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The aim of the study was a quantitative examination of neurons of hippocampal subfields
(CA1-CA4) in mature male Arctic fox (Vulpes lagopus; syn. Alopex lagopus). The
preparations were dyed using cresyl violet. Histological preparations were used to
morphometricaly analyze the neurons of hippocampus. This analysis included the following
parameters: average size of cells in µm, periphery of cells in µm, average cell area in ìm2,
percentage of cells in area and size of the largest and smallest cells in ìm in CA1-CA4 fields.
Morphometric observations show that the cells involved in hippocampal formation in polar
fox in all layers CA1-CA4 differ in size, shape, cell area and nucleus area. The size of the cell
area in CA3 is the largest and fluctuates around 249.4 ìm2, whereas in CA2 the cell area is
184.1 ìm2. The cells of the CA2 field are densely arranged, pyramidal and contain a small
amount of cytoplasm; their size fluctuates. Cells of CA2 and CA4 had the largest diameter of
about 23.6 ìm, whereas cells of the CA3 field had the smallest diameter of about 8.3 ìm.
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The hippocampus is phylogenetically one of the
oldest brain structures. This macroscopically
curved part of the hippocampus bears some resem-
blance to horns and is called Ammon’s horn
(cornu ammonis – CA). It is composed of cortical
structures such as the subiculum, proper hippo-
campus and dental gyrus. Proper hippocampus
consists of four fields: CA1-CA4. Anatomical di-
vision into CA1-CA4 fields was first proposed by
LORENTE DE NÓ in 1934 and this division is still
used today (LORENTE DE NÓ 1933). CA1-CA4
fields consist of 3 layers: stratum pyramidale,
stratum radiatum and stratum lacunosum-
moleculare (EUSTACHIEWICZ & £USZCZEWSKA
1999). This differentiation was primarily based on
morphological differences of pyramidal cells

which constitute the main population of hippo-
campal neurons (VIDA 2010). Apart from pyrami-
dal neurons, there are also glial cells in the
hippocampus. The junctions of the hippocampus
with other nerve structures have been well exam-
ined and defined due to involvement in the control
of animal behavior. In addition to the amygdala,
the hippocampus is the most important structure
that manages the processes of learning and mem-
ory. It is involved in behavioral reactions of the
body such as reproduction, food intake, endocrine
responses and many others (LORENTE DE NÓ
1933). Many diseases of the central nervous sys-
tem (CNS) are accompanied by neuron damage of
the hippocampus. One of many examples is ische-
mia, concerning damage of neurons in the CA1



field (MOSSAKOWSKI et al. 1989). Neurodegen-
erative diseases such as Alzheimer’s disease,
schizophrenia, bovine spongiform encephalopa-
thy (BSE) or Parkinson’s disease are other exam-
ples of neuronal damage in the hippocampus
(PENFIELD & MATHIESON 1974; SIMIÆ et al.
1997; RAÐBETLI et al. 2010; LEE et al. 2013). The
hippocampus has been the subject of many
anatomical, histological as well as physiological
studies in human and many species of mammals
(SIMIÆ et al. 1997; INSAUSTI et al. 1998;
KAUFMANN et al. 1998; EUSTACHIEWICZ &
£USZCZEWSKA 1999; COULIN et al. 2001; EL
FALOUGY et al. 2008; SPALDING et al. 2013;
RAÐBETLI et al. 2010). Morphological evaluation
of the hippocampus in vivo may be performed with
the use of non-invasive techniques such as mag-
netic resonance (MR) providing data on voxel-
based morphometry and relatively small resolu-
tion (BIEDERMANN et al. 2012; LUDERS et al.
2013). Postmortal evaluation of hipocampal mor-
phology is much more precise than MR and may
be performed with different magnifications and
staining methods. However, no morphometric
measurements have been carried out in Arctic fox
(Vulpes lagopus; syn. Alopex lagopus). Thus, the
aim of the present study was to evaluate quantita-
tively various morphometric parameters in neu-
rons of the pyramidal layer in each of the
CA1-CA4 fields of the hippocampus using a com-
puterized image analyzer.

