Cerebral Cortex August 2013;23:1798-1810
doi:10.1093/cercor/bhs154
Advance Access publication June 17, 2012

Age-Based Comparison of Human Dendritic Spine Structure Using Complete

Three-Dimensional Reconstructions

Ruth Benavides-Piccionel-24, Isabel Fernaud-Espinosa?, Victor Robles?, Rafael Yuste® and Javier DeFelipel-24

!Instituto Cajal (CSIC), 28002 Madrid, Spain *Laboratorio Cajal de Circuitos Corticales (CTB), *Departamento de Arquitectura y
Tecnologia de Sistemas Informaticos, Universidad Politécnica de Madrid (UPM), 28223 Madrid, Spain, “Centro de Investigacion
Biomédica en Red sobre Enfermedades Neurodegenerativas (CIBERNED), Spain and *Department of Biological Sciences,

Columbia University, New York, NY 10027, USA

Address correspondence to Ruth Benavides-Piccione. Email: rbp@cajal.csic.es

Dendritic spines of pyramidal neurons are targets of most excit-
atory synapses in the cerebral cortex. Recent evidence suggests
that the morphology of the dendritic spine could determine its sy-
naptic strength and learning rules. However, unfortunately, there
are scant data available regarding the detailed morphology of these
structures for the human cerebral cortex. In the present study, we
analyzed over 8900 individual dendritic spines that were completely
3D reconstructed along the length of apical and basal dendrites of
layer Il pyramidal neurons in the cingulate cortex of 2 male
humans (aged 40 and 85 years old), using intracellular injections of
Lucifer Yellow in fixed tissue. We assembled a large, quantitative
database, which revealed a major reduction in spine densities in
the aged case. Specifically, small and short spines of basal den-
drites and long spines of apical dendrites were lost, regardless of
the distance from the soma. Given the age difference between the
cases, our results suggest selective alterations in spines with aging
in humans and indicate that the spine volume and length are regu-
lated by different biological mechanisms.

Keywords: cerebral cortex, confocal, intracellular, Lucifer Yellow, 3D
reconstructions

Introduction

Dendritic spines of pyramidal neurons are thin protrusions
emerging from dendrites, which are the sites of most excit-
atory synapses in the cerebral cortex. They are considered key
elements in learning, memory, and cognition (Yuste 2010).
Furthermore, all or almost all dendritic spines establish at
least one excitatory glutamatergic synapse (Arellano, Espinosa
et al. 2007), and therefore, changes in the number of spines
in the dendritic arbors of neurons may influence both cellular
and system cortical functions. Indeed, both the number and
the density of dendritic spines located in different cortical
areas and species present variations that may reflect func-
tional differences characteristic of each cortical area. For
example, a 2-fold difference in density have been reported
within the mouse neocortex, whereas among cortical areas
of primates, including humans, this difference can be up
to 10-fold (Jacobs et al. 2001; Jacobs and Scheibel 2002;
Elston et al. 2001; Elston 2007; Ballesteros-Yaiiez et al. 2010;
Elston et al. 2011). In addition, a correlation between mor-
phological and functional parameters of spines has been re-
ported. Specifically, the spine head volume is correlated with
the area of the post-synaptic density, the number of post-
synaptic receptors, and the ready-releasable pool of transmit-
ter (Harris and Stevens 1989; Nusser et al. 1998; Schikorski
and Stevens 1999, 2001; Arellano, Benavides-
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Piccione et al. 2007), whereas the length of the spine neck is
proportional to the degree of biochemical and electrical iso-
lation of the spine from its parent dendrite (Majewska, Brown
et al. 2000; Majewska, Tashiro et al. 2000; Araya et al. 2000).
Also, it has been shown that larger spines can generate
greater synaptic currents than smaller spines (Matsuzaki et al.
2004). Furthermore, dendritic spines are dynamic structures
with fluctuations in volume that seem to have important
implications for cognition and memory (Dunaevsky et al.
1999; Matus 2000; Bonhoeffer and Yuste 2002; Kasai et al.
2010). Thus, the study of dendritic spine morphology is
critical from the functional point of view.

Previous studies in primates, including humans, have
shown that dendritic spines are sensitive to age, showing
changes in spine density during development and lifespan
(Rakic et al. 1994; Jacobs et al. 1997; Hof and Morrison 2004;
Petanjek et al. 2008; Anderson et al. 2009; Kabaso et al. 2009;
Dumitriu et al. 2010; Petanjek et al. 2011). However, there are
no studies regarding the detailed structure of human dendritic
spines. Technically, while electron microscopy can be used to
accurately measure the dendritic spine structure, it is time-
consuming and difficult, which makes it challenging to obtain
large numbers of measurements. For example, the largest
electron microscopic studies include at most 150 complete re-
constructed dendritic spines (Arellano, Espinosa et al. 2007).
Light microscopic techniques, although limited by the lower
level of resolution, therefore remain the method of choice to
obtain large-scale spatial information regarding the number
and distribution of dendritic spines along the dendrites. At
the same time, light microscopic studies normally estimate
dendritic spine volumes from measurement of the spine head
volumes, whereas spine necks are usually not included, due
to the lack of software tools to reconstruct these structures
accurately. Moreover, it is difficult to discriminate the border
between the head and the neck in many cases. Because of
these issues, there is a lack of studies that describe, in large
numbers, the complete 3D structure of dendritic spines. To
circumvent this problem, in the present study, we recon-
structed the morphology of dendritic spines in 3Ds using a
commercially available module software (Imaris surface) not
specifically designed for spine reconstruction, but which
allowed us to create our own protocol to precisely represent
the spine morphology. In particular, we analyzed dendritic
spines in the human cerebral cortex, which, as far as we are
aware, have never been examined in 3D. Specifically, we
manually analyzed over 8900 individual spines that were
reconstructed along the length of the main apical and basal
dendrites of layer III pyramidal neurons in the cingulate



