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Differential expression levels of synaptophysin
through developmental stages in hippocampal
region of mouse brain
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Abstract: The formation of neural synapses according to the development and growth of neurite were usually studied with
various markers. Of these markers, synaptophysin is a kind of synaptic protein located in the synaptic vesicle of neuron or
neuroendocrine cell known to be distributed consistently in all neural synapses. The purpose of this study was to investigate
differential expression levels and patterns of synaptic marker (synaptophysin) in the mouse hippocampal region according
to the developmental stages of embryonic, neonatal, and adulthood respectively. In the embryonic and neonatal groups,
synaptophysin immunofluorescence was almost defined to cornu ammonis subfields (CA1 and CA3) of hippocampus and
subiculum proper in the hippocampal region. However in dentate gyrus, synaptophysin immunoreactivities were insignificant
or absent in all developmental stages. In embryonic and neonatal hippocampus, the intensities of immunofluorescence were
