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Abnormalities in the processes of the generation and/or pruning of dendritic spines have
been implicated in several mental disorders including autism and schizophrenia. We have
chosen to examine the common marmoset (Callithrix jacchus) as a primate model to
explore the processes. As a first step, we studied the postnatal development of basal
dendritic trees and spines of layerlll pyramidal cells in the primary visual sensory cortex
(V1), a visual association cortex (inferior temporal area, TE), and a prefrontal cortex (area
12, PFC). Basal dendrites in all three areas were longer in adulthood compared with those
in the newborn. In particular, rapid dendritic growth occurred in both TE and PFC around
the second postnatal month. This early growth spurt resulted in much larger dendritic
arbors in TE and PFC than in V1. The density of the spines along the dendrites peaked at
3 months of age and declined afterwards in all three areas: the degree of spine pruning
being greater in V1 than in TE and PFC. The estimates of the total numbers of spines
in the basal dendrites of a single pyramidal cell were larger in TE and PFC than in V1
throughout development and peaked around 3 months after birth in all three areas. These
developmental profiles of spines and dendrites will help in determining assay points for
the screening of molecules involved in spinogenesis and pruning in the marmoset cortex.
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INTRODUCTION

Investigating the mechanisms underlying neuropsychiatric dis-
orders, including autism spectrum disorders, Rett syndrome,
and schizophrenia is a rapidly progressing area in neuroscience.
Recent studies have identified many genes and copy number
variants related to these disorders, and these are suggested to
cause morphological and functional synaptic abnormalities, cir-
cuit alterations, changes in excitatory and inhibitory balance,
and behavioral symptoms (van Spronsen and Hoogenraad, 2010;
Penzes et al., 2011; Levenga and Willemsen, 2012). Among these
altered endophenotypes, an abnormal number of spines is an
important pathogenesis shared by several neuropsychiatric disor-
ders (Kaufmann and Moser, 2000; Penzes et al., 2011).

In the cerebral cortex of macaque monkeys and humans, the
number of dendritic spines rapidly increases after birth and peaks
around the end of the neonatal period or in an early phase of
the infantile period (Huttenlocher, 1990; Petanjek et al., 2008,
2011; Elston et al., 2009, 2010a,b, 2011). Spine density then
decreases during the later infantile period and adolescence period
to reach the adult level, suggesting that the pruning of exist-
ing spines exceeds the generation of new spines in this period
(Missler et al., 1993). This overshoot-type time course of spine
formation and pruning has attracted the attention of researchers
because of its possible involvement in developmental disorders
and psychiatric diseases (Penzes et al., 2011). In autism, excessive

spine formation and/or incomplete spine pruning may occur
in childhood, which has been discussed as possibly providing
a diagnostically useful increase in spine number (Hutsler and
Zhang, 2010). In Rett syndrome and several other developmen-
tal disorders with autism-like symptoms, dendrites, and spines in
pyramidal neurons decrease in number (Kaufmann and Moser,
2000). In subjects with schizophrenia, the over-pruning of spines
during late childhood or adolescence has been implicated in the
findings of a decreased number of spines (Glantz and Lewis, 2000;
Kalus et al., 2000; Broadbelt et al., 2002; Garey, 2010). An under-
standing of the molecular underpinnings of spine pathology may
provide insights into the etiology of these diseases and lead to the
discovery of new drug targets.

The common marmoset (Callithrix jacchus) has become an
increasingly important animal model in studies of the neu-
ronal mechanisms of neuropsychiatric disorders involving social
and emotional impairments. The reason is several-fold. First,
there is the possibility of applying transgenic manipulations to
this species (Sasaki et al., 2009). Second, this species rapidly
matures, which makes developmental studies feasible. Third, the
marmoset has rich social communication, which is critically dev-
astated in autism spectrum disorders (Snowdon, 1997; Eliades
and Wang, 2008; Agustin-Pavon et al., 2012). Finally, rodents
do not show the peaking (overshoot-type) profile of dendritic
spine development characteristic of the primate cerebral cortex
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(Micheva and Beaulieu, 1996), and they may not represent a
model suitable for examining the relationship between spine
development and neuropsychiatric disorders.

