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 Because of the small sizes of synaptic contacts (0.1–
0.5 μm) and the terminal branches of axons (about 1–3 μm), 
most scientifi c information on these structures has ben ob-
tained by electron microscopy (EM) [4, 5, 10, 11]. However, 
it is diffi cult to obtain qualitative and quantitative character-
istic of synapse distribution within large anatomical brain 
formations (such as the neocortex) using EM. Light and 
immunofl uorescence microscopy easily cope with this task 
[1, 2, 3, 6]. Immunohistochemical reactions for synapto-
physin (p38) and neuromodulin (GAP-43) are widely used 
for this purpose [1].
 The reaction for p38 allows the locations of synap-
tic vesicles (SV) of diameter 50 nm to be identifi ed. This 
protein is a member of the family of integral SV mem-
brane-bound proteins, occupies 10% of their volume, and 
is present in all synapses [7, 9]. The reaction for GAP-43 
provides data on the structural-functional sate of axoso-
matic and axodendritic synaptic terminals. This is because 

GAP-43 phosphoprotein is specifi c for the membranes of 
axon terminals as a growth marker. The presence of GAP-
43 expression in nervous tissue is a sign of the onset of axon 
formation in embryogenesis; it takes an active role in ner-
vous tissue regeneration and plasticity processes [8, 12].
 The possibility of morphometric characterization of 
synapses in the human neocortex by immunohistochemical 
detection of synaptophysin, i.e., SV, has been studied previ-
ously [2]. However, SV constitute a subsystem of the synap-
tic terminal and largely characterize its vesicular pool. 
Furthermore, SV are very variable structures and undergo 
the light type of destruction at the early stages of the pos-
tischemic period, when synaptic terminals are still relative-
ly well preserved [4]. There is therefore value in studying 
the possibility of morphometric characterization of synap-
toarchitectonics by immunohistochemical detection of 
GAP-43, and this was the aim of the present work.
 Studies were performed at Omsk State Medical Uni-
versity. Material for histological studies was obtained at 
Omsk District Forensic Medical Offi ce. The study was ap-
proved by the Omsk State Medical University Ethics 
Committee (protocol No. 61 of June 19, 2014).
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the χ2 test for relative values. Null hypotheses were rejected 
at statistical signifi cance p < 0.05. Morphometric analysis 
determined the following characteristics: number and area 
of particles in the fi eld of view, mean and smallest sizes, rel-
ative areas, and total number densities (TND) of terminals.
 Studies of layer V of the neocortex showed that GAP-
43 immunofl uorescence reactions labeled small, intermedi-
ate, and large structures in the neuropil and on neuron bod-
ies (Fig. 1).
 Neurons with intense discrete staining of GAP-positive 
material over the whole perikaryon surface dominated. The 
neuropil of the neocortex contained numerous clear gran-
ules of immunohistochemical reaction product, mostly 
round in shape. GAP-43-positive structures in the neuro-
pil were distributed nonuniformly as intensely fl uorescing 
granules (see Fig. 1).
 At the fi rst stage of automatic analysis, the size and 
shape of particles on image masks were not limited. This 

 Studies used autopsy materials (collected 5–10 h after 
death) from Brodmann fi eld 4 of the cerebral cortex (CC) 
from people dying in accidents (n = 4: men aged 23–45 years).
 Brains were fi xed in 4% paraform in 0.1 M phosphate 
buffer pH 7.2–7.4 at 4°C for one day and embedded in par-
affi n. Serial frontal sections of thickness 10 μm were cut 
through all layers and were mounted on slides. Fluorescence 
microscopy used primary polyclonal rabbit antibodies 
(IgG) to neuromodulin (GAP-43). Immune reactions were 
visualized using goat polyclonal secondary antibodies to 
rabbit immunoglobulin (Abcam, England) (diluted 1:200). 
Antibodies were conjugated with the fl uorescent dye Texas 
Red® sulfonyl chloride (Abcam, England).
 Preparations were examined using a confocal la-
ser scanning microscope attached to a Bio-Rad MRC 600 
CLSM Nikon FXA fl uorescence microscope (Nikon, Japan). 
An argon-krypton laser was used with fi lters for fl uoresce-
in isothiocyanate (488DF-10) and lipofucsin (568DF-10). 
Two-channel fl uorescence (lens magnifi cation ×20, Nikon 
objective; Fluor 1.30) was used with an image examination 
step of 2 μm, fi eld magnifi cation ×3, mean density 1. A rap-
id examination regime was used (10 examinations of each 
section) using Calman fi lters with a coeffi cient of 3 and a 
block size of ¼, with data storage in computer memory. The 
matrix scanning unit (pixel) size was 0.49 × 0.49 μm.
 Immunofl uorescence and lipofucsin fl uorescence were 
initially recorded using a 488DF-10 fi lter though channel 1 
(green) with image capture of 5–10 Z-series sections, fol-
lowed by examination of the same area to detect lipofucsin 
with a 568DF-10 fi lter through channel 2 (red). Image fi les 
were formed and ImageJ 1.46 was used to analyze images 
of labeled synapses.
 Statistical hypotheses were tested using Statistica 8.0 
to run the nonparametric Mann–Whitney U test and the 
Kolmogorov–Smirnov test for pairwise comparisons and 

