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A b s t r a c t 

Introduction: Normal aging is characterized by deterioration of visual abilities, affecting mainly visual acuity, con-
trast and wavelength sensitivity. In the present study we attempted to describe the morphological and morphomet-
ric alterations of the dendrites and the dendritic spines of the pyramidal cells of the visual cortex during normal 
aging, in order to approach the visual impairment of aged individuals from a neuropathological point of view.
Material and methods: We studied the visual cortex in 20 brains using the Golgi technique.
Results: In pyramidal cells, which represent the majority of cortical neurons, age-related pathology can be observed 
in cell somata as well as, most importantly, in dendrite number and morphology. The apical dendrites of some pyra-
midal cells are distorted and tortuous. Horizontal dendritic arborization is also severely decreased. These alterations 
were more prominent in the corticocortical pyramidal neurons of the 5th layer.
Conclusions: The morphological and morphometric assessment of the dendrites and the dendritic spines in the visual 
cortex in normal aging revealed substantial alterations of the dendritic arborization and marked loss of the dendritic 
spines, which may be related to visual impairment even in normal aging. 
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Introduction 

Normal aging is characterized by deterioration of 
visual abilities, affecting mainly visual acuity, con
trast and wavelength sensitivity [14,28,38,47,50,63]. 
Anatomical and morphological studies concluded 
that retinal abnormalities and changes of the subcor

tical areas do not efficiently explain the perceptual 
deficits [1,27,50], and recent neuroimaging studies 
suggest that agerelated dedifferentiation may apply 
at a neural level besides photoreceptors [1]. 

Several conflicting lines of evidence exist so far 
concerning the possible causative mechanism for 
such impairment. Hua et al. (2006) described signif
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icant functional degradation of the primary visual 
cortex in aged animals, which could be regarded as 
direct evidence for the loss of function in visual cor
tical cells [19].

Although a decrease in brain size has been report
ed with increasing age [11], there is some evidence 
that gray matter tissue loss is minimal in patients 
without degenerative abnormalities [12]. Brody 
(1955) and Samorajski (1976) in their early studies 
mentioned a significant neuronal loss during normal 
ageing [7,49], whereas Pakkenberg and Gundersen 
(1997) in a  more recent study suggested a  small 
loss of neurons with age [42]. The latter findings are 
in agreement with studies of Vincent et al. (1989), 
Peters and Sethares (1993) and Tiggers et al. (1990), 
who concluded that there is no significant loss of 
neurons during ageing. 

According to light microscopy, no significant 
changes in length and complexity of the dendritic 
arbor were found to correlate with agerelated func
tional alterations [5,10,36,55] in layer I  of rhesus 
monkeys. However, electron microscopy revealed 
fewer dendritic and spine profiles per unit area, 
thickening of the glia limiting membrane and a con
comitant decrease in the numerical density of syn
apses with age [44]. Furthermore, Xu et al. (2007) in 
a Golgi study in rats, revealed agerelated changes in 
dendritic branching and spinal density of the pyra
midal cells of the visual cortex [65]. 

In order to further examine the possible agere
lated alterations in the human visual cortex, we 
focused on the pyramidal cells of layer 5 of the 
human visual cortex. Two main classes of pyrami
dal neurons have been described in layer 5, each  
of them playing a unique role in visual information 
processing. The first one refers to corticocortical 
pyramidal neurons. Corticocortical pyramidal neu
rons have short apical dendrites which never reach 
higher than layers 2/3, small to medium sized cell 
bodies and a  few basal dendrites. Corticocortical 
neurons participate in direct feedback circuits [8].

The second type of pyramidal neurons refers to 
corticotectal neurons, which have large cell somata, 
a long apical dendrite forming a large terminal tuft 
in layer 1, and their basal dendrites form a  dense 
and symmetrical dendritic field [8]. 

These cells bear fastconducting axons that 
branch to enervate multiple subcortical targets and 
intracortical collaterals that may end several milli
meters away from the soma [15,26,54]. In the pri

mary visual cortex (V1), the great majority of cor
ticotectal neurons are members of this distinctive 
subpopulation of pyramidal neurons [25,47,58]. 
Cor ticotectal neurons of V1 terminate in superficial, 
retinal recipient layers of the superior colliculus in 
a roughly topographic manner [16,17].

Thus there are two morphologically distinct pro
jection systems in layer 5, one projecting to cortical 
and the other one to subcortical targets, suggesting 
that these two systems transmit different informa
tion from the visual cortex. 

In previous studies we have shown significant 
dendritic and spinal changes in the visual cortex 
during normal ageing [33] and in Alzheimer’s disease 
[32]. In the present study we attempted to describe 
the morphological and morphometric alterations of 
the dendrites and the dendritic spines of the pyra
midal cells of the visual cortex during normal aging, 
in order to approach the visual impairment of aged 
individuals from a neuropathological point of view.

