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Spatial distribution of human neocortical neurons and glial cells
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Abstract
A new stereological probe, the saucer, was used for estimating three-dimensional (3D) spatial distributions of particles around particles. The
advantages of the saucer include that the measurements and the results are in 3D and the size and design of the probe enables the investigator to
sample a proportion of a suitable size to have a reasonable relationship between workload and the information obtained. In this paper the method
is used on vertical sections to investigate the spatial distribution of astrocytes, oligodendrocytes, microglial cells, endothelial cells and secondary
neurons around primary neurons in the human neocortex (divided into frontal-, temporal-, parietal- and occipital cortex) of young and old subjects
free of neurological or psychological disease to test if age and gender has any influence on the cell distribution in human neocortex.
Plots of the spatial distribution of the densities of all cell types did not show any difference between women and men and no difference between
brains of young and old subjects. Thus it is concluded that in this small study the spatial distribution of the densities of the different types of cells
in brains from individuals free of neurological disorders was independent of age and gender.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction
Age-related changes in the human nervous system have
attracted increasing attention in the clinical, neuroimaging and
neuroanatomical domains. A variety of changes occur with age,
but in general these changes do not seriously compromise the
quality of life. Age-associated alterations in cognitive processes
include the speed of learning and verbal fluency (Costa and
McCrae, 1993; Resnick et al., 2003). Motor skills and sleep patterns also change in the elderly and the posture of an old person
is less erect than that of a young adult, the gait is slower and the
stride length is shorter. These motor and cognitive abnormalities
may result from subtle processes involving the central nervous
system. Several other important age changes have been reported
in the human brain (Jernigan et al., 2001). A decrease in the
volume of the brain and gyral atrophy are frequent postmortem
findings. While an increase in the ventricular volume and total
cerebrospinal fluid volume clearly indicates a reduction in the
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volume of the brain, the precise effect of a reduction in the volume of grey and white matter or deep nuclear structures has been
more difficult to define. Miller et al. (1980) found white matter
loss after the age of 50 years, while Corsellis (1976) reported
volume loss in both white and grey matter, where grey matter
was reduced more than white matter between the ages of 20 and
50 years.
2. Theory
In theory, patterns of points can be considered random, clustered or dispersed (regular). The null-hypothesis will often be
that of complete randomness: a homogenous Poisson point process (Boots and Getis, 1988). In this process points are generated
in the study field subject to two conditions: each location in the
study field has an equal chance of receiving a point (uniformity)
and the selection of a location for a point in no way influences the
selection of locations for any other point (independence). It is
unlikely that these conditions are present in the real world; however actively working processes are many and diverse and when
no strongly dominant ones prevail, the net effect may be to produce a pattern that resembles a homogenous planar Poisson point
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process. In reality points will probably attract or repulse each
other due to processes like agglomeration, association, voluntary/involuntary segregation, diffusion or competition. Different
processes may result in similar patterns, and if the only evidence
that is available is the pattern itself, further analysis is necessary
to determine the conditions responsible for the observed pattern.
The distance methods are the ones mostly used in histology and can be subdivided into various modifications based on
the way the distances between objects are recorded. “Nearest
neighbor” analysis is the earliest method where the average
of the distances between each point in the pattern and the
closest point to it are examined; the “refined nearest neighbor
analysis” is a newer modified version, that uses the entire distribution of distances between each point and its nearest neighbor.
Also interpoint distances have been applied, methods known as
“second-order” procedures. Two major limitations are inaccuracy in interpretation in some cases and edge effects (Boots and
Getis, 1988). Other studies of the distribution of cells in the
human brain include Beasley et al. (2002), who studied the distribution of white matter neuronal density using a refined nearest
neighbour analysis in psychiatric disorders.
The unique feature of the saucer includes that the 3D distance
can be measured from a primary cell to all other cells that are
observable within the saucer probe. The primary neuron is the
one sampled by the disector and from which distances are measured to surrounding cells, also termed secondary cells. In this
paper the method is used on vertical sections to investigate the
spatial distribution of astrocytes, oligodendrocytes, microglial
cells, endothelial cells and secondary neurons around primary
neurons in the human neocortex (divided into frontal-, temporal, parietal- and occipital cortex) of young and old persons free
of neurological or psychological disease. In a so-called vertical
design, first described by Baddeley et al. (1986), the vertical
axis can be selected arbitrarily, but all sections must be made
parallel to the axis and all subsequent measurements must be
made with respect to the axis, which must therefore be identifiable in the sections. The vertical, uniformly random, (VUR),
tissue section is prepared by randomly rotating the tissue around
an identifiable axis, sectioning it parallel to the vertical axis and
sampling primary cells uniformly with an appropriate tissue section thickness. When a primary neuron is identified and sampled
in a disector in a thick VUR section, the saucer method is applied
(see below).
Glia cells are divided into macroglia and microglia. The astrocytes are responsible for maintaining a part of the blood–brain
barrier and nervous tissue homeostasis. Their stores supply neuronal energy requirements, and they capture and metabolize the
exitatory amino acid glutamate. In addition, astrocytes are able
to release neurotropic factors required for neuronal sprouting.
Oligodendrocytes are responsible for myelin production and
maintenance; they provide metabolic support for neurons and
express a variety of voltage-dependent and ligand-gated ionic
membrane channels, allowing the reception of signals from neurons. Microglial cells, the main cell type responsible for the immune network of the brain, play a key role as phagocytes. They are
also able to release cytokines and growth factors, which modulate the metabolism and functions of other glial cells and neurons.