Material and Methods

The study was performed in accordance to indi-
vidual approval for experiments on foxes number
28/2013. Experimental material for histological
analyses was obtained in accordance to local law
regulations.

The examinations were carried out on 6 adult
male Arctic foxes (Vulpes lagopus; syn. Alopex la-
gopus). The brains were removed from skulls and
immediately placed into 10% buffered formalin
for immersion fixation for at least 3 months. The

obtained hippocampus was fixed in formalin, de-
hydrated in ethyl alcohol and embedded in paraffin
blocks. The paraffin sections were cut in a micro-
tome and then stained with cresyl violet according
to Klüver and Barrera’s method (KLÜVER &
BARRERA 1953). All sections were analyzed cy-
toarchitectonically and morphometrically with a
calibrated image analysis system that consisted of
a computer equipped with morphometric software
Cell D Soft Imaging System (SIS) with an attached
digital camera Colorview IIIu (Soft Imaging Sys-
tem).

The morphometric parameters of neurons

Morphometric analysis was based on measure-
ments of pyramidal cells in the fields CA1-CA4 of
the hippocampus of Arctic fox (Vulpes lagopus;
syn. Alopex lagopus). Each neuron was character-
ized by a set of morphometric parameters: length
(ìm; the long axis of the soma), width (ìm; the
short axis of the soma), size of neurons (ìm), area
of soma (ìm2), area of nucleus (ìm2), cell diameter
(ìm), cell perimeter (ìm) and percentage of neu-
rons (%).

Statistical analysis

The values are presented as means ± SEM. The
obtained results were statistically evaluated using
Student’s t-test. Significant differences were as-
sumed for á = 0.05. The coefficient of error was
calculated to evaluate the precision of all measure-
ments.

Results

The values of morphometric parameters con-
cerning each of the CA1-CA4 fields in the hippo-
campus of Arctic fox are shown in Figs 2, 3, 4 and
Table 1. The values obtained do not show signifi-
cant differences. However, there is a slight ten-
dency for fluctuation within the area of soma, area
of nucleus, cell diameter, cell perimeter, length of
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Table 1

Morphometric parameters in the hippocampal fields CA1-CA4

Fields of hippocampus

CA1 CA2 CA3 CA4

Length of neurons (ìm) 19.2 ± 1.59 24.3 ± 0.75 18.6 ± 1.3 17.2 ± 0.76

Width of neurons (ìm) 12.9 ± 0.51 15.2 ± 0.57 12.2 ± 1.2 10.4 ± 1.1

Values are means ± SEM.



neurons and width of neurons, size, periphery and
cell surface area. The neuron population of
CA1-CA4 areas includes mainly pyramidal neu-
rons with numerous dendrites. The percentage of
neurons in individual CA1-CA4 areas of the py-
ramidal layer did not show statistically significant
differences. Classical divisions of this structure of
rhinencephalon were developed by LORENTE DE
NÓ (1933), who divided the hippocampal cortex
into 4 fields denoting them with the symbols
CA1-CA4. The examinations carried out on Arctic
fox show that the criteria of division into fields
CA1-CA4 correspond to those of LORENTE DE NÓ
(1933). The hippocampus was divided into regions
and fields in relation to the localization of nerve
cell bodies, their sizes and distributions. The
dominating cells of the hippocampus in the py-
ramidal layer are mainly pyramidal neurons with
many dendrites (Fig. 1). In the CA1 field the size
of neurons reached a value of about 16.2 ìm, the
cell diameter was 18.03 ìm while the cell perime-
ter was 54.1 ìm. The neurons of this region are
characterized by average size, are loosely arranged