In this study, we studied the developmental profiles of the
basal dendritic trees and spines of layer-III pyramidal cells in the
primary visual sensory cortex (V1), a visual association cortex
(inferior temporal area, TE), and an executive control area (area
12 of the prefrontal cortex, PFC) of the common marmoset. We
found that all three areas showed an overshoot-type pattern of
spine development, which was similar to that seen in humans
and macaques. Basal dendrites in all three areas became longer
after birth. In particular, neurons in TE and PFC exhibited dra-
matic growth of the basal dendrites during the first 2 months
after birth; the basal dendrites of layer-III pyramidal cells in TE
and PFC thus covered a wider cortical area than those in V1. The
three areas exhibited similar developmental changes in the time
courses of the density of spines along dendrites with a peak in
the third month after birth. In addition, the estimated total num-
ber of spines on basal dendrites peaked at 3 months of age in
all three areas, and it was nearly three times larger in TE and in
PEC than in V1. The developmental time courses of the dendrites
and spines and the areal differences will help to determine assay
points for the future screening of the molecules that are involved
in spinogenesis and pruning in the marmoset cortex.

MATERIALS AND METHODS

As shown in Table 1, we used common marmosets (Callithrix jac-
chus) of either sex with the following ages: postnatal day 0 (0D;
n = 1), 2 postnatal months (2M; n = 3), 3 postnatal months (3M;
n = 1), 6 postnatal months (6M; n = 1), and 4.5 postnatal years
(4.5Y; n = 1). All animal care procedures and experiments were
conducted in accordance with protocols that were approved by
the ethics committee for primate research at the National Center
of Neurology and Psychiatry in Japan and that were in compliance
with the National Institutes of Health Guide for the Care and Use
of Laboratory Animals.

The above-mentioned time points were selected according to
the following rationale. The 0D animal was examined because of
its few visual experiences. McKinnell et al. (2001) have proposed
that the life of the common marmoset can be divided into three
periods based on testosterone blood concentrations, which are
particularly important for androgen-related signaling. The three

Table 1| Vital data of the animals used in the present study.

Age Animal Sex Body weight (g)
0D CJa Female 27.0
2Ma CJ6 Female 96.4
2Mb CJ9 Female 95.3
2Mc CJ13 Male 94.2
3M CJ3 Male 101.0
6M CJb Male 194.2
45Y CJ1 Male 301.0

Note: 0D, 0 days of age; 2M, 2 months of age; 3M, 3 months of age; 6M,
6 months of age, and 4.5 years of age.

periods have been referred to as neonatal, infantile, and peripu-
bertal (McKinnell et al., 2001). Thus, the 2M point is the time
when plasma testosterone levels markedly decrease, which is a
sign of the end of the neonatal period (McKinnell et al., 2001).
The age of 3M corresponds to the time between the neonatal
and infantile periods, and the age of 6M corresponds to the time
between the infantile and prepubertal periods (McKinnell et al.,
2001). Finally, four-and-a-half years (4.5 Years) corresponds to a
mature adult (Chandolia et al., 2006).

The animals were sedated with ketamine hydrochloride
(Ketalar, 25 mg/kg i.m.; Daiichi Sankyo Co., Ltd., Tokyo, Japan)
and overdosed with sodium pentobarbital (Nembutal, 75 mg/kg
i.p; Dainippon Sumitomo Pharma Co., Ltd., Osaka, Japan).
The animals were perfused intracardially with 0.1M potas-
sium phosphate-buffered saline (pH 7.2), followed by 4%
paraformaldehyde (Merck, Whitehouse Station, NY). Blocks of
tissue were excised from the posterior part of the occipital oper-
culum, which corresponded to the central 5-8° of the visual
field representation in V1 (Fritsches and Rosa, 1996), the infe-
rior temporal gyrus (TE) 2 mm ventral to the posterior edge of
the superior temporal sulcus (Kaas, 1997), which corresponded
to area ITd (Rosa et al., 2009) or TE3 (Paxinos et al., 2011), and
the ventrolateral convexity of PFC, which corresponded to the
area 121 + 12v (Burman and Rosa, 2009) or the area 12L + 12M
(Paxinos et al., 2011) (Figure 1A). Note that area 12 in these ref-
erences corresponds to area 10 of Brodmann (1909). The blocks
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FIGURE 1 | Cortical sampling position (A) and labeled cells (B-D). The
animals were lightly fixed with paraformaldehyde, and the brains were
removed, trimmed and flattened, and sliced at 250 wm tangential to the
cortical surface. Slices were incubated in 4,6-diamidino-2-phenylindole
solution to visualize neuronal nuclei. Layer Il pyramidal cells were
individually injected with Lucifer yellow and reacted for diaminobenzidine
product (B-D). Examples of injected cells from the primary visual cortex
(V1), the inferior temporal cortex (TE), and the prefrontal cortex (PFC) of a
3-month-old monkey are shown in (B), (C), and (D), respectively.
Abbreviations: LS, lateral sulcus; STS, superior temporal sulcus. Scale
Bars = 300 mm (A), 100 wm (B-D).
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were trimmed, flattened, and sliced parallel to the cortical surface
at a thickness of 250 pum. Slices were incubated in 4,6-diamidino-
2-phenylindole (DAPI; Sigma-Aldrich Co. LLC, St. Louis, MO)
solution to visualize the cell bodies.