cortex of 2 human males aged 40 and 85 years old, using
intracellular injections of Lucifer Yellow (LY) in fixed cortical
tissue. We find selective changes in dendritic and spine par-
ameters with aging and a variety of morphological corre-
lations between spine and dendritic morphologies. Also, a
theoretical distribution is found for both volumes and lengths
populations of dendritic spines.

Materials and Methods

Tissue Preparation

Samples obtained from 2 human males (aged 40 and 85) were used
in this study. This tissue (kindly supplied by Dr I. Ferrer, Instituto
de Neuropatologia Servicio de Anatomia Patologica, IDIBELL-
Hospital Universitario de Bellvitge, Barcelona, Spain) was obtained
at autopsy (2-3 h post-mortem). These cases were used as controls
in a previous study unrelated to the present investigation that was
dealing with Alzheimer’s disease (Blazquez-Llorca et al. 2010). The
cause of death was traffic accident (case C40) and pneumonia plus
interstitial pneumonitis (aged case, C85). Their brains were immedi-
ately immersed in cold 4% paraformaldehyde in 0.1 M phosphate
buffer, pH 7.4 (PB) and sectioned into 1.5-cm-thick coronal slices.
Small blocks of the cortex (ca. 15x 10 x 10 mm) were then trans-
ferred to a second solution of 4% paraformaldehyde in PB for 24 h
at 4°C. In the present study, the tissue used was from the anterior
cingular gyri (Brodmann’s area 24; Garey 1994). Following neuro-
pathological examination, C85 case showed abundant neurofibril-
lary pathology with the absence or scarcity of Abeta amyloid
plaques in the hippocampal formation and adjacent cortex (parahip-
pocampal cortex), but no neurofibrillar or amyloid pathology was
found in areas 17, 18/19, or in temporal (areas 20 and 22), frontal

(areas 8 and 10) or cingular (area 24) cortices. The C40 case had a
Braak score of zero (Braak and Braak 1991; Mirra et al. 1991) for
both pathologies.

Intracellular Injections

Coronal sections (250 um) were obtained with a Vibratome and
labeled with 4,6 diamino-2-phenylindole (DAPI; Sigma, St Louis, MO,
United States of America) to identify cell bodies. Pyramidal cells were
then individually injected with LY (8% in 0.1 M Tris buffer, pH 7.4), in
cytoarchitectonically identified layer III of the anterior cingular gyrus.
LY was applied to each injected cell by continuous current until the
distal tips of each cell fluoresced brightly, indicating that the dendrites
were completely filled and ensuring that the fluorescence did not
diminish at a distance from the soma (for a detailed methodology of
the cell injections, see Elston and Rosa 1997; Elston et al. 2001;
Ballesteros-Yanez et al. 2010).

Immunocytochemistry

Following the intracellular injection of pyramidal neurons (Fig. 14),
sections were immunostained for LY using rabbit antisera against LY
(1:400 000; generated at the Cajal Institute) diluted in stock solution
(2% bovine serum albumin, 1% Triton X-100, and 5% sucrose in PB).
The sections were then incubated in biotinylated donkey anti-rabbit
IgG (1:100; Amersham, Buckinghamshire, United Kingdom) and
Alexa fluor 488 streptavidin-conjugated (1:1000; Molecular Probes,
Eugene, OR, United States of America). Finally, sections were
mounted in 50% glycerol in PB.

Imaging and Quantitative Analysis
Sections were imaged with a Leica TCS 4D confocal scanning laser
attached to a Leitz DMIRB fluorescence microscope. Fluorescent

Figure 1. (4) Confocal microscopy image of an intracellular injected layer Ill pyramidal neuron of the human cingulate cortex. DAPI staining in blue. (B) High magnification image
showing a horizontally projecting basal dendrite, to illustrate the extent of the labeling. Notice the virtual lack of dendritic spines in the proximal dendritic segment. (C) High
magnification image of an apical dendritic segment acquired at 100 um distance from the soma. (D) Three-dimensional reconstruction of the complete morphology of each
dendritic spine shown in (C). () Estimation of the spine volume values shown in (D) by color codes (blue-white: 0.0-1.345 pms). Scale bar (in B): 40 um in A; 13 um in B; and

7 um in C-£.
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labeling profiles were imaged, using an excitation wavelength of 491
nm to visualize Alexa fluor 488. Horizontally projecting basal den-
drites were randomly selected, each one originated from a different
pyramidal neuron (10 per case). Consecutive stacks of images (3 +0.6
stacks per dendrite; 52 + 17 images; z-step of 0.28 um) were acquired
at high magnification (x63 glycerol) to capture the full dendritic
depth, length, and width of basal dendrites (30 stacks per case;
Fig. 1B). The main apical dendrite was also scanned, at the same mag-
nification, at a distance of 100 um from the soma, since dendrites
were virtually devoid of spines for the first 80-90 um, up to 200 pm
from the soma (8 dendrites per case; Fig. 1C). For each stack of
images, confocal parameters were set so that fluorescence signal was
as bright as possible while ensuring that there were no pixels satu-
rated within the spines.