and their perikaryons are weakly stained. The area
of soma was about 234.7 ìm2, whereas the area of
nucleus was 153.8 ìm2 (Figs 2 and 3). The nerve
cells of the CA2 field are densely packed and form
a few layers with visible dendrites extending from
their bodies. Neurons attain a size of about 14.4 ìm,
a diameter of 15.2 ìm and perimeter of 47.6 ìm.
The area of soma was about 184.1 ìm2, whereas
the area of the nucleus was about 125.1 ìm2 (Figs 2
and 3). In the CA3 field there are small, oval
neurons with intensively stained and densely
packed perikaryons. The majority of neurons
showed a size of about 13.0 ìm, diameter of
14.5 ìm and perimeter of 45.1 ìm. The area of
soma reached about 164.9 ìm2, while the area of
the nucleus attained 108.1 ìm2 (Figs 2 and 3). In
the CA4 field neurons are longer and more weakly
stained in comparison with the CA2 and CA3
fields. Their sizes, diameters and perimeters at-
tained approximately 16.5 ìm, 19.1 ìm and
55.6 ìm, respectively (Figs 2 and 3). The area of
soma oscillated around 249.4 ìm2, while average
value of surface area of the nucleus was about
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Fig. 1. Structure and topography fields of hippocampus
(CA1-CA4) and gyrus dentatus in Arctic fox (Vulpes
lagopus; syn. Alopex lagopus). Staining according to
Klüver and Barrera’s method (mag. approx 100x).

Fig. 3. Morphometric parameters of neurons (size of neurons
in Fm, cell diameter in ìm, cell perimeter in ìm) in the
hippocampal  fields CA1-CA4.

Fig. 2. Morphometric parameters of neurons (area of soma in
ìm2, area of nucleus in ìm2) in the hippocampal fields
CA1-CA4.

Fig. 4. Percentages of neurons in the hippocampal fields
CA1-CA4.
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139.6 ìm2. The percentage of the total population
of neurons in CA1-CA4 fields of the hippocampus
showed that the highest percentage of the total
population is within the CA3 field, whereas the
lowest was observed in the CA4 field (Fig. 4). The
results show that in each of the CA1-CA4 fields of
the hippocampus in Arctic fox there are no statisti-
cally significant differences between the exam-
ined parameters. The graphs were drawn on the
basis of the results from each hippocampal field of
adult fox. The smallest length of neurons in the
CA4 fields was 17.2 ìm whilst the neurons in CA2
were the longest. The average length of neurons in
fields CA1, CA2, CA3 and CA4 was not signifi-
cantly different (P>0.05). The smallest width of
neurons in the CA4 fields was 10.4 Fm whilst the
neurons in CA2 were the longest. The average
length of neurons in fields CA1, CA2, CA3 and
CA4 was not significantly differentiated (P>0.05)
(Table 1).

Discussion

Morphometric parameters have also been de-
scribed in different structures of the limbic system
in human, rabbit, rat, Chinchilla lanigera, guinea
pig, dog, monkey, gerbil and common shrew (PEN-
FIELD & MATHIESON, 1974; KAUFMANN et al.
1998; MOSSAKOWSKI et al. 1989; RAPP et al.
1999; RÓWNIAK et al. 2007; EL FALOUGY et al.
2008; RAÐBETLI et al. 2010; NAJDZION et al.
2011; NAJDZION et al. 2012; WASILEWSKA et al.
2012; SPALDING et al. 2013). Many authors have
shown in nucleus amygdaloideum in rabbit, rat
and chinchilla claustrum and in hippocampus a
clear increase in the number of neurons combined
with an increase of cell volume in various regions
of the limbic system (KOWIAÑSKI et al. 1999;
RÓWNIAK et al. 2004, 2007; NAJDZION et al.
2011; NAJDZION et al. 2012; WASILEWSKA et al.
2012). Statistically significant differences of each
morphometric parameter in the fields CA1-CA4 of
hippocampus of pyramidal cells were demonstrated
in human, dog, rat and mouse (INSAUSTI et al.
1998; KAUFMANN et al. 1998; COULIN et al. 2001;
EL FALOUGY et al. 2008; RAÐBETLI et al. 2010;
BIEDERMANN et al. 2012; NAJDZION et al. 2012;
SPALDING et al. 2013). The authors have demon-
strated gender differences in the number of py-
ramidal neurons in the examined fields (NAJDZION
et al. 2011). The evaluation of the number of neu-
rons is associated with the size and body mass of
the examined species. In adult mouse, for exam-
ple, the number of neurons in the hippocampus is
approximately 8354.70 (INSAUSTI et al. 1998;
COULIN et al. 2001), whereas in human there are
about 19 million (SIMIÆ et al. 1997; WEST & GUN-