Material and methods

Subjects

Tissue samples from 20 brains were provided by 
the Laboratory of Forensic Medicine and Toxicology. 
Tissue blocks were removed postmortem and imme
diately immersed in 10% buffered formalin solution. 
All the brains had been examined using routine his
topathology methods and no macroscopic or micro
scopic signs of underling pathology were observed. 
The brains were divided into two groups, the first of 
them consisting of ten individuals aged 4055 years 
and the second consisting of the remaining ten aged 
7586 years. 

Tissue preparation

Tissue samples of the primary visual cortex 
were excised from the left hemisphere, stained with 
a modified Golgi method and cut in a slicing micro
tome in thick sections at the range of 150 μm.

Cell selection criteria

Neurons examined consequently for quantitative 
alterations met the criteria set forth by Jacobs et al. 
(1997) that request uniform staining of neuronal 
processes, absence of precipitated debris, good con
trast between cells and background, and relatively 
uniform tissue thickness [22].
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Neuronal tracing and variables 
analyzed 

For each one of 20 brains, 30 pyramidal cells of 
the fifth layer were selected.

For each selected cell a  video recording was 
taken, using an Amscope 10 Mpx microscope dig
ital camera on an Axiostar Plus Zeiss light micro
scope, analyzed and converted into multiple image 
sequences of 200 serial digital images applying the 
Image J application. They were then imported in the 
Neuromantic application as image stacks in order to 
be used for semiautomatic three dimensional neu
ronal reconstructions. Neuronal tracing was carried 
out by 5 different individuals in order to avoid exper
imental bias.

Branch orders were evaluated in an adapted cen
trifugal fashion as follows: dendrites arising from the 
cell body were considered as firstorder segments 
until they bifurcated symmetrically into secondor
der segments; dendritic branches arising from the 
firstorder segments were considered as secondor
der segments until they bifurcated symmetrically 
into thirdorder segments, and so on. 

Variables analyzed were the total dendritic 
length, the total number of dendritic segments and 
bifurcations, the dendritic tree asymmetry, as well 
as the length and the number of dendritic segments 
per order. Furthermore, the tracings were analyzed 
quantitatively using the Image J program according 
to Sholl’s method of concentric circles [53]. Concen
tric cycles were drawn, at intervals of 15  μm cen
tered on the cell bodies, and dendritic intersections 
within each cycle were counted.

For the estimation of qualitative and quantitative 
changes of the dendrites we used magnifications of 
400×. 

Spine counts were carried out on the dendrites of 
layer V pyramidal neurons, on the basis of 300 pho
tomicrographs. Visible spines were counted on three 
segments of the dendritic field. The first segment, 
2030 μm in length, was located on a basal dendrite; 
the second segment, 2030 μm in length, was locat
ed on a  horizontal branch of the apical dendrite; 
and the third one, 4050 μm, was located along the 
apical dendrite. For each of the segments described 
above, 20 serial digital pictures were taken and used 
in the Neuromantic application for the three dimen
sional representation of the segments including the 
dendritic spines.

Adjacent samples of the visual cortex were used 
for Nissl staining for estimation of the borders of 
cortical layers and the depth of the selected neurons 
in the visual cortex. 

For the statistical analysis, Student’s t test was 
performed. Significance was taken as p < 0.05.

Results 

Golgistained tissue did not exhibit irregular 
varicose enlargements or constriction of dendrites, 
which were described as autolytic changes by Wil
liams et al. (1978) [64].

Qualitative and quantitative 
observations

Qualitative features

Two types of pyramidal cells were observed  
(Fig. 1). The first one refers to corticocortical neu
rons, having small to medium sized cell somata and 
an apical dendrite which terminates in layers 2/3, 
and the second one refers to corticotectal pyramidal 
cells, having large cell somata and an apical dendrite 
which ends in layer I. Both types of pyramidal neu
rons carry the standard morphology described by 
previous studies.  

Application of silver impregnation technique 
revealed significant restriction of the dendritic 
arborization in aged individuals. Irregular swellings 
in the soma, as well as in the proximal portions of 
the apical dendrite and the axon, were observed.  

Quantitative changes
The number of tertiary and quaternary branch

es of the basal dendrites was severely decreased 
mainly in small pyramidal cells of the older group 
(Fig. 2A and B). The total number of horizontal den
dritic branches was also significantly lower in the 
abovementioned group (Fig. 2C). 

The total dendritic length was significantly lower 
in the aged group, being most prominent in the dis
tal branches of small corticocortical pyramidal cells  
(Fig. 2D). Total number of bifurcations per neuron 
and the number of terminal branches were also 
decreased in the pyramidal cells of aged brains, 
exhibiting statistical significance in small cells but 
not in the large ones (Fig. 2A and B). 