The aim of this study was to measure the distribution of
neocortical neurons in relation to all other cells in the human
neocortex of women and men to test if age or gender has any
influence on the cell distribution in the human neocortex.
3. Material and method
The material consisted of brains from 3 young (average 23
years, range 19–28 years) and 4 old (average 83.8 years, range
81–87 years) men and 3 young (average 26.7 years, range 18–32
years) and 5 old (average 86.6 years, range 80–93 years) women.
The tissue was collected from autopsy material in convention
with the laws of Denmark from 1987 to 1991. None of the subjects had been assessed psychologically, but information about
their pre-hospital life was obtained from either close relatives or
the general practitioner. In Denmark people do not move much
and the local practitioners and hospital departments know their
patients well. The hospital files of the donors, the autopsy report,
as well as some files from the local practitioners were carefully
studied to exclude individuals with diseases that might affect
the central nervous system, such as cerebrovascular diseases,
metastatic cancer, diabetes, hypertension or abuse of alcohol or
drugs. The causes of death are listed in Table 1 together with
sex, age, body height and body weight, fresh brain weight and
the postmortem interval.
The brains were removed within 72 h of death and fixed in
0.1 M sodium phosphate buffered (pH 7.2) 4% formaldehyde
for 5 months. The meninges were removed, and the cerebellum and brainstem detached at the level of the third cranial
nerve. The frontal, temporal, parietal and occipital regions were
delineated and indicated by applying different colours to the
pial surface of the right or left hemisphere. The hemisphere
was embedded in 6% agar, sliced coronally at 7 mm intervals.
The neocortical volume of the sliced hemisphere was estimated
by Cavalieri’s point-counting principle (Gundersen and Jensen,
1987):
V(reg) :=t̄a(p)

n


Pi

i=1

where t̄ is the mean coronal slice thickness, a(p) the area associated with each point in the grid, Pi the number of points hitting
the region in the ith slice and n is the number of equidistant
slices through the hemisphere. From every second slice, using a
special sampling plate, transcortical wedges were sampled uniformly and systematically random from each neocortical region.
Each wedge was cut into 2 mm wide parallel bars. Each bar was
rotated randomly around its vertical axis and embedded in LKBhistoresin. One 35 m thick vertical section was cut from each
block containing 2–4 bars, and stained with a modified Wolbach’s Giemsa stain resulting in a processed set of bars on 35 m
thick vertical Giemsa stained sections on glass slides for microscopic examination. The glass slides were placed on the moving
stage of a BH-2 Olympus microscope. The slide holder could
be rotated 180◦ to ensure that measurements were done in the
direction of the vertical axis of the tissue wedges. The image
of the section mounted on the slide was captured by a digital
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Table 1
Data pertaining to the subjects
Subjects

Age (years)

Height (cm)

Body weight (kg)

PMI (h)

Length of fixation (years)

Fresh brain weight (g)

Cause of death

Women, young

18
30
32

177
157
180

68
56
88

48
72
19

1
1
7

1320
1500
1303

Exsanguinatio (knife)
Pneumonia
Embolia pulm.