Pyramidal cells were individually injected with 8% Lucifer
Yellow (Sigma-Aldrich Co. LLC, St. Louis, MO) under the visual
guidance of ultraviolet illumination (Elston et al., 1997). All
cell bodies of the injected cells were located in the supragran-
ular layer, which was immediately above the granular layer and
easily identified in 0.1% DAPI-stained preparations (Elston and
Rosa, 1997). Only cells located in the lower part of layer III were
injected.

The sections were processed with a biotinylated antibody (Life
Technologies Corporation, Grand Island, NY) that was raised
against Lucifer Yellow at a concentration of 1:5000 in a stock
solution (2% bovine serum albumin, 1% Triton X-100, and 5%
sucrose in 0.1 M phosphate buffer). They were then processed
with a biotin-horseradish peroxidase complex (GE Healthcare
Biosciences, Pittsburgh, PA; 1:100 in 0.1 M phosphate buffer)
and reacted to obtain a light-stable reaction product of 3,3'-
diaminobenzidine tetrahydrochloride (DAB; Sigma-Aldrich Co.

LLC, St. Louis, MO). Figures 1B-D shows examples of injected
cells in V1, TE, and PFC of a 3M monkey.

For the analysis, we included only those cells that had an
unambiguous apical dendrite, had their complete basal den-
dritic arbors contained within the section, and were well filled.
The basal dendritic trees of 324 cells from V1, TE, and PFC
were reconstructed in two dimensions with a computer-aided
tracing system (Neurolucida, MBF Bioscience, Williston, VT;
Figure 2). Only the basal dendrites that could be verified as
being issued from the cell body were included in the analyses.
Two-dimensional reconstructions were selected for these analy-
ses for the data to be compared directly with previous studies on
macaque cerebral cortex (Elston et al., 2009, 2010a,b, 2011). Five
to forty-seven cells were included in the analyses of each area/age
group (Table 2). The branching structures of the dendritic trees
were determined by Sholl analyses (Sholl, 1955).

Spine densities were calculated by drawing the horizontally
projecting dendrites of randomly selected cells in their entirety
while visualizing them with a Nikon 100X oil immersion objec-
tive (numerical aperture, 1.40) and then counting the number of
spines per 10-pm segment (Eayrs and Goodhead, 1959; Valverde,

oD

FIGURE 2 | Skeletonized, tangential, reconstructions of the basal
dendritic trees of layer-lll pyramidal cells (in the tangential plane) sampled
from the primary visual (V1), inferior temporal visual association (TE),
and prefrontal (PFC) cortices at day 0 (0D), 3 months (3M), and adulthood
(4.5Y). The illustrated cells represent the average of all cells sampled for each

3M
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cortical area/age group. Insets illustrate the spine density for cells of each
cortical area/age group at 50-70 wm from the cell body. Left Scale Bars

= 100 um (for all of skeletonized reconstructions of the basal dendritic trees of
pyramidal cells), Right Scale Bars = 10 wm (for all of Insets illustrate the spine
density for cells of each cortical area/age group at 50-70 wm from the cell body).

Frontiers in Neural Circuits

www.frontiersin.org

March 2013 | Volume 7 | Article 31 | 3


http://www.frontiersin.org/Neural_Circuits
http://www.frontiersin.org
http://www.frontiersin.org/Neural_Circuits/archive

Oga et al.

Spine development in marmoset cortex

Table 2 | Vital data of the animals used in the present study.

Age oD 2Ma 2Mb 2Mc 3M 6M 4.5Y
Animal CJ4 CJ6 CJ8 CJ13 CJ3 CJ5 CJ1
V1 19 12 - - 24 16 35
TE 14 5 5 6 17 34 47
PFC 6 6 6 - 22 15 32

Note: 0D, 0 days of age; 2M, 2 months of age; 3M, 3 months of age; 6M,
6 months of age, 4.5Y, 4.5 years of age.

1967). Spine density was quantified as a function of distance
from the cell body to the distal tips of the dendrites. We selected
horizontally projecting dendrites for our calculations of spine
densities to avoid trigonometric errors. Spine densities were cal-
culated per 10-pm interval along the entire length of 20 randomly
selected dendrites in each cortical area for each age group. No dis-
tinction was made between the different spine types (e.g., sessile
or pedunculated spines).