Spine structure was analyzed using Imaris 6.4.0 (Bitplane AG,
Zurich, Switzerland). Since there are no clear limits between the head
and the neck of a spine (Arellano, Benavides-Piccione et al., 2007),
no such distinction was applied. Instead, we reconstructed the com-
plete morphology of each dendritic spine in 3D (Fig. 1D-E). All den-
dritic spines were included and considered equally in the analysis.
Correction factors used in other studies when quantifying dendritic
spines with the Golgi method (Feldman and Peters 1979) were not
used in the present study as the fluorescent labeling and the high-
power reconstruction allowed the visualization of dendritic spines
that protrude from the underside of dendrites. However, confocal
stacks of images intrinsically result in a z-dimension distension; thus,
a correction factor of 0.84 was applied to that dimension. This factor
was calculated using a 4.2 um Tetraspeck Fluorescent microsphere
(Molecular Probes) under the same parameters used for the acqui-
sition of dendritic stacks.

Dendlritic spine density was determined by counting the number
of dendritic spines per 10 um of dendritic length, starting at the soma
and continuing to the distal tips of basal dendrites. For apical den-
drites, the 100 um long segment was also analyzed every 10 um of
dendritic length. Dendritic diameter values were calculated per den-
dritic order in basal dendrites by measuring the diameter, in the x-y
dimension of the stack, at the beginning and the end of the dendrite
and before and after each dendritic node. Also, dendritic diameter
was calculated every 10 um along the length of the basal and apical
dendrites. Dendpritic shaft volume was additionally calculated for each
dendrite, by selecting a particular threshold that represented a solid
surface that matched the contour of the dendritic shaft (Fig. 24,B).
The total volume of the dendprite represents the sum of dendritic shaft
volume and all dendritic spine volumes of the corresponding dendrite
(total dendritic spine volume; see below for details of dendritic spine
volume reconstruction).

Dendlritic Spine Volume

To capture the whole range of dendritic spine volumes, 7-10 different
intensity threshold surfaces were first created for each stack of
images. Then, for each individual dendritic spine, a particular
threshold was selected to constitute a solid surface that exactly
matched the contour of each dendritic spine (Fig. 2C,D). However,
sometimes it was necessary to use several surfaces of different inten-
sity thresholds to capture the complete morphology of a dendritic
spine.

Dendlritic Spine Length

Dendritic spine length was manually marked in each individual
dendritic spine from its point of insertion in the dendritic shaft to the
distal tip of the spine, while rotating the image in 3Ds (Fig. 2E).

Dendritic Length

Dendritic length is a measure of the total length of each basal or
apical dendrite and the Number of dendpritic spines refers to all
dendritic spines contained within the total length of each dendrite.
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Statistics

All statistical analyses were performed using R and GraphPad Prism
version 5.00 for Windows (GraphPad Software, San Diego, CA, United
States of America). When morphological parameters were presented
as mean values per dendrite and frequency distributions, the
Kruskal-Wallis and Kolmogorov-Smirnov tests were used, respect-
ively, to compare between the groups. The fit of the parametric distri-
butions of morphological parameters was performed using the R
package fitdistrplus. The fitting method used was the maximum-
likelihood estimation. In this case, the Kolmogorov—Smirnov test was
performed with a significance level of 0.05. Measurements reported
as a function of the distance from the soma and branch order per den-
drite were analyzed using 2-way ANOVA and the Bonferroni
post-tests. Correlation analysis between the parameters quantified was
performed using the Spearman analysis. Significant correlations were
classified as weak [Spearman’s rho () value lower than 0.40], moder-
ate (0.4 <r<0.7), and strong (> 0.7). Differences were considered to
be significant when P<0.05. Measurements are reported as mean +
SEM, unless otherwise indicated.

Results

Analysis of Spine Densities

Over 8900 individual spines were completely 3-dimensionally
reconstructed along 6.35 mm of dendritic length of main
apical (n = 16) and basal dendrites (72 = 20) of layer III pyrami-
dal neurons in the cingulate cortex (area 24) of individuals
C40 and C85. Figure 3 shows examples of apical and basal z-
projection stacks of dendrites (76 stacks) in both cases. For
each stack, several morphological parameters that included
features of the dendritic shafts and spines were measured as
described above.