Mean

26.7

171

70.7

46.3

Women, old

80
81
89
90
93

162
157
153
165
156

47
51
55
60
66

12
24
24
12
12

3

1374

17
4
4
4
10

970
1190
1190
1310
1120

Mean

86.6

158.2

57.5

16.8

7.8

1156.7

Men, young

19
22
28

175
182
180

68
72
76

24
60
12

1
1
0.5

1460
1750
1400

Mean

23

179

72

32

0.83

1537

Men, old

81
83
84
87

176
174
155
160

74.5
81
85
56

12
30
24
49

9
1
1
3

1390
1360
1280
1330

Mean

83.8

166

74.1

28.8

3.5

1340

Incomp. cordis
AMI
AMI
Peritonitis
Embolia pulm.

Fire
Suffocatio
Knife/stabbing

Ulcus vent. acuta
AMI pneumonia
AMI
AMI

AMI, acute myocardiac infarction; PMI, postmortem interval.

video camera plugged into the phototube of the microscope, and
transmitted to a computer screen. A high image resolution and a
thin focal plane were obtained using a high numerical aperture
(NA = 1.4) and a 100× oil-immersion objective for cell counting and cell volume estimation. A Heidenhain microcator with
digital readout for measuring movements to the nearest 0.5 m
kept track of the z direction. The stage of the microscope, and
hence the specimen could be moved with great precision in x, y
and z directions and its movements were tracked and could be
recorded. The position of the cursor was also tracked and coordinates of the vectors marked with the cursor were recorded on
the computer. The final magnification at the computer screen
was 3040×. The procedure is illustrated in Fig. 1.
4. Neuropathological examination
Tissue was sampled from frontal, parietal, medial temporal
and occipital lobes, insula, gyrus cinguli and hippocampus. The
tissue was processed routinely and embedded in paraffin wax.
Four micrometer thick sections were cut from all blocks for
H&E stains, and for immunohistochemistry from selected areas.
Eight micrometer thick sections were cut from all blocks for
Kluver–Barrera staining. Immunohistochemistry included betaamyloid (DAKO M0872 1:200), tau (DAKO A0024 1:50,000),
ubiquitine (DAKO Z0458 1:5000) and alpha-synuclein (Zymed
zs 18-0215 1:2000).
5. Criteria for visually determining cell type
The cells were identified on cytoarchitectonical stigma into
neurons, oligodendrocytes, astrocytes, microglial or endothelial cells. The cells were identified as neurons if they had a

combination of a single large nucleolus, were free of any surrounding heterochromatin, had a typical pale chromatin pattern
in a triangularly rounded nucleus, and were surrounded by a visible cytoplasm. Astrocytes were defined as cells with a round,
pale nucleus, heterochromatin concentrated in granules in a rim
below the nuclear membrane, and a relatively translucent cytoplasm. A small nucleolus was not always identified, but when
present, it was most often situated eccentrically. The nuclear
membrane of astrocytes had a sharp profile and the cells were
often seen as single isolated cells. Oligodendrocytes were characterized by a small round or oval nucleus with dense chromatin
and often surrounded by halo. Microglial cells were defined by
small elongated or comma-shaped nuclei with dense peripheral
chromatin.
6. Estimating the three-dimensional distribution using
the saucer
The aim of the saucer method was to estimate the density distribution of secondary cells around a sufficiently large number
of well-defined primary cells (NV (r), i.e. estimating the numerical cell density, NV as a function of the distance, r, from the
centre). It is assumable that the real distribution around different
primaries actually differ, but in the ordinary sense an average distribution can be defined as the average of the distribution around
a number of primaries uniformly sampled within a well-defined
region.
When a primary neuron is sampled in a disector in a thick
VUR section the neuron is sampled and the saucer is applied.
The saucer equation is described in polar coordinates by
1+β

θ = 2πRmid

1
r 1+β
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where β and Rmid is defined by the user. Thus, a specific distance r corresponds to a specific angle θ. The graph of the
saucer is shown in Fig. 2. The outermost radius of the saucer
is defined as Rmax = 4Rmid . Furthermore, an increased value of
β will reduce the amount of work at large distances since the
saucer will become narrower at Rmax .