The mean total number of spines within the basal dendritic
trees of the cells in each cortical area/age was estimated by sum-
ming the products of the mean intersections of each 10 pm of
Sholl annuli of the cells (see above) multiplied by the mean spine
densities of each 10 um of the corresponding distance from the
cell body of 20 dendrites (for technical details, see Elston, 2001).

For tests of the size of the dendritic trees and somata, each
cell was represented by a single data point. For each cell, Sholl
and spine density analyses produced data of the number of inter-
sections of Sholl annuli in each 10-pm interval from the cell
body center as well as of the spine density in each 10-pum dis-
tance from the cell body center. Thus, we used repeated measures
analysis of variance (ANOVA) tests for the statistical analyses of
each area/age (Elston et al., 1997). For comparisons between two
data groups, Student’s t-tests were conducted, and we reported
the p values. When other statistical methods (Mann—Whitney
U-Test, One-Way ANOVA, repeated measures ANOVA) were per-
formed, we specified them as such. These statistical tests were
performed with StatView (SAS Institute, Inc., Cary, NC), and we
described the results as p < 0.05, p < 0.001, or p < 0.0001 with
other information (e.g., F value: F-test plays an important role
in the ANOVA, and F value assesses whether any of the sam-
pled groups is on average superior or inferior to the others vs.
the null hypothesis that all groups yield the same mean; U value:
Mann-Whitney’s U-test is a non-parametric statistical test for
assessing whether one of two samples of independent observa-
tions have larger values than the other. U value assesses how far
the measured data are higher in one group than in the other.). We
set the statistically significant level to p = 0.05.

RESULTS

A total of 324 pyramidal cells in layer III were included in the
analyses (Table 2). The following results were based on 50,098
individual dendritic spines that were drawn and tallied.

BASAL DENDRITIC FIELD AREAS AND TOTAL BASAL DENDRITIC
LENGTHS

In order to examine the development of dendritic arbors, we mea-
sured basal dendritic field areas and the entire dendritic lengths

that were summed across the basal dendrites. V1, TE, and PFC
differed in their growth profiles (Figure 2). The dendritic field
areas of the pyramidal cells in V1 gradually increased from 0D
to 4.5Y, except for a small decline from 3M to 6M (Figure 3A;
One-Way ANOVA, p = 2.8 x 107!3). The dendritic field area at
4.5Y was 167% larger than that at OD. In contrast, the dendritic
field areas of TE and PFC showed a marked increase from 0D
to 2M (TE: 319% increase, p = 4.3 X 10~7; PFC: 209% increase,
p = 0.002) and then remained unchanged. Dendritic field areas
of TE and PFC were larger at 4.5Y than at 0D (TE: 264% larger;
p = 4.3 x 1077; PFC: 200% larger, p = 2.9 x 107%). Statistical
analyses (One-Way ANOVAs) revealed that the differences in the
sizes of the basal dendritic trees of pyramidal cells in any given
cortical area were significant across the age groups (p < 0.001;
V1, Fy = 28.00; TE, 4 = 33.15; PEC, Fy = 7.67).

Because of the different developmental profiles of the dendritic
field areas between the three cortical areas and of the different
sizes at 0D, there were relative differences in the dendritic field
areas among the cortical areas at any given age (Figure 3A). For
example, at 0D, the rank order of the dendritic field areas was
PFC, TE, and V1. The averaged dendritic field area of PFC neu-
rons was 302% larger than that in V1 (p = 4.9 x 1077), and the
averaged dendritic field area in TE was 195% larger than that in

Basal dendritic field area (x 10% um?)
o = N Wwh OO N 0 ©

2M 3M

Postnatal age

|
) A
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17/\;_4'/

3M 6M
Postnatal age

T

Total basal dendritic length (x 103 um)

" 45Y

FIGURE 3 | Dendritic field areas (A) and total dendritic lengths (B) of
layer-lll pyramidal cells in V1, TE, and PFC at 0D, 2M, 3M, 6M, and 4.5Y.
Error bars indicate standard deviations.
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V1 (p = 1.4 x 1077). Throughout the developmental course, the
rank order did not change. At 4.5Y, the dendritic field areas of
TE and PFC neurons were 269% and 324% larger than those of
V1, respectively (t-test; p = 1.3 x 10724 for TEvs. V1, p = 1.3 x
1072* for PFC vs. V1). Statistical analyses (One-Way ANOVAs)
revealed that the sizes of the dendritic trees of cells at any given age
were significantly different among the cortical areas in all animals
(p < 0.001;0D, F, = 7.32;2M, F, = 14.19; 3M, F, = 60.72; 6M,
F, = 192.23; 4.5Y, F, = 114.36).