First, we measured the spine density. Apical dendrites
showed a significantly higher mean density than basal den-
drites in both cases (Fig. 44; see Supplementary Table S1).
Furthermore, significant differences were found between all
groups when frequency distributions were calculated (Fig. 4B;
see Supplementary Table S2). Specifically, C85 basal dendrites
presented the lowest density, followed by C40 basal dendrites
and then C85 apical dendrites. C40 apical dendrites showed
the highest density. We then analyzed the distribution of den-
dritic spines along the entire length of dendrites as a function
of the distance from the soma to the distal tips of dendrites.
We found that the basal dendritic spine density, at approxi-
mately 70-130 um from the soma, was significantly lower in
individual C85 than in individual C40 (Fig. 4C; see Sup-
plementary Table S3). In particular, C40 dendritic spine
density increased to a maximum of 1.870 spines/um at
110 um and then values slightly decreased along the remain-
ing length of the basal dendrite. However, in basal dendrites
of individual C85, the density increased to 1.2-1.3 spines/um
at approximately 90 um from the soma and then the values
remained similar along the remaining length of the dendrite
(Fig. 4C). Regarding apical dendrites (Fig. 4D), individual C40
displayed significantly higher values than any other group
along the length of the dendritic segment (Fig. 4D; see Sup-
plementary Table S4). More specifically, values slightly in-
creased to a maximum of 4.375 spines/um (at 160 um) in
individual C40 and 2.250 spines/um (also at 160 um) in indi-
vidual C85.
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Figure 2. Dendritic shaft and dendritic spine reconstruction. (A) Confocal microscopy image showing a labeled basal dendritic segment. (B) For each dendrite, dendritic shaft
volume (white) was 3D reconstructed by selecting a particular threshold that represented a solid surface that matched the contour of the dendritic shaft along the length of the
dendrite. (C) To 3-dimensionally reconstruct the complete morphology of each dendritic spine, 7-10 different intensity thresholds were created (i1-8) and then, a particular
threshold was selected to constitute a solid surface that exactly matched the contour of that dendritic spine (i9). (D) The sequence described in (C) was repeated for each
individual dendritic spine to reconstruct each dendritic spine volume along the length of the dendrite. The combination of dendritic shaft volume and all dendritic spine volumes
represents the total volume of the dendrite. (E) For each individual dendritic spine, its length was manually marked from its point of insertion in the dendritic shaft to the distal
tip of the dendritic spine, while rotating the image in 3 dimensions (see i10 in C). Scale bar (in £): 6 umin A, B, D, and £ and 2.3 um in C.

Analysis of Dendritic Diameter and Dendyritic Volume

The mean values showed apical dendrites to have significantly
greater diameters than basal dendrites (Fig. 4F; see Sup-
plementary Table S1). The study of the cumulative frequency
distribution revealed that apical, but not basal, curves were
significantly different (Fig. 4F; see Supplementary Table S2).
Dendritic diameters were then calculated as a function of the
distance from the soma. As shown in Figure 4G and Sup-
plementary Table S3, no significant differences were found

between the basal dendrites of individuals C40 and C85.
Additionally, basal dendritic diameters were analyzed per
dendritic order (see Supplementary Fig. S14). Again, no sig-
nificant differences were found between individuals. Further-
more, the curves showed that values decreased as dendritic
order increased, whereas when dendrites were analyzed as a
function of the distance from the soma (Fig. 4G), the diam-
eters decreased from the beginning of the dendrite to
approximately 60 um, with values then remaining similar

Cerebral Cortex August 2013, V23 N8 1801
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Figure 3. Examples of apical and basal dendritic segments. Confocal microscope
images showing labeled apical (4-D) and basal (E-H) dendrites from case C40 (A,
B, E, and F) and C85 (C, D, G, and H). Scale bar (in H): 6 um in A-H.

along the length of dendrites and between both groups. Thus,
it can be inferred that the position of bifurcations had to be
located along the first approximately 60 um. In fact, the esti-
mation of the position of nodes showed that they were typi-
cally positioned between 11+5 and 43 + 11 um and between
10+4 and 38 +13 um (mean * SD; range 5-60 um) for basal
dendrites in individuals C40 and C85, respectively. Regarding
the dendritic diameter of apical dendrites (Fig. 4H), C85 pre-
sented significantly thinner dendrites than C40 (see Sup-
plementary Table S4). Additionally, apical dendrites of both
individuals were statistically thicker than basal dendrites
along the dendritic length). Regarding their distribution, the
values remained relatively similar along the length of the den-
dritic segment.

Additionally, the dendritic shaft volume and the total
volume of the dendrite were also calculated for each dendrite
(see below for details of dendritic spine volume reconstruc-
tion). As shown in Table 1 and Supplementary Figure S1B,
the estimated percentage of dendritic volume occupied by
spines was 27% and 20% for C40 and C85, respectively, in
apical dendrites and 33% and 27% for C40 and C85, respect-
ively, in basal dendrites. Thus, there is a higher percentage of
spines in C40 compared with C85, in both regions. However,
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there is a similar difference (6-7%) of higher dendritic volume
occupied by dendritic spines in basal compared with apical
dendrites, in both individuals.

Analysis of Dendritic Spine Volumes

We then reconstructed the complete morphology of each
dendritic spine and measured their volumes (Fig. 2). The
mean values (mean+SEM; Fig. 54) showed no significant
differences between any of the groups (see Supplementary
Table S1 for statistical comparisons). However, the study of
their distributions (Fig. 5B,C; see Supplementary Table S2) re-
vealed that basal dendrites from case C40 show the highest
probability of having small dendritic spine volumes than any
other group. Similarly, basal dendrites from case C85 show
the highest probability of having large dendritic spine
volumes compared with any other group. Indeed, significant
differences were found between basal dendrites from cases
C40 and C85. Additionally, significant differences were found
between apical and basal dendrites in individual C40, but not
in individual C85, which presented similar spine volumes.