TABLE 1. Relationship between Morphometric Parameters of Mask Particles (n = 50) of Neuropil Images and Its Final Resolution (fi eld of view size 
384 × 256 μm)

Field of view parameter
Resolution of fi nal image, pixels/inch

72 300 600 900

Number of particles, absolute number 929 ± 155 1439 ± 206 
p < 0.001*

2216 ± 330 
p < 0.001*

2650 ± 450 
p < 0.001*

Area of all particles, pixels 1598 ± 340 32291 ± 6558 180690 ± 36138 523333 ± 104666

Mean particle size, μm2 1.72 ± 0.3 1.31 ± 0.2 
p < 0.001*

1.14 ± 0.2 
p = 0.001* 1.18 ± 0.3

Smallest particle size, μm2 1.0 0.058 
p < 0.001*

0.014 
p < 0.001* 0.012

Relative area of all particles, % 1.54 ± 0.4 1.85 ± 0.6 
p = 0.004*

2.58 ± 0.4 
p < 0.001*

3.36 ± 0.6 
p < 0.001*

Total number density of terminals per 
100 μm2 of neuropil 1.0 ± 0.2 1.5 ± 0.5 

p < 0.001*
2.3 ± 0.6 

p < 0.001*
2.7 ± 0.5 

p < 0.001*

*Statistically signifi cant differences compared with previous value (Student’s t test for linked sets).

Fig. 1. GAP-43-positive structures in layer V of the motor area of the hu-
man CC (fi eld 4). Fluorescent immunohistochemical reaction.
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 Thus, fl uorescence immunohistochemical detection 
of neuromodulin using a confocal microscope and high 
(600–900 pixels/inch) fi nal digital image resolution led 
to the detection of fl uorescing particles of size less than 
1 μm2 (≥0.02 μm2) in the neocortical neuropil. However, 
these particles accounted for no more than 2.5% of the total 
detected. Most fl uorescing structures were particles of size 
0.1–0.3 μm2, so probably terminals or conglomerates of ter-
minals with diameters of 0.4–2.0 μm.
 Using a fi nal resolution of 900 pixels/inch, TND of ter-
minals in the neuropil in the CC was 2.7 ± 0.5 per 100 μm2; 
these terminals occupied 35.8% of the total area of GAP-
positive material. The remaining area (64.2%) was occu-
pied by terminals on perikarya and large dendrites. Immuno-
fl uorescent detection with GAP-43 identifi ed the population 
of very small (<0.1 μm2) terminals only partially (10–20%). 
This is very probably associated with the insuffi cient energy 
of the fl uorescing molecules and the low resolution of the 
microscope. In addition, examination of sections with a step 

allowed all components of real images to refl ect GAP-43-
positive structures. Thus, in Fig. 2, all such structures (ter-
minals of axosomatic and axodendritic synapses), depend-
ing on the fi nal image resolution, occupied 6.4% (resolution 
72 pixels/inch), 6.9% (300 pixels/inch), 9.5% (600 pixels/
inch), and 13.7% (900 pixels/inch) of the fi eld of view.
 At the second stage, only round particles refl ecting 
GAP-43-positive structures in the neuropil were detected 
(terminals of axospinous and axodendritic synapses) (see 
Fig. 2, b). Neuropil structures occupied 1.6% (resolution 
72 pixels/inch), 1.9% (300 pixels/inch), 2.6% (600 pix-
els/inch), and 3.4% (900 pixels/inch) of the fi eld of view 
(98304 μm2).
 Thus, the number and area of particles of different siz-
es and shapes in the mask of real images of the neuropil de-
pended on the fi nal resolution (72, 300, 600, or 900 pixels/
inch). The highest values for total area and number density 
of particles in the neuropil were obtained at resolutions of 
600 and 900 pixels/inch (Table 1).