The total basal dendritic lengths that were summed across the
basal dendrites exhibited developmental changes similar to those
of the basal dendritic field area (Figures 3A,B). The total den-
dritic lengths in TE and PFC markedly increased from 0D to 2M
(t-test, p = 1.8 x 10~7 for TE and 0.014 for PFC). After 2M, the
dendritic lengths in TE and PFC stayed almost at the same level
until 4.5Y. In contrast, the dendritic lengths of V1 neurons gradu-
ally increased from 0D to 4.5Y. The dendrites in TE and PFC were
markedly longer than those in V1 throughout development. One-
Way ANOVAs revealed that the differences in the total lengths
of the basal dendritic trees of pyramidal cells in any given cor-
tical area were significant across the age groups (p < 0.001; V1,
Fy = 37.81; TE, F4 = 32.73; PFC, F4 = 12.01). Similarly, One-
Way ANOVAs revealed that the sizes of the dendritic trees of cells
at any given age were significantly different among the cortical
areas in all animals (p < 0.001; 0D, F, = 34.31; 2M, F, = 17.46;
3M, F, = 49.46; 6M, F, = 137.80; 4.5Y, F, = 93.49).

BRANCHING PATTERNS OF THE BASAL DENDRITIC TREES

The branching complexities, as evidenced by their Sholl pro-
files, changed with age in all three areas (Figures 4A,B). We first
examined the maximum number of mean dendritic intersections
with Sholl annuli (peak branching complexity; Figure 4B). In
V1, the peak branching complexity increased from 0D to 2M,
then decreased to 6M, and finally exhibited the largest value
at 4.5Y. The peak branching complexity of neurons in the PFC
paralleled the changes in V1. TE exhibited the highest com-
plexity at 6M. At 4.5Y, the peak branching complexity in TE
and PFC showed a comparable value. Throughout development,
V1 neurons showed a substantially lower complexity than TE
and PFC neurons. At 0D, the peak numbers of dendritic inter-
sections with Sholl annuli were 146% and 152% larger in TE
and PFC, respectively, than in V1. At 4.5Y, the numbers were
136% and 138% larger in TE and PFC, respectively, than in
V1. Comparisons of the branching complexities of the dendritic
trees of pyramidal cells among the cortical areas at each given
age revealed that cells in TE and PFC had higher numbers of
branches than those in V1 at all corresponding ages (p < 0.001).
Except at 0D between PFC and V1, complexity was significantly
different between TE and V1 and between PFC and V1 at any
ages (Figure4A; Mann—Whitney U-test: 0D, TE vs. V1, U =
97,886, n1 = 378, ny = 475; 2M, TE vs. V1, U = 165,049, n; =
1340, ny = 300, PFC vs. V1; U = 14,651, n; = 182, n, = 300;
3M, TE vs. V1, U = 163,875, n; = 680, n, = 744, PFC vs. V1,
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FIGURE 4 | (A) Sholl plots of the branching patterns of the basal dendritic number of Sholl intersections, and the distance from the soma to the
trees of layerlll pyramidal cells from V1, TE, and PFC. The shaded areas position of the peak number of Sholl intersections of layerlll pyramidal cells.
indicate the standard deviations. (B,C) Developmental changes in the peak Error bars indicate standard deviations.
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U = 249,610, n; = 968, n, = 744; 6M, U = 156,418, n; = 1360,
n, = 384, PFC vs. V1, U = 105,281, n; = 720, n, = 384; 4.5Y,
TE vs. V1, U = 541,615, n, = 1598, n, = 980, PFC vs. V1, U =
100,920, 1y = 576, 1, = 980).

In addition, the distance from the soma to the Sholl annu-
lus with the peak branching complexity increased with age
(Figure 4C). In V1, the distance of the peak dendritic complex-
ity from the soma gradually increased from 0D to 6M and then
remained nearly the same until 4.5Y. In TE and PFC, the distance
increased from 0D to 3M and then remained at the same level
from 3M to 4.5Y.

Lastly, the statistical analysis (One-Way repeated measures
ANOVA) revealed that the numbers of dendritic intersections
with Sholl annuli were significantly different among the corti-
cal areas (p < 0.001) at each given age (0D, F, = 39.58; 2M,
F, = 16.67; 3M, F, = 54.85; 6M, F, = 136.32; 4.5Y, F, = 92.99:
Figure 4A).