To determine any possible underlying distributions of the
volume data, the Cullen and Frey graph (skewness—kurtosis
plot) was used. This graph revealed that spine volumes could
be distributed as a gamma function (Fig. 5D). The maximum-
likelihood estimates of the gamma distribution parameters
were then computed for volume data (Fig. 5E). Estimated par-
ameters along with the Kolmogorov-Smirnov goodness-of-fit
statistic (KS test) can be found in Table 2. The KS tests deter-
mine that the empirical and the estimated distributions do not
differ significantly. To further assess these results, the distri-
butions, cumulative distribution functions (CDFs), QQ-plot,
and PP-plot comparing the empirical (observed) distribution
and the estimated gamma distribution were computed (see
Supplementary Figs S2 and S3). The estimated gamma par-
ameters (shape and rate) were smaller for dendritic spine
basal volumes of individual C85 in comparison with the den-
dritic spine volumes of individual C40. Similarly, the same be-
havior was found in apical dendrites.

In addition, dendritic spine volumes were analyzed as a
function of the distance from the soma, starting at the soma
and continuing to the distal tips of basal dendrites (Fig. 64)
and along the 100-200 um segment for apical dendrites
(Fig. 6B). The results showed that basal dendrites of individ-
ual C85 displayed the highest values when compared with
individual C40, although they did not reach statistical signifi-
cance (see Supplementary Tables S3 and S4 for statistical com-
parisons). As shown in Figure 64, the volume values of
dendritic spines located along the first approximately 60 um
of the dendritic length of basal dendrites were relatively low
and then increased to values that remained relatively similar
along the rest of the dendritic segment. Regarding apical den-
drites (Fig. 6B), volume values remained relatively similar
along the apical dendritic segment (100-200 um) in both C40
and C85 individuals. These values were similar to those
observed in the basal dendrites at the same distance from
the soma.

Analysis of Dendritic Spine Length

Apical dendrites from individual C40 had longer dendritic
spines than those in basal dendrites, but not in individual C85
(Fig. 74; see Supplementary Table S1). The detailed study of
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Figure 4. Dendritic spine density and dendritic diameter measurements in apical and basal dendrites. (4-D) Graphs showing the mean dendritic spine density (4), cumulative
frequency distributions (B), and distribution of dendritic spine density as a function of the distance from the soma (C and D) in individuals C40 and C85. (E-H) Graphs showing

the mean dendritic diameter (£), cumulative frequency distributions (F), and distribution of d

endritic diameter as a function of the distance from the soma (G and H) in individuals

C40 and C85. Blue lines in (C) and (G) correspond to the 100-200 um segment of basal dendrites shown in the corresponding panels (D) and (H). Asterisks indicates the
presence of significant differences. See Supplementary Tables S1-S4 for details of statistical comparisons.

these distributions of values (Fig. 7B,C) revealed that basal
dendrites from case C40 showed the highest probability of
having short dendritic spines compared with any other group,
whereas apical dendrites from case C40 showed the highest
probability of having long dendritic spines compared with
any other group. Significant differences were found between
all the groups (see Supplementary Table S2 for statistical
comparisons).

As with dendritic spine volumes, their lengths were further
analyzed to search for theoretical distributions and could
also be estimated as gamma functions (Fig. 7D). Thus, the
maximum-likelihood estimates of the gamma distribution par-
ameters were computed for length data (Fig. 7E). Estimated
parameters along with the Kolmogorov-Smirnov goodness-
of-fit statistic can be found in Table 3. As can be seen in this

Table 1
Measurements (mean =+ SD) of the total volume of the dendrite, dendritic shaft volume, and total
dendritic spine volume® per dendrite, and percent of spine volume in individuals C40 and C85

n  Total volume of the ~ Dendritic shaft Total dendritic % of
dendrite (um®) volume (um?) spine volume® spine
(um?) volume

Al 36 268.28 = 83.10 195.00 = 64.29 73.28 = 28.15 27.31
dendrites
C40 8 361.77 = 64.37 264.07 + 46.63 97.70 = 27.85 27.01
apical
€85 8 24849 =61.35 197.37 = 53.20 51.11 = 19.67 20.57
apical
C40 10 2401 = 64.21 160.48 + 48.93 79.58 = 20.2 33.15
basal
€85 10 23755 +82.41 172.37 = 64.38 65.18 + 23.76 27.44
basal

“Calculated as the sum of all spine volumes contained within the dendrite.
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Figure 5. Dendritic spine volume analysis. (A—C) Graphs showing dendritic spine volume measurements represented as mean values per dendrite (4), cumulative distribution
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with the parameters of shape and rate corresponding to Table 2.

table, the estimated gamma parameters for C40 basal and C85
basal are quite similar, and their intervals overlap. Supplemen-
tary Figs S4 and S5 show the Kolmogorov-Smirnov test, along
with the distributions, CDFs, QQ-plot, and PP-plot comparing
the empirical (observed) distribution and the estimated gamma
distribution, which show that in all cases, spine lengths were
distributed as a gamma function. When dendritic spine lengths
were analyzed as a function of the distance from the soma
(Fig. 6C,D), no significant differences were found between
basal dendrites, whereas apical dendrites showed, in both
cases C40 and C85, significantly higher values than those
observed in the basal dendrites of individual C40 (see Sup-
plementary Tables S3 and S4 for statistical comparisons).
Finally, length values of dendritic spines located along the first
approximately 60 um of the dendritic length of basal dendrites
were relatively low and then increased to values that that re-
mained relatively similar along the rest of the dendritic
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Table 2
Estimated gamma parameters and the Kolmogorov—Smirnov goodness-of-fit for dendritic spine
volumes

Estimated gamma parameters Goodness-of-fit statistics

Shape Rate Kolmogorov—Smirnov
C40 apical 1.75 = 0.045 4.88 +0.145 0.036
(85 apical 1.64 + 0.058 4.47 +0.186 0.028
C40 basal 1.61 + 0.039 4.78 +0.137 0.022
(85 basal 1.51 + 0.043 391 +0.133 0.036

segment. Regarding apical dendrites, values were similar along
the length of the apical dendritic segment (100-200 um) in
both C40 and C85 individuals (Fig. 6D).