DERSEN 1990). In neurodegenerative diseases,
many authors report a decrease in the number of
neurons in various fields, e.g. pyramidal cells in
the CA2 field are the most susceptible to Alz-
heimer’s disease, epilepsy, dementia, schizophre-
nia, major depression and chronic stress, whereas
cells of the CA1 and CA3 fields are the most vul-
nerable during hypoxia (WEST & GUNDERSEN
1990; LERANTH & RIBAK 1991; SIMIÆ et al. 1997;
KAUFMANN et al. 1998; LEE et al. 2013). Mor-
phometric examinations of the CNS provide a
valuable opportunity for monitoring the effects of
various environmental and pharmacological fac-
tors on structure and function, and a better under-
standing of morphology and the changes taking
place in CNS.

References

BIEDERMANN S., FUSS J., ZHENG L., SARTORIUS A.,
FALFÁN-MELGOZA C., DEMIRAKCA T., GASS P., ENDE G.,
WEBER-FAHR W. 2012. In vivo voxel based morphometry:
detection of increased hippocampal volume and decreased
glutamate levels in exercising mice. Neuroimage 61:
1206-1212.

COULIN C., DRAKEW A., FROTSCHER M., DELLER T. 2001.
Stereological estimates of total neuron numbers in the hippo-
campus of adult reeler mutant mice: Evidence for an in-
creased Survival of Cajal-Retzius cells. J. Comp. Neurol.
439: 19-31.

EL FALOUGY H., KUBIKOVA E., BENUSKA J. 2008. The mi-
croscopical structure of the hippocampus in the rat. Bratisl.
Lek. Listy. 109: 106-110.

EUSTACHIEWICZ R., £USZCZEWSKA I. 1999. Morfolofologia
i topografia tworu hipokampa (formatio hippocampi) u lisa
polarnego (Alopex lagopus). Ann. UMCS. sec. DD. 54: 33-45.

INSAUSTIA.M., MEGÍAS M., CRESPO D., CRUZ-ORIVE L.M.,
DIERSSEN M., VALLINA I.F., INSAUSTI R., FLÓREZ J. 1998.
Hippocampal volume and neuronal number in Ts65Dn mice:
a murine model of Down syndrome. Neurosci. Lett. 253:
175-178.

KAUFMANNW.A., BARNASU., HUMPELC., NOWAKOWSKIK.,
DECOL C., GURKA P., RANSMAYR G., HINTERHUBER H.,
WINKLER H., MARKSTEINER J. 1998. Synaptic loss re-
flected by secretoneurin-like immunoreactivity in the hu-
man hippocampus in Alzheimer’s disease. Eur. J. Neurosci.
10: 1084-1094.

KLÜVER H., BARRERA E. 1953. A method for the combined
staining of cells and fibres in the nervous system. J. Neuro-
path. Exp. Neurol. 12: 400-403.

KOWIAÑSKI P., DZIEWI¥TKOWSKI J., KOWIAÑSKA J.,
MORY� J. 1999. Comparative anatomy of the claustrum in
selected species: A morphometric analysis. Brain Behav.
Evol. 53: 44-54.

LEE S.H., KIM S.S., TAE W.S., LEE S.Y., LEE K.U., JHOO J.
2013. Brain volumetry in Parkinson’s disease with and with-
out dementia: where are the differences? Acta Radiol. 54:
581-586.

LERANTHC., RIBAKC.E. 1991. Calcium-binding proteins are
concentrated in the CA2 fields of the monkey hippocampus:
a possible key to this region’s resistance to epileptic damage.
Exp. Brain Res. 85: 129-136.