SPINE DENSITIES AND NUMBERS ON BASAL DENDRITES

The layer III pyramidal cells in the three cortical areas exhibited
increases in their spine density on their basal dendrites from 0D to
3M with similar time courses and similar amounts (Figures 5A,B;
photomicrographs, Figure 2). This increase was evident along the
entire extent of the dendrites (Figure 5A). The proximal dendritic
segment that was 10-20 pm from the soma was devoid of spines
throughout development in all areas. The distance at which spine

density peaked was generally shorter for V1 than for TE, which
was in turn shorter than for PFC (Figures 5A,C). During a period
from 6M to 4.5Y, there was a considerable decrease in spine den-
sity in all cortical areas (Figures5A,B). The decrease in spine
density was greater in V1 than in TE and PFC (Figures 5A,B).
Repeated measures ANOVA revealed that the differences in the
spine densities across ages were significantly different in each cor-
tical area (p < 0.001; V1, F; = 180.08; TE, F4 = 109.02; PFC,
Fy = 23.73). Repeated measures ANOVA also revealed significant
differences (p < 0.05) in the spine densities among the corti-
cal areas for a given age (0D, F, = 6.681; 2M, F, = 103.22; 3M,
F> = 6.627; 6M, F, = 24.53; 4.5Y, F;, = 185.91).

By combining the data from the Sholl analyses with those of
the spine densities, we were able to calculate estimates for the
total number of dendritic spines in the basal dendritic trees of the
average pyramidal cells in each area for the different age groups
(Elston et al., 2001). These calculations revealed dramatic differ-
ences in spinogenesis and pruning in the basal dendritic trees of
layer IIT pyramidal cells across the three areas (Figure 6). Layer-
IIT pyramidal cells in V1 had approximately 180 spines in their
basal dendritic trees at 0D; this number increased to a maximum
0f 2300 at 3M and subsequently decreased to 950 at 4.5Y. Neurons
in TE had 360 spines at 0D; this number increased to 6100 spines
at 3M before decreasing to 3100 spines at 4.5Y. Neurons in PFC
had 310 spines at 0D; this number increased to 5900 spines at 3M
and then decreased to 3500 spines at 4.5Y. These results indicate

FIGURE 5 | (A) Profiles of the spine densities of the basal dendrites of
layer-lll pyramidal cells as a function of distance from soma. The shaded
areas indicate the standard deviations. The peak density (spine
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and 4.5Y. Error bars indicate standard errors.

that in all three areas, spine formation was greater than spine
loss throughout development, resulting in a net increase in spine
number in adults compared to newborns. However, the total
number of spines in the basal dendrites and the net increase in
V1 was markedly smaller than those in dendrites in TE and PFC
(Figure 6).

CONSISTENCY OF THE RESULTS ACROSS ANIMALS

All the above analyses were based on samples from one animal
per age group except for 2M group in which data from three
animals were pooled (Table 2). One-Way ANOVAs showed that
all the parameters analyzed were not different between the three
2M animals [basal dendritic field area, p = 0.08 (F, = 2.93); total
basal dendrite length, p = 0.09 (F, = 2.88); peak spine density,
p = 0.30 (F, = 1.28); estimated total spine dendrites, p = 0.14
(F, = 2.88)].

DISCUSSION

We studied the postnatal development of the basal dendritic trees
and their spines of layer-III pyramidal cells in V1, TE, and PFC.
Neurons in TE and PFC had larger and more complex den-
dritic arbors than those in V1 at birth. The basal dendrites in
TE and PFC then exhibited a marked increase in the tangential
extent of their projection during the first 2 postnatal months,
whereas those in V1 grew gradually until adulthood (Figure 3).
The dendritic field was 2—3 times larger in TE and PFC than in V1
throughout all ages. Basal dendrites became more branched with
age in all three areas, and they possessed more branches in TE and
PEC than in V1 throughout development (Figure 4). The density
of spines on a dendrite increased up to 3M and then decreased
toward adulthood (Figure 5). This temporal profile was shared
by all three areas, although the decline after 3M was more pro-
nounced in V1 than in TE and PFC. The estimated total number
of spines on basal dendrites reached a peak at 3M in all three areas
(Figure 6). The spine number was higher in TE and in PFC than
in V1 throughout all ages. The differences in pyramidal cell phe-
notype across V1, TE, and PFC in the adult previously reported
(Elston et al., 1996, 2001; Elston, 2001) and confirmed in the
present study thus derive both from the differences at birth and
from the differential developmental processes.

COMPARISON WITH MACAQUE

The developmental profiles of layer-1II pyramidal cells in the same
three areas have recently been examined in the macaque monkey
(Macaca fascicularis) (Elston et al., 2009, 2010a). These studies
employed exactly the same method as that used in the present
study, allowing us to make a direct comparison between the two
species.