Sholl analysis revealed significant restriction of 
the dendritic field in the distal intersections, both in 



103Folia Neuropathologica 2015; 53/2

Age-related dendritic and spinal alterations of pyramidal cells of the human visual cortex

Fig. 1. Corticotectal [1] and corticocortical [2] pyramidal neurons from the older brains (Golgi method, 
magnification 100×) and their reconstructions [3] and [5]. Cell soma of a corticotectal pyramidal neuron 
from an older brain [4] exhibiting significant loss of basal dendritic branches and dendritic spines (Golgi 
method, magnification 400×). Reconstruction from a corticocortical neuron from a younger brain [6]. Higher 
magnification of an oblique dendritic segment of the neuron in Figure 1.1 [7] and higher magnification of 
a part of the apical dendrite of the same neuron [8] (Golgi method, magnification 1000×). Corticocortical 
pyramidal neuron from the visual cortex of an older brain [9], higher magnification of a basal [10] and an 
apical dendritic segment [11] of younger brains exhibiting higher spinal density than the older ones.
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large cells and in small to medium sized pyramidal 
cells (Fig. 2E and F).

The average length per branching order was 
severely decreased in the 3rd and 4th ordered branch
es of the small pyramidal cells of the older group, 
while the respective differences in the large pyra

midal cells exhibited statistical significance only in 
the 4th and higher ordered branches (Fig. 3A and B).  
The same holds true for the dendritic branches per 
order (Fig. 3C and D).

No significant differences were detected in the 
dendritic tree asymmetry of small and large pyrami

Fig. 2. Comparison of complexity of the dendritic arborizations of small (corticotectal) (A) and large (corti
cocortical) (B) pyramidal cells from younger and older individuals. Total number of horizontal branches of 
large and small pyramidal cell from younger and older individuals (C). Total dendritic length of small and 
large pyramidal cells from the visual cortex of younger and older individuals (D). Sholl analysis from small (E) 
and large (F) pyramidal cells from younger and older individuals.
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dal cells in both groups of the study; however, the 
daughter ratio was significantly lower in the older 
group (Fig. 3E and F). The average branching order 
was also lower in the older group (Fig. 4A). 

Dendritic spines

At every age, the spine density for the thick den
drites was higher than that of the thinner dendrites.

Spinal density was calculated to be markedly 
decreased in both pyramidal cell types of the older 
group (Fig. 4B and C). 

Pyramidal cell type differences

Small corticocortical pyramidal cells were more 
profoundly affected by age, while most of the 
agerelated changes of the morphometric variables 

Fig. 3. Dendritic length per order and branches per order from small (A, C) and large (B, D) pyramidal cells 
from the visual cortex of younger and older individuals. Tree asymmetry and daughter ratio from small (E) 
and large (F) pyramidal cells from younger and older individuals.
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studied are more evident in them, as can be seen 
in Fig. 4D. 

Discussion

Methodological considerations

Golgi staining is a capricious and unpredictable 
method; however, it has been used for more than 
100 years for the study of neuronal morphology and 
continues to provide a unique view of the neuronal 
cell soma, dendrites and dendritic spines [33]. 

The Neuromantic program which was used for 
the three dimensional neuronal reconstruction is 
a  free application, verified and established for the 
semiautomatic reconstruction of neurons for single 
images or image stacks. Furthermore, it can be run 
by multiple computers simultaneously in more than 
one computer, allowing as many reconstructions as 
required in parallel [36]. 

The threedimensional neuronal reconstruction 
allows a better and more accurate depiction of the 
neuron, its dendrites and dendritic spines. Therefore 
it can provide the researcher information about neu
ronal functionality and allows statistical comparison 
between experimental neuronal populations as well 
as functional simulation of traced neurons [60]. 

Light microscopy inherently underestimates 
branch and spine numbers, and therefore dendrit
ic and spinal differences may actually be greater 
than observed [18,22]. However, the results are still 
acceptable as the same methods have been used in 
both groups of the study.

Age-related changes

Several aspects of agerelated visual impair
ment have been reported during the past decades 
in studies concerning both humans and other mam
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mals. Some of them refer to visual acuity, impair
ment of binocular summation, motion direction 
detection and spatial frequency contrast sensitivity 
[14,29,40,47,51,57,63]. 

Many studies have demonstrated agerelated 
regression in the dendritic arbors and spines of pyra 
midal neurons located in the prefrontal, superior 
temporal and precentral cortices in humans 
[29,37,43] and in nonhuman primates [46].