LORENTE DENÓR. 1933. Studies of the structure of the cere-
bral cortex. I. The area enthorhinalis. J. Psychol. Neurol. 45:
381-438.

I. £USZCZEWSKA-SIERAKOWSKA et al.266



LUDERS E., KURTH F., TOGA A.W., NARR K.L., GASER C.
2013. Meditation effects within the hippocampal complex
revealed by voxel-based morphometry and cytoarchitec-
tonic probabilistic mapping. Front. Psychol. 4: 398.

MOSSAKOWSKI M.J., GAJKOWSKA B., TSITSISHVILI A.1989.
Ultrastructure of neurons from the CA1 sector of Ammon’s
horn in short-term cerebral ischemia in Mongolian gerbils.
Neuropath. Pol. 27: 39-53.

NAJDZION J., WASILEWSKA B., RÓWNIAK M.,
BOGUS-NOWAKOWSKA K., SZTEYN S., ROBAK A. 2011.
A morphometric comparative study of the medial geniculate
body of the rabbit and the fox. Anat. Histol. Embryol. 40:
326-334.

NAJDZION J., WASILEWSKA B., BOGUS-NOWAKOWSKA K.,
RÓWNIAK M., ¯AKOWSKI W., ROBAK A. 2012. A mor-
phometric analysis of the geniculate bodies in selected mam-
malian species. Bull. Vet. Inst. Pulawy. 56: 205-210.

PENFIELD W., MATHIESON G. 1974. Memory. Autopsy find-
ings and comments on the role of hippocampus in experien-
tial recall. Arch. Neurol. 31: 145-154.

RAPP P.R., STACK E.C., GALLAGHER M. 1999. Morphomet-
ric studies of the aged hippocampus: I. Volumetric analysis
in behaviorally characterized rats. J. Comp. Neurol. 403:
459-470.

RAÐBETLI M.C., AYDINLIOÐLU A., KOYUN N., YAYICI R.,
ARSLANK. 2010. Total neuron numbers in CA1-4 sectors of
the dog hippocampus. Indian J. Med. Res. 131: 780-785.

RÓWNIAK M., SZTEYN S., ROBAK A. 2004. A morphometric
study of the amygdala in the common shrew. Folia Morphol.
63: 387-396.

RÓWNIAK M., ROBAK A., SZTEYN S., BOGUS-NOWA-
KOWSKAK., WASILEWSKAB., NAJDZION J. 2007. The mor-
phometric study of the amygdala in the rabbit. Folia Mor-
phol. 66: 44-53.

SIMIÆG., KOSTOVIÆ I., WINBLADB., BOGDANOVIÆ N. 1997.
Volume and number of neurons of the human hippocampal
formation in normal aging and Alzheimer’s disease.
J. Comp. Neurol. 379: 482-494.

SPALDING K.L., BERGMANN O., ALKASS K., BERNARD S.,
SALEHPOUR M., HUTTNER H.B., BOSTRÖM E., WESTER-
LUND I., VIAL C., BUCHHOLZ B.A., POSSNERT G., MASH
D.C., DRUID H., FRISÉN J. 2013. Dynamics of hippocampal
neurogenesis in adult humans. Cell 153: 1219-1227.

VIDA I. 2010. Morphology of Hippocampal Neurons. (In:
Hippocampal Microcircuits. A Computational Modeler’s
Resource Book. V. Cutsuridis, B. Graham, S. Cobb, I. Vida
eds. Springer, New York). Springer Series in Computational
Neuroscience 5: 27-67.

WASILEWSKA B., NAJDZION J., RÓWNIAK M.,
BOGUS-NOWAKOWSKA K., NOWAKOWSKI J.J., ROBAK A.
2012. Morphometric comparative study of the striatum and
globus pallidus of the common shrew, bank vole, rabbit and
fox. Bull. Vet. Inst. Pulawy 56: 411-414.

WEST M.J., GUNDERSEN H.J. 1990. Unbiased stereological
estimation of the number of neurons in the human hippocam-
pus. J. Comp. Neurol. 296: 1-22.

Morphometric Parameters of Pyramidal Cells 267