The developmental changes of the dendritic extent exhibited
notable differences between the two species. In the macaque
V1, the dendritic field was largest at birth and gradually
decreased until adulthood, suggesting that the pruning of den-
drites occurred (Elston et al., 2009). In contrast, the dendritic
field of the neurons in the marmoset V1 gradually increased dur-
ing development up until adulthood (Figure 3A). The dendritic
growth pattern in PFC and TE also differed between the two
species; in the macaque, the dendritic field gradually increased
up until adulthood (Elston et al., 2009), whereas in the mar-
moset, an increase in the dendritic field occurred at or before
2 months and then remained unchanged (Figure 3A). Regarding
the complexity of the dendritic branching that was assessed by
Sholl analyses, TE and PFC neurons were more branched than V1
neurons in the marmoset (Figure 4) and in the macaque (Elston
et al., 1996, 2009; Elston and Rosa, 1998; Elston, 2003), although
no clear developmental trend was observed in the three areas of
both species.

In contrast, the general developmental profile of spine density
was strikingly similar between the marmoset and the macaque
(Figure 5; for macaque data, see Figure 3 in Elston et al., 2009).
In both species, V1, TE, and PFC showed similar density val-
ues at birth (approximately 5 spines/10-pwm dendritic segment
in the marmoset and 10 spines/10-pm dendritic segment in
the macaque), and the spine densities concurrently increased
and reached the maximum 3 months after birth. It was notable
that the maximum spine densities exhibited similar values (30—
35 spines/10-pm dendritic segment) between the two species
and across diverse cortical areas, including V1 (present study;
Elston et al., 2009), prestriate areas V2 and V4 (Elston et al.,
2010a), inferior temporal subareas TEO (Elston et al., 2010a),
TEpd and TEav (Elston et al., 2011), the primary auditory cor-
tex (Elston et al., 2010b), and area 12 in the PFC (present study;
Elston et al., 2009). The density then decreased toward adult
values with different degrees among V1, TE, and PFC. In both
species, spine density in V1 decreased most drastically. While the
spine density in V1 was higher in adults than in newborns in
the marmoset, it was lower in adults than in newborns in the
macaque.

The developmental time courses of the total spine numbers
on basal dendrites of layer-III pyramidal cells were also similar
between V1, TE, and PFC and between the marmoset and the
macaque. The total spine number peaked around 3M (Figure 6).
The decline in the total number of spines after the peak was
more prominent for the period of 3M—-6M than for the period of
6M—4.5Y. The total spine number at any given age was the largest
in PFC, which was followed by TE and then by V1 both in the
marmoset and the macaque (Figure 6; for macaque, Elston et al.,
2009).

For a given age/area group, the total spine number was smaller
in the marmoset than in the macaque. In V1, the total number
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of spines was approximately 200 in the marmoset vs. 1900 in the
macaque at birth, 2400 in the marmoset vs. 3900 in the macaque
at 3-3.5M, and 800 in the marmoset and 900 in the macaque
at adulthood. In TE, the counts were 400 in the marmoset and
3000 in the macaque at birth; 6200 in the marmoset and 10,400
in the macaque at 3-3.5M; and 3200 in the marmoset and 6200
in the macaque at adulthood. In PFC, the counts were 400 in the
marmoset and 5000 in the macaque at birth; 5900 in the mar-
moset and 15,900 in the macaque at 3—3.5M; and 3600 in the
marmoset and 8500 in the macaque at adulthood. A notable dif-
ference between the two species was that the total spine number
in V1 was larger at birth than at adulthood in the macaque (Elston
et al., 2009, 2010a), whereas, in the marmoset, similar to that in
TE and PFC, the total spine number was larger at adulthood than
at birth (Figure 6).

The ratio of the total spine number in the macaque divided by
that of the marmoset tended to decrease gradually from birth to
adulthood in the three areas (V1: birth, 1015%, 3M, 162%, adult,
112%; TE: birth, 728%, 3M, 168%, adult, 197%; PFC: 2D/0D,
1408%, 3M, 270%, adult, 238%). This calculation was based on
Figure 6 in the present study and data from Elston et al. (2009,
2010a). The total number of spines on basal dendrites at birth was
much larger in the macaque than in the marmoset. The difference
at birth resulted from the 5-fold difference in the dendritic fields
and the 2-fold difference in the spine densities between the two
species.