Significant agerelated loss of dendrites and den
dritic spines was first described in human brain by 
Scheibel and coworkers, including both shorter and 
fewer dendritic branches [52]. 

The effects of aging on dendritic complexity and 
spinal density of cortical pyramidal neurons in the 
human brain have also been examined by Anderson 
and Rutledge (1996), who quantified spine numbers 
on the basal dendrites of supragranular pyrami
dal cells in the posterior temporal gyrus and noted 
a  significant decline between 21 and 71 years of 
age [2]. Moreover, Jacobs and coworkers examined 
the total dendritic spine number on basal dendrites 
of supragranular pyramidal cells in prefrontal area 
10 and the occipital area in 26 neurologically nor
mal individuals 14106 years old and reported a 46% 
decrease in spine numbers and spine density from 
the younger to the older group [22].

In the present study spinal density was signifi
cantly lower in the apical and basal dendrites of the 
pyramidal neurons of the aged group. These results 
are congruent with the study of Page et al. (2002), 
who demonstrated a decrease of 2837% in the bas
al and apical dendrites of aged animals compared to 
young ones [41]. 

Total dendritic length, dendritic length per branch
ing order and total number of terminal branches 
were also significantly lower in the pyramidal cells 
of the older group. Animal studies have also found 
regressive dendritic changes during normal aging in 
prefrontal area 46 [13] and in the visual cortex [51].  

As Sholl analysis revealed, distal segments are 
mainly affected by age. 

Significant agerelated decreases in segment 
numbers were observed at the second branch order 
for apical dendrites and at the tertiary and quater
nary order for basal dendrites. Similar changes have 
been demonstrated in agerelated animal studies in 
other cortical areas and in area 17 [13,41]. The out
ermost branches of the dendritic tree are the most 
plastic ones and contribute significantly to synap

tic integration locally and along the entire neuron. 
The most peripheral dendritic spines are thought to 
be particularly effective in adjusting potential [23]. 
Thus the excitability of an entire dendrite may be 
disproportionately regulated by changes in distal 
dendrites and dendritic branches.

Although mechanisms underlying agerelated 
changes have not yet been clearly defined, a number 
of biochemical and genetic alterations have been 
described during normal aging. Aging is character
ized by downregulation of specific genes, such as 
genes expressing calcium channel subunits, GABA 
receptor subunits and genes involved in synaptic 
plasticity and playing a  role in DNA repair mecha
nisms and antioxidant defense [3,21,24,39,62]. 

Electron microscope studies demonstrated a cor
relation between oxidative stress and neuronal mor
phological alterations [4].

Furthermore, a  reduction of MAP2 protein 
expression and brainderived neurotrophic factor 
abnormalities has also been revealed by recent stud
ies, offering a possible etiological background for the 
agerelated changes [9]. 

Although aged cerebral cortex still display a cer
tain degree of neuronal plasticity, the selective loss 
of distal dendritic branches and agerelated alter
ations of dendritic spines point to a  reduced toler
ance of the aged visual cortex towards vascular and 
biochemical changes.

Cell-specific alterations

Small pyramidal cells of layer V are mainly affect
ed by age, while large pyramidal cells retain high
er dendritic and spinal density. The statistical test 
performed for the comparison of the morphometric 
changes between the two subpopulations of pyrami
dal cells confirmed this hypothesis. 

The main differences between the subgroups are 
related to the size of the cell soma, the functionality 
and their afferent and efferent connections. 

Medium sized to large pyramidal cells have thick 
axons ramifying with collaterals projecting to the 
superior colliculus [20]. Small to medium sized pyra
midal cells are also located at the depth of layer 5, 
possess basal dendrites that branch in layer 5 and 
layer 6 as well, and an apical dendrite never reach
es the molecular layer. Their axons send recurrent 
axons to layer 3A [30], to layers 5 and 6, and form 
efferents to cortical area V2. The different patterns 
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of connections might play a  role in the differences 
detected in two subpopulations of pyramidal cells 
detected in the present study. 

These findings are consistent with those of a pre
vious study on area 46, where small corticocortical 
pyramidal neurons seem to be mainly affected by 
age in comparison to large projection neurons [13].

Conclusions 

In conclusion, the present study points to the 
fact that brain aging is accompanied by rather sub
tle morphological and molecular changes at the level 
of single neuronal populations and different types of 
pyramidal cells of the human visual cortex are dif
ferently affected. The loss of dendrites and dendritic 
spines leads to a substantial decrease of the synap
tic contacts of the cells of the visual cortex with the 
neurons of other cortical and subcortical areas impli
cated in the modulation of the visual information.

These alterations seen in the thick sections of the 
silverimpregnated preparations, attributed to the 
degeneration of the dendritic spines, may explain the 
impaired central visual function during normal aging.
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