Finally, the mean length of dendrites, the total dendritic
length analyzed, the mean number of spines per dendrite,
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Supplementary Tables S3 and S4 for details of statistical comparisons.

and the total number of spines found in each dendrite is
shown in Table 4 (see also Supplementary Fig. S6 for further
information).

Correlation Between Morphometric Parameters

We then examined whether there was a potential correlation, in
apical and basal dendrites, between the different parameters
analyzed in the present study. As shown in Figure 8, apical
and basal compartments displayed independent relations. For
example, the apical dendritic spine density displayed a strong
correlation with dendritic diameter (Fig. 84), whereas the basal
dendritic spine density showed a strong negative correlation
with dendritic spine volume (Fig. 8B). Additionally, basal spine
volumes showed a moderate correlation with dendritic diam-
eter (Fig. 8D). No other significant relation was found between
these parameters. See also Supplementary Tables S5 and S6 for
further apical and basal relations.

Discussion

The main findings in the present study are the following.
First, we find a lower spine density and volume and shorter
length of dendritic spines, and lower dendritic thickness in
basal compared with apical dendrites. Second, except for the
increase in densities, there is no systematic variation in spine
morphologies with respect of distance from the soma. Third,
we find positive correlations between apical spine densities
and dendritic diameters, and negative correlations between
basal spine densities and spine volumes. Fourth, a gamma
theoretical distribution is followed by both volumes and

lengths populations of dendritic spines. Finally, a major
reduction in spine densities and apical dendritic thickness, as
well as a decline in small and short spines in basal dendrites
and long spines in apical dendrites, is observed with age.

Methodological Considerations

Our results in aging should be interpreted with caution
since, although we analyzed thousands of individual 3-
dimensionally reconstructed spines, they only come from 2
individuals. This limited number of cases was due to the diffi-
culties in obtaining human tissue, especially with the optimal
quality of fixation and preservation required for a detailed
study of the complete morphology of the dendritic spines. A
further point to be considered is that different cortical areas
show remarkable differences in their structure and there is
great interindividual variability (brain size, cortical thickness,
number of cells, gender differences, etc.) (DeFelipe 2011).
Therefore, the data obtained in the present study cannot be
generalized to all cortical areas, genders and ages. Neverthe-
less, it is important to bear in mind that the human cerebral
cortex is unique in many aspects, including genetic, molecu-
lar, structural, and physiological levels, and therefore,
research on human brain is fundamental in spite of these
limitations. The results obtained in the present study regard-
ing intraindividual differences across dendritic compartments
and theoretical distributions of dendritic spines are robust
due to the large number of dendritic spines analyzed. Thus,
the present study represents a further step toward the charac-
terization of the human brain microorganization, but it would
be necessary to confirm with a larger number of individuals
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parameters of shape and rate corresponding to Table 3.

Table 3
Estimated gamma parameters and the Kolmogorov—Smirmov goodness-of-fit for dendritic spine
lengths
Estimated gamma parameters Goodness-of-fit statistics
Shape Rate Kolmogorov—Smirnov
C40 apical 5.38 = 0.143 3.02 +0.084 0.032
(85 apical 459 = 0.166 2.68 +0.103 0.027
C40 basal 4.00 = 0.101 2.83 =0.076 0.021
(85 basal 4.18 +0.125 2.82 =0.090 0.015

and in additional cortical areas. What follows is a discussion

of the main findings in this study.

Differences in Morphological Parameters in Different

Dendyritic Compartments

In general, apical dendrites had higher density of spines,
larger diameters, and longer dendritic spines compared with
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Table 4
Measurements (mean == SD) of the dendritic length and number of spines per dendrite of
individuals C40 and C85

n Mean dendritic Total dendritic Mean number Total number
length (um) length (um) of spines of spines

All 36 176.4 + 7455 6349.66 2479 +80.63 8926
dendrites

C40 apical 8 100.6 = 3.806 804.70 3329 +6820 2663
(€85 apical 8 1036 + 1.706 829.08 177.8 £49.48 1422
C40 basal 10 2421 +31.32 2420.69 2858 = 5256 2858
C85basal 10 2295 +53.72 229459 198.3 4329 1983

basal dendrites, whereas differences in spine volumes were
only present in the younger individual (see Fig. 9 for a
schematic representation of the results).