The total number of spines on the basal dendrites in the adult
marmoset was consistent between this and previous studies [V1:
this study, 950; Elston et al., 1996, V1, 900; TE: this study, TEr,
3100; Elston et al., 1996, 3000 in TEc, 4200 in TEa (Thus, TEr
in our study was similar to TEc in Elston et al., 1996); PFC: this
study, 3500; Elston et al., 2001, 3800]. Furthermore, the mea-
sured values were not different among the three 2M animals in
the present study. These results warranted the validity of our
sampling and analytical methods. Although our data were based
mostly on one animal per one age/area, we believe that the results
are reliable.

COMPARISON WITH HUMAN
A Golgi study showed that layer-IIT pyramidal cells in area 9 of
the human PFC exhibited a peak spine density on the basal den-
drites at 3 years of age (Petanjek et al., 2011). The total and
mean distances of the basal dendrites of PFC layer-III pyramidal
cells increased until 2 years of age and remained unchanged until
adulthood (Petanjek et al., 2008). These results indicated that the
age of the peak total spine number was approximately 23 years of
age. The spines of the basal dendrites of pyramidal cells in human
PFC undergo pruning over an extremely long period that spans
3 years of age to the third decade of life (Petanjek et al., 2011).
For humans, electron microscopy (EM) has been frequently
used to examine synaptogenesis and pruning (Rakic et al., 1986;
Huttenlocher, 1990; Zecevic and Rakic, 1991; Bourgeois and
Rakic, 1993; Bourgeois et al., 1994; Huttenlocher and Dabholkar,
1997). Most excitatory inputs terminate on spines, and only a few
excitatory synapses terminate on dendritic trunks (Missler et al.,
1993). Thus, the number of spines is, in general, closely corre-
lated to the number of excitatory synapses. Most EM studies have

described synaptic density within a certain volume of neuropil
as a measure. This measure is affected by the volume of other
components in the neural tissue (axons, dendrites, and glial pro-
cesses) and the total volume (including cell bodies and blood
vessels) and the whole cortical area size (e.g., Rakic et al., 1986).
In order to compare our data with data derived from EM stud-
ies, we need to know the quasi-total synapse number/one neuron
and the whole volume of a cortical target area (at least the thick-
ness of the cortex), the total number of neurons, and if possible,
spine density on dendrites (Huttenlocher, 1990; Bourgeois and
Rakic, 1993). Such combined data are available only in human
V1 (Huttenlocher, 1990; Bourgeois and Rakic, 1993). With these
parameters, Huttenlocher calculated the number of synapses per
neuron separately for the different layers in V1. The number of
synapses per layer III pyramidal cell rapidly increases from 4000
at birth to 18,000 at 8M (450% increase) and then decreases to
12,000 (62% decrease from 8M) at 18M. After 18M, the synapse
number per layer III neuron is almost unchanged until 30 years
of age (the eldest age examined in Huttenlocher, 1990). That
is, layer-IIT pyramidal cells in human V1, in contrast to human
PFC (Petanjek et al., 2011), do not exhibit gradual pruning from
mid-childhood to adulthood. However, V1 in macaque monkeys
show the opposite tendency: the total spine number is smaller in
adults than in neonates (Elston et al., 2009). A previous study
(Huttenlocher, 1990) reported the spine density on the basal den-
drites of layer III pyramidal cells. The age of the peak density of
spines on a dendrite is again 8M, and before and after 8M, there
is a rapid increase and a decrease of density on dendrites, respec-
tively. These features of the time courses of spine and/or synapse
development is similar between the marmoset and human V1,
except for the magnitude of synapse or spine number and the time
points of the peak number of synapses or spines per neuron (in
marmosets, at the peak time of 3M, the total spine number on
basal dendrites of layer-III pyramidal cells was 2200 spines per
neuron; in humans, at the peak time of 8M, there is 20,000 total
synapses). This Golgi study (Huttenlocher, 1990) showed that the
peak age of spine density on basal dendrites in V1 in human is
later and the spine density is greater than that in the marmoset (in
humans, at the peak time of 8M, the density is 12 synapses/jLm;
in marmosets, at the peak time of 3M, there was 0.35 spines/j.m).

CONCLUSION

Areas V1, TE, and PFC in the marmoset all exhibited an over-
shoot type of spine development with a peak at 3M. The dendritic
field area and the total number of spines differed across ages and
across areas. These results provide a starting point for studies of
the molecular mechanisms of spinogenesis and pruning in the
primate cerebral cortex. Comparisons among the transcriptomes
of different time epochs of spine development in selected cortical
areas are a strategic beginning for this endeavor. After selecting
candidate genes, we can manipulate these genes with viral vec-
tor infection techniques or use the transgenic marmoset to assess
their function in spine development.
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