For each secondary cell belonging to a certain primary neuron, its distance is recorded. Thus, each primary neuron has a
set of distances indicating the three-dimensional position of secondary cells belonging to it. In order to process the raw data the
saucer is divided into subvolumes (shells) of various shapes,
drawn as rings or fragments of rings with centres in the primary
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secondary particles are sampled, while only a fraction of the
shell volume is sampled outside the central shells. For the data
sheet the values are binned using an Excel computer program.
For each neocortical region and cell subtype a bin density was
calculated by
NV,bini =

Fig. 2. The volume per bin or class of the saucer used in the study. Note that the
class width is increasing with the radius.

neuron. The volume of each shell is determined from:
 
4π
h(dis)
Vi = Ai h(dis) −
(R3i − R3i−1 ); Ri−1 ≤
< Ri
3
2
Vi = Ai h(dis)Vi = Ai h(dis);

h(dis) < Ri−1

c=

(Rmid − R1 )2
Rmax − 2Rmid + R1


f =

for NV equal to the numerical cell density, N the total number of
cells and V is the volume.
The primary neurons were identified in the optical disector
using the conventional conditions with a disector frame area
of 3500 m2 and a disector height of 10 m (from 10 to 20 m
leaving 10 m thick guard zones on each side). The saucer probe
was generated around the primary neuron indicated by the investigator and the vector coordinates of the secondary cells were
collected.
Global mean values for neocortical densities were weighted
estimates using the known total number of neurons in each
region:
Nvneo =

where

Rmid − R1
c+1

n/2

off = c − R1
and
Ri = cf i−1 − off = 3.49̇0̇ × 1.20783i−1 − 1.0̇9̇
The volume of each shell is shown in Fig. 2, and the detailed
formulas behind the binning are also given in a method paper
(Stark et al., 2007). In short, narrow classes are found in the
vicinity of the primary cell to ensure precision and details of
the interesting part of the distribution, while wide classes are
used to obtain enough observations at large distances from the
origo. For every bin, the volume is that of the corresponding
shell enclosed inside the disector (in the z direction) and the
saucer probe (in the xy-plane) (Fig. 3). In the central shells all

Nbini
Vbini

Nvfront ×Nfront +Nvtemp ×Ntemp +Nvparie ×Nparie +Nvocc ×Nocc
Nfront + Ntemp + Nparie + Nocc

6.1. The practical use of the saucer
First of all, the direction of the vertical axis is indicated, in this
case the longitudinal axis of the tissue bars. Then the sampling is
performed with constant sampling intensity. The estimate of the
spatial distribution is combined with estimation of total number
in the optical disector. The user indicates the fraction of frames
in which NV (r) is estimated. The sampling disector for the primaries must have a guard area well above 5 m to both sides; for
all primaries in the NV (r) frames there must be room for a 10 m
disector centred on the primary. When the centre of a primary
cell is indicated with the computer mouse in the relevant frames,
the CAST-GRID program (Visiopharm, Hørsholm, Denmark)
moves the table so that the primary sits at (0, 0, 0), and a saucer
probe is generated around it with changing directions. In this
application of the saucer, the saucer axis is sine-weighted. Due
to this error in its implementation, the generated spatial distributions are unbiased only under the assumption that the secondary