Accordingly, the higher density of spines in apical den-
drites would be associated with differences in the number of
synaptic inputs. On another note, since dendritic diameters
are associated with cable properties (Rall 1995), it is
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relations.

suggested that electric conductance of main apical dendrites
is different from basal dendrites. The variability in spine
length could be related to differences in biochemical compart-
mentalization (Yuste et al. 2000) in the different dendritic
compartments of the neuron. Regarding spine volume, it is
thought that small dendritic spines are preferential sites for
long-term potentiation induction, whereas large spines might
represent physical traces of long-term memory (Matsuzaki
et al. 2004; Kasai et al. 2010). Thus, results suggest that the
higher population of small spines present in basal dendrites
could be related to a higher potential for plasticity in this den-
dritic compartment than in the apical dendrites. Altogether,
these observations reveal that dendritic spines are structurally
highly diverse between dendritic compartments, which in

turn probably reflect differences in the processing of
information.

As an additional interesting note, we found that there was a
similar difference of 6-7% of higher dendritic volume occu-
pied by dendritic spines in basal compared with apical den-
drites, in both individuals. Thus, independent of the large
differences found in absolute values between these individ-
uals, dendritic spines seem to represent a fixed relative pro-
portion in apical and basal dendrites of pyramidal neurons.

Distribution of Morphbological Parameters as a Function
of the Distance from the Soma

All parameters analyzed on basal dendrites showed increasing
values for the first approximately 60 um of dendritic length,
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with the exception of the dendritic diameter, which decreased
along the same distance (Fig. 4G). Then, values remained, in
general, relatively similar along the remaining dendritic
length, except for spine density, which reached a peak at
110 um and then decreased. That is, there is a trend in the
distribution of dendritic spine density along the length of the
dendrite with respect to the soma. In particular, proximal
dendritic segments are devoid of spines (typically for 10-
15 um) and they become increasingly more prevalent, reach-
ing a peak at approximately one-third of the total length from
the soma, and then gradually decreasing toward the tip of the
dendrite. This distribution is in line with previous studies per-
formed on a variety of species and cortical regions (Elston
et al. 2001; Elston and DeFelipe 2002; Ballesteros-Yafiez et al.
2010).

In contrast, dendritic diameter, dendritic spine volume, and
spine length are independent of their distance from the soma,
from approximately 60 um onwards. Previous studies in the
neocortex of mice have also reported a lack of correlation
between the spine size and the distance from the soma
(Konur et al. 2003; Arellano, Benavides-Piccione et al. 2007).
These observations suggest that there is no systematic com-
pensation for the dendritic electrotonic filtering. These obser-
vations are at odds with previous studies that reported a
larger dendritic spine size with increasing distance from the
soma in several cortical regions and species, including the
pyramidal neurons of the somatic sensory cortex of the cat
and mouse primary visual cortex and of pyramidal neurons of
the mouse and rat CAl hippocampal region (Jones and
Powell 1969; Megias et al. 2001; Konur et al. 2003). Thus, it is
possible that this attribute is specific to the human cerebral
cortex, but it may be simply that it depends on the cortical
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areas analyzed. Further studies would be necessary to resolve
this question using the same methods.

Dendritic diameters of basal dendrites were additionally
calculated per dendritic order, showing that the dendrite gets
thinner as the dendritic order increases (see Supplementary
Fig. S1). This indicates that, as predicted by the cable theory
(Rall 1959), it is branch order and not the distance from the
soma that determines diameter reduction. Regarding dendritic
bifurcations, we observed Rall’s d*’? constraint (Rall 1959) sat-
isfied for the first 3-branch order. However, there was a devi-
ation from this constraint in the decline in the dendritic
diameter curve for the remaining branch orders, probably due
to the lower frequency of higher branch orders. Additionally,
we found all nodes to be located along the first approximately
60 um from the soma, revealing that the distributions of den-
dritic spine volume and length values are, from the last den-
dritic bifurcation, independent of their distance from the
soma. That is, as the dendrite is bifurcating, dendritic spine
volume and spine length parameters show increasing values,
whereas when the dendrite reaches a stable diameter for the
remaining length, these parameters also stabilize. These
results suggest a possible role of dendritic diameter as a regu-
latory factor in spine morphology.

Correlation Between Morpbometric Parameters
First, we find that apical and basal compartments displayed
different relations, which suggest that both compartments
have independent rules for these parameters. This is in line
with previous studies in the mice neocortex (Arellano,
Benavides-Piccione et al. 2007) which also detected different
relations for apical and basal compartments. In the present
study, apical dendrites showed a correlation between dendri-
tic spine density and dendritic diameter, suggesting a possible
co-regulation of these variables in such a way that the greater
the diameter of the dendrite, the greater the density of spines
found in that dendrite. Instead, the basal spine density
showed a strong negative correlation with dendritic spine
volume, suggesting that the greater the density of spines, the
smaller the size of spines. This is in line with previous studies
in the mice neocortex (Konur et al. 2003) which detected a
correlation between spine head diameter and interspine dis-
tance, whereby larger spines are spaced further away from
each other than smaller spines. Also, a positive correlation
was found between basal dendritic diameter and spine
volume, indicating that thicker basal dendrites would have
larger spines. However, differences in the thickness of basal
dendrites were only found along the very first distances of the
dendrite (Fig. 4G), whereas the majority of the dendritic
length presents virtually identical values. Moreover, we fail to
encounter significant correlations among the dendritic spine
length and any other parameters, in both apical and basal
dendrites. This indicates that the spine length is indepen-
dently regulated from the spine volume, as if they were con-
trolled by different biological mechanisms. The lack of
correlation in spine volume and spine length parameters indi-
cates that larger spines are not the longest. Thus, we confirm
and extend previous findings in the mouse cerebral cortex
(Benavides-Piccione et al. 2002) that these parameters are
also independently regulated in the human neocortex.

