larkman,
1990). Our results indicated that the pyramidal neurons
in sublayer Vb of motor cortex had thick apical shafts,
whereas those in Va had slender ones. At present, it is not
known whether the thick PTN cells of Vb are physiologi-
cally burst spiking and the slender CSN and CTN neurons
of the Va are regularly spiking neurons.

Insofar as afferents from different intrinsic and extrin-
sic sources synapse in a lamina-specific fashion, the size
and spatial expanse of the dendritic tree influence the
integration of excitatory and inhibitory inputs impinging
on the neuron (Larkman, 1991a,b; Holthoff et al., 2002;
Konur et al., 2003; Buckmaster et al., 2004). Therefore, a
detailed description of the neuronal dendritic structure of
any given neuronal population is important for the devel-
opment of models of active and passive summation of
synaptic information on the population. In this study, we
found that PTN had larger dendritic fields than neighbor-
ing CSN and CTN. These findings indicate that PTN
might receive more diverse input information from a
broader range of intrinsic and extrinsic sources than do
CSN or CTN.

Spine distribution

Numerous studies have addressed the possible role of
dendritic spines in information processing, synaptic plas-
ticity, and neuroprotection (Harris and Kater, 1994; Segal,
1995, 2002; Yuste and Denk, 1995; Shepherd, 1996; En-
gert and Bonhoeffer, 1999; Maletic-Savatic et al., 1999;
Yuste et al., 2000; Sabatini et al., 2001; Konur et al.,
2003). Spine density varied widely in each of the three cell
classes in the present study. However, the total numbers
of spines on PTN was clearly greater than that of either
CSN or CTN, because their spine density was higher and
the dendritic arbor was larger. Among the three efferent
neuron populations studied, CTN had the fewest spines,
and most CTN were devoid of spines. Although this find-
ing contradicts data from Golgi studies indicating that



Fig. 8. Photographs showing spine distribution on the midsection
of apical dendrites of PTN (A), CSN (B), and CTN (C). Spines were
clearly visible on both the apical dendritic shafts and the proximal
part of their oblique branches of PTN and CSN but were very sparse

spines are present on dendrites of all typical pyramidal
cells (DeFelipe and Farinas, 1992), it is in agreement with
numerous previous studies using intracellular injection of
dyes, which have found some layer V pyramidal cells that
were spine-free in monkey and cat motor (Labelle and
Deschenes, 1979; Deschenes et al., 1979; Hamada et al.,
1981a,b; Liu et al., 1991), cat somatosensory (Yamamoto
et al., 1987b, 1990), cat parietal (Samejima et al., 1985;
Yamamoto et al., 1987a), and cat visual (Gabbott et al.,
1987; Hubener et al., 1990) cortices.
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in CTN. Spines on the basal dendrites of PTN (D), CSN (E), and CTN
(F) are illustrated. G: Example of a spine-free basal dendrite belong-
ing to a CTN is shown. Scale bar = 25 pm.

We are aware that spine density measurements in the
present study represent an underestimate of true spine
density. As is true of most data in the existing literature,
our analyses did not take into account tissue shrinkage
(Trommald et al., 1995), nor were spine counts corrected
for spines that were hidden behind the shaft of the den-
drite (Feldman and Peters, 1979). Fixation might also
diminish spine counts, in that intracellular injections in
living brain slices stains more spines than comparable
intracellular injections in fixed slices (Bannister and
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Fig. 9. Spine distribution at regularly spaced distances from the
soma (for apical dendritic shafts and basal dendrites) or from the
apical dendritic shaft (for oblique dendrites). A: There were signifi-
cantly more spines on apical dendritic shafts of PTN and CSN than on
CTN. Moreover, spines on PTN were distributed at a greater distance
from the soma than those of CSN or CTN. Spines on oblique (B) and
basal (C) dendrites were distributed mainly in the middle segments in
all three populations. PTN had the greatest spine density on oblique
and basal dendrites, whereas spine distribution on CTN dendrites
was the least dense.

Larkman, 1995a,b), as performed in this study. However,
spine density on spine-dense pyramidal neurons in the
motor cortex in this study was very similar in magnitude
to the measured density based on Golgi stained neurons in
the neocortex (DeFelipe and Farinas, 1992). Therefore, we
believe that spine staining in fixed slices accurately re-
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flects the overall distribution of spines on three classes of
projection neurons.

Functional implications

Recent advances in electrical and optical recording tech-
niques have shown that dendritic signaling is a remark-
ably diverse and dynamic process (Magee et al., 1998;
Hausser et al., 2000; Williams and Stuart, 2002, 2003).
The varied morphologic, electrical, and chemical proper-
ties of dendrites afford a wide spectrum of computational
options, which in turn allows individual neurons to carry
out specialized functions within their respective networks
(Larkum et al., 1999; Hausser et al., 2000; Reyes, 2001;
Poirazi and Mel, 2001; Segel, 2002; Hausser and Mel,
2003; Schaefer et al., 2003). In addition, differences in
dendritic morphology in part may determine the extent of
back-propagation and forward-propagation of action po-
tentials (Vetter et al., 2001; Williams and Stuart, 2003) as
well as intrinsic firing patterns (Connors and Gutnick,
1990; Mainen and Sejnowski, 1996). The efficacy of action
potential back-propagation in layer V pyramidal neurons
correlates with the number and branching pattern of api-
cal oblique branches and the diameter of the apical trunk
(Kim and Connors 1993; Schaefer et al., 2003). Therefore,
back-propagation of action potentials may occur more fre-
quently in PTN than in other pyramidal cell populations,
insofar as these neurons have thick apical dendritic
trunks giving rise to many oblique branches. Overall, our
finding of target-specific differences in somatodendritic
morphology of layer V neurons in motor cortex suggests
that corticospinal, corticostriatal, and -corticothalamic
neurons have distinct capabilities with respect to integra-
tion and processing of afferent information, because even
subtle differences in dendritic structure may contribute
substantially to neuronal function (Mainen and
Sejnowski, 1996; Schaefer et al., 2003).
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