Fig. 1. Method: (A) all brains are removed within 72 h of death and fixed in 0.1 M sodium phosphate buffered (pH 7.2) 4% formaldehyde for at least 5 months.
The meninges are removed, and the cerebellum and brainstem detached at the level of the third cranial nerve. Right or left hemispheres were chosen in a systematic
random manner. (B) The frontal, temporal, parietal and occipital regions were delineated and painted by applying different colors to the pial surface. (C) Each
hemisphere was embedded in 6% agar, sliced coronally at 7 mm intervals. (D) The neocortical volume estimated by Cavalieri’s principle. (E) From every second
slice, starting randomly at slab one or slab two. (F) Using a special sampling plate. (G) Transcortical wedges were sampled uniformly and systematically random
from each neocortical region. (H) Each wedge was cut into 2 mm wide parallel bars, resulting in the collection of 25–50 bars per region. (I) These were subsampled
uniformly, so each region was represented by 7–12 bars and each brain represented by 30–45 bars. (J) Each bar was rotated randomly around its vertical axis. (K)
Embedded in LKB-historesin, and a one 35 m thick vertical section was cut from each bar. (L) Stained with a modified Wolbach’s Giemsa stain. (M) The section
was placed in a BH-2 Olympus microscope with an electronic Heidenhain microcator. (N) The image was viewed on a color monitor for manual counting. A counting
frame was superimposed on the image and only the nerve cell nuclei within the counting frame or touching the inclusion line were sampled. Green sampled, red not
sampled. A high image resolution and a thin focal plane are obtained using a high numerical aperture (NA = 1.4) and a 100× oil-immersion objective for measuring
distances. (O) When the centre of a sampled primary cell is indicated with the computer mouse in the relevant frames, the CAST-GRID program (Visiopharm,
Hørsholm, Denmark) moves the table so the primary neuron sits at (0, 0, 0), and a saucer probe is generated around it with changing directions. The user indicates all
secondary cell centres that touch the saucer graph. Coordinates (x, y, z) are recorded for primaries and secondary cells automatically. When sampling is completed,
the sampling frame is moved to a new position and the process is repeated. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of the article.)
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Fig. 3. Three saucers with β = 0.5, 1, 1.5, respectively, denoted from the outside. The shaded one is identical to that in the central panel. If β = 1, the furthest area is
reduced to 1:4 of the area of the circle with r = 12 m; for β = 0.5 and β = 1.5 the furthest sample area is, respectively, reduced to 1:8 and 1:2 of that of r = 12 m. The
length and the far width of the saucer can be optimized so that information obtained is balanced between effort and confidence of information (sample size). (Centre
panel) A saucer-sample of spherical shells centred on a primary particle, the plane through origo is shown. In any shell, the sample area is proportional to the subtended
angle, θ, and the radius. For r ≤ 12 m, the angle is 2π. (Right panel) When the symmetric figure is rotated around the vertical axis (Y), the three-dimensional shape
resembles a known flying object.

cells have an isotropic distribution around the primary neurons.
However, the many vertical bars sampled from each brain region
have all orientations with respect to the pial surface and are individually rotated randomly around all these axes. It follows that
a putative anisotropy of certain secondary cells types will have
a very little impact and can be ignored within the short distances
in the measurements in this study.
The user indicates all secondary cell centres that are located
inside and in any way touch the saucer graph. Coordinates (x, y,
z) are recorded for primaries and secondary cells automatically.
When sampling in a saucer is exhausted, the table moves back,
and the primary sampling frame is replaced as are the marks of
previously sampled primaries. All primaries in an NV (r) frame
must be indicated to ensure uniform sampling. For computations, each r0 is recorded, the ones outside 48 m are discarded.
7. Statistics
Differences of densities between groups were judged by twotailed Student’s unpaired t-test employing a significance level
of ±05. Coefficient of variation (CV = S.D./mean) is given in
parentheses throughout. The evaluation of the precision of the
estimates, the coefficient of error (CE = S.E.M./mean) provides
the information necessary for determining whether more or less
work should be carried out at the various levels of the sampling
scheme. The sampling is considered optimal when the observed
variance of the individual estimate, CE2 , is less than half the
observed variance between individuals, CV2 .

The spatial distribution of the densities of astrocytes, oligodendrocytes, microglial cells, glial cells, endothelial cells,
neurons and all cells was also compared between brains of young
and old subjects. Plots of the spatial distribution for all types
of cells revealed no difference and Fig. 5 is representative for
all types of cells. The figure shows the spatial distribution of
the density of all cells for young and old. Women and men
were grouped. A Student’s t-test was applied to all bins in all
types of cells. Similar to the comparison between genders, these
tests did not show any significant difference in any of the bins
(p < 0.05).
There was no difference in the CV or CE in the estimates of
all bins between old and young subjects in regard to the glial cell
population (CV = 0.08–0.66; CE between 0.03 and 0.27) or the
nerve cell population (CV between 0.21 and 0.59; CE between
0.08 and 0.24); nor was there any difference in the estimates of
all bins in the CV or CE between men and women subjects in
regard to the glial cell population (CV between 0.16 and 0.40;
CE between 0.06 and 0.15) or the nerve cell population (CV
between 0.17 and 0.78; CE between 0.06 and 0.29).
Thus it is concluded that there is no significant difference in
the spatial distribution of densities of the different types of cells
among young and old brains and between genders.