TABLE 2. Distribution of Area Sizes of Particles Identifi ed in Masks for One Field of View of the Neuropil

Resolution, pixels/inch Particle area, μm2
Number of particles

abs. number %

72

<1.0 0 0

1.0–1.7 631 67.9

1.8–3.0 226 24.4

3.1–4.6 28 3.0

>4.6 44 4.7

300

0.2–0.9 783 54.4

1–2.4 478 33.2

2.5–4.0 114 7.9

>4.0 63 4.5

Friedman ANOVA df = 3; χ2 = 55.1; p < 0.0001*

600

0.02–0.96 1233 55.6

1–2.8 802 36.2

2.9–4.8 121 5.5

>4.8 59 2.7

Friedman ANOVA df = 3; χ2 = 18.4; p = 0.0004*

900

0.01–0.96 1459 55.1

1–2.8 988 37.3

2.9–4.8 154 5.8

>4.8 49 1.8

Friedman ANOVA df = 3; χ2 = 4.3; p = 0.2

*Statistically signifi cant differences in structure of particle distribution compared with previous fi nal image resolution, p < 0.05 (χ2 test).
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ual round-shaped particles were visible were highlighted 
manually. This was followed by morphometric analysis (see 
Fig. 3, a).
 The smallest area of individual particles on neuron per-
ikarya was 0.40 μm2 (diameter 0.7 μm), the mean area was 
2.40 μm2 (diameter 1.75 μm), and the greatest was 4.20 μm2 
(diameter 2.30 μm). The most common were round terminals 
of area 1.50–2.20 μm2. These formed larger and unevenly 
shaped conglomerates, partially or completely covering 
nerve cell bodies (see Fig. 3, a, b).
 TND of axon terminals per unit area of pyramidal neu-
ron perikaryon (in conglomerates) was 103 ± 33/100 μm2, 
while the value in the initial segments of apical dendrites 
was only 14.2 ± 4.4/100 μm2. Overall, axosomatic and ax-
odendritic synapses on large dendrites (based on examina-
tion of 50 fi elds of view) was 49.7–77.5% (95% confi dence 
interval) of the total area of GAP-43-positive structures in 
layer V of the neocortex in normal conditions, all others ac-
counting for 22.7–50.6%. a pattern was found: the further 
from the neuron body, the lower the TND of terminals per 
unit area/volume of component (body 103 ± 33/100, large 
dendrites 14.2 ± 4.4, neuropil 2.7 ± 0.5/100 μm2). Receptive 
fi eld areas in the main compartments of neurons were dis-
criminated less signifi cantly. This is evidence that synapses 
located on the perikaryon and large dendrites, because of 

of 2 μm showed that some terminals simply overlapped 
each other and could not be identifi ed individually.
 An increase in the resolution of the fi nal image from 72 
to 900 pixels/inch provided for more precise assessment of 
the TND of terminals – from 929 to 2650 per fi eld of view 
(a 2.85-fold increase). The relative area of the particles 
identifi ed increased, not directly proportionally, from 1.6% 
to 3.4% (a 2.13-fold increase) (see Table 1).
 The distribution by area of particles (individual termi-
nals and groups) identifi ed on masks of real images of the 
neuropil is shown in Table 2. At a starting fi nal image res-
olution of 72 pixels/inch, terminals of area <1.0 μm2 were 
not detected, but were probably counted as parts of larger 
particles. Increases in resolution to 300, 600, and 900 pix-
els/inch led to increased detail in the image and statistically 
signifi cant increases in the numbers of small particles, ac-
companied by a reduction in the proportion of large parti-
cles (see Table 2).
 The diffi culty of studying axosomatic synapses is that 
GAP-43-positive structures making up terminals on the per-
ikarya of most neurons fused into fl uorescing unstructured 
conglomerates with high brightness (Fig. 3, a, b).
 It is diffi cult to identify the sizes and shapes of the 
structures forming these conglomerates using automated 
analysis. To solve this, areas of perikarya on which individ-

Fig. 2. Mask and images of fi eld of view of layer V of the human cerebral cortex created by ImageJ 1.46 (original in Fig. 1). a) All GAP-43-positive 
structures; b) only structures of the neuropil; c) magnifi ed fragment. Arrows show locations of cell bodies.
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histochemical methods for assessing synapse structure. 
These methods can yield accurate objective data on the con-
tents of synaptic proteins in large volumes of nervous tissue 
and allow synapses to be detected on neuron perikarya and 
dendrites. However, detailed study of the number density 
and distribution of small synapses requires additional meth-
ods (reconstruction from serial sections, electron and 
high-resolution fl uorescent microscopy).
 Authors’ contributions. Study concept and design: 
A.S.S., V.A.A., S.S.S., D.B.A.; collection and processing of 
material: A.S.S., D.B.A.; statistical analysis of data: A.S.S., 
V.A.A., S.S.S., D.B.A.; writing: A.S.S., V.A.A., S.S.S., D.B.A.
 The authors have no confl icts of interests.
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