In summary, thick apical dendrites tend to have a high
density of spines but do not necessarily have larger/longer
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spines. Basal dendrites seem to have a fixed dendritic diam-
eter, and those with a greater density of spines have smaller
sized spines.

Distribution of Dendyritic Spine Volume and Lengths

The continuum of variability found in dendritic spine
volumes reveals from the functional point of view a conti-
nuum of variability of axospinous synapses in both apical and
basal human dendrites. Indeed, the large morphological di-
versity found, even for a small dendritic segment (Fig. 2),
suggests an equally large variability of synaptic strengths and
learning rules (Yuste 2010). Furthermore, we found that both
dendritic spine volumes and lengths follow a theoretical distri-
bution (gamma function). To our knowledge, there is no
known biophysical explanation that accounts for why data
may follow a gamma distribution, but it has been shown that
other related phenomena, such as the interspike intervals,
also follow a gamma distribution (Miura et al. 2007). Anyhow,
it demonstrates that these components of cortical circuits are
designed in accordance with the rules of mathematical func-
tions. Thus, it will be possible to model functional maps of
inputs on a given neuron, based on the hypothetical direct
relation between the morphology of the dendritic spine and
the synaptic current that each spine can generate. Further ana-
lyses in other cortical areas and species will help to determine
whether the continuum of variability also found in their den-
dritic spines (Spacek and Hartmann 1983; Harris et al. 1992;
Benavides-Piccione et al. 2002; Ballesteros-Yaniez et al. 2000;
Arellano, Benavides-Piccione et al. 2007) follows the same
theoretical function, suggesting a common organizational
principle across species.

Selective Changes of Morphbological Parameters in Aging
in Apical and Basal Dendrites

We found that both apical and basal dendrites of individual
C85 had significantly lower density of dendritic spines than
those of individual C40 (Fig. 9), suggesting a general lower
capability of neurons to integrate information in the aging
brain. These observations are in agreement with previous
studies on age-related changes performed in several cortical
areas of primates, including humans (Rakic et al. 1994; Jacobs
et al. 1997; Hof and Morrison 2004; Petanjek et al. 2008; An-
derson et al. 2009; Kabaso et al. 2009; Dumitriu et al. 2010;
Petanjek et al. 2011). We also found that apical dendrites of
C85 were significantly thinner than apical dendrites of C40,
whereas basal dendritic diameter remained similar in both
individuals. Furthermore, the estimated percentage of dendri-
tic volume represented by dendritic spines in C85 apical den-
drites was lower (20%) than any other dendritic group (ca.
27-30%; Table 1). Thus, apical dendrites seem to be more
sensitive to age-related changes than basal dendrites, in this
regard. These results are in agreement with previous studies
performed in monkeys which found that spine densities, den-
drite diameters, lengths, and branching complexity were sig-
nificantly reduced in apical dendrites of long projection
neurons with aging (Kabaso et al. 2009).

Regarding dendritic spine volume, we find that basal den-
drites from case C40 show the highest probability of having
small dendritic spines, whereas C85 basal dendrites show the
highest probability of having large dendritic spine volumes.
Indeed, dendritic spines of C40 basal dendrites are

significantly smaller than those in C85 basal dendrites. Thus,
the main differences are found in basal dendrites, whereas
apical dendrites remain more similar to each other, suggesting
that small basal dendritic spine volumes may be selectively
lost in aging. According to Matsuzaki et al. (2004) and Kasai
et al. (2010), small dendritic spines are preferential sites for
long-term potentiation induction, whereas large spines might
represent physical traces of long-term memory. Thus, the
higher percentage of small spines presented in basal den-
drites of the 40-year-old case could be related to a higher
potential for plasticity than in the aged case. These results are
in line with previous studies performed in monkeys (Dumitriu
et al. 2010), which showed that thin dendritic spine heads are
lost with age.

Finally, we observed that basal dendrites from case C40
show the highest probability of having short dendritic spines,
whereas the highest probability of having long dendritic
spines occurs in C40 apical dendrites. Thus, apical and basal
dendrites of C40 show greater differences between each other
than C85 dendrites. Indeed, significant differences were
found between all the groups. These results suggest that short
spines of basal dendrites and long spines of apical dendrites
may be lost with age. Since no previous studies in primates
are available, we cannot conclude whether these results are a
general characteristic of aged neurons.

In summary, taken together, the previous data and the
present results show that since spine density is reduced in
apical and basal compartments, a general lower capability to
integrate information produced in all compartments of pyra-
midal neurons in the aging brain. Also, since dendritic diam-
eter/shaft volume is specifically altered in apical dendrites, it
is likely that the electrotonic conductance of pyramidal
neurons is particularly altered in apical dendritic compart-
ments. Additionally, long spines of apical dendrites and small
and short spines of basal dendrites seem to be selectively lost,
suggesting a reduction in preferential sites for long-term
potentiation, and consequently, alterations in learning and
memory in the aging brain.

Supplementary Material

Supplementary material can be found at:
oxfordjournals.org/.
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