8. Results
Plots of the spatial distribution of the densities of astrocytes, oligodendrocytes, microglial cells, glial cells, endothelial
cells, neurons and all cells did not show any difference between
women and men. Fig. 4 shows a plot of the spatial distribution
of the density of all cells and is representative for all plots of different cell types. However, a Student’s t-test was performed for
each bin in all the types of cells and confirmed that the density did
not differ significantly in any of the bins (p < 0.05). Such a test
is not completely correct, since the values of the different bins
are not independent. This is expected to show too many significant differences, but since the density did not differ significantly,
there is not a real large problem.

Fig. 4. Spatial distribution of the density of all cells around the primary neuron
for women and men. Bars indicate S.E.M.
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Fig. 5. Spatial distribution of the density of all cells around the primary neuron
for young and old subjects. Male and female subjects are grouped. Bars indicate
S.E.M.

9. Discussion
There is an increasing importance in both general comprehension of mechanisms governing cellular interactions and
development of therapeutic applications, to determine the organization and the kind of relations that cells are able to set up
between themselves. We found the distribution of any cell type
around our definition of a primary neuron not to be affected by
gender or age. It should be pointed out that the saucer only measures density of secondary cells in those disectors in which a
primary neuron is sampled. The secondary cell density in these
disectors is therefore evidently not the mean neocortical cell
density.
All brain tissue had been fixed in formalin for a substantial
time, which may influence the local cell density. However, all of
the brains were in formalin fixative for at least 1 year, so it could
be expected that the possible impact of shrinkage was completed
in all brains but differential shrinkage can never be excluded and
cannot be controlled in studies such as this one.
In a postmortem stereological study of the human brains of 94
normal subjects, ranging from 19 to 93 years, a 10% global neocortical neuron loss, and about a 30% subcortical white matter
loss, were recorded with age, showing no regional differences
(Pakkenberg and Gundersen, 1997). Furthermore, we found the
neocortical thickness to be the most stable estimator with the
smallest variation (CV = 8–9%) compared with all other parameters. The slow process that led to a 12% atrophy of neocortex
in volume, concomitant with the 10% age loss of neurons was
essentially a reduction of the two-dimensional extent of the cortex, the pial surface, with no significant reduction in neocortical
thickness. This is in contrast to the much faster and different
atrophy seen in diseases like Alzheimer’s disease and AIDS,
where the equally large atrophy only affects neocortical thickness (Oster et al., 1993; Regeur et al., 1994). It is therefore
not so surprising that the cell density around the primary neurons seemed to be unaffected by gender and age in brains of
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normal subjects, since apparently it is of utmost importance to
keep a constant distance to all particles surrounding a primary
neuron.
Cognitive impairment in normal aging and neurodegenerative
diseases is accompanied by altered morphologies on multiple
scales. Understanding of the role of these structural changes in
producing functional deficits in brain aging and neuropsychiatric
disorders requires accurate three-dimensional representations of
neuronal morphology, and realistic measures that can directly
relate structural changes to altered neuronal firing patterns. To
date however, tools capable of resolving, digitizing and analyzing neuronal morphology on both local and global scales have
been lacking. The observations in normal aging are of obvious
importance when considering the changes related to the brain
in diseased individuals. Loss of neurons is not the only mechanism by which aging may affect the brain (Colemann and Flood,
1987; Esiri et al., 1997; Jernigan et al., 2001; Resnick et al.,
2003).
A diminution of the dendritic branching, or fewer synapses
may also interfere with cognitive function, in spite of surviving
cell bodies. Other histopathological evidence of an aging brain
includes accumulation of pigment within the neurons, glial cell
changes and the formation of senile plaques (Mann and Yates,
1974; Miller et al., 1984).
Knowledge of the 3D spatial relationship between neurons
and glial cells may provide new information regarding the organization and function of the central nervous system, both in
normal and diseased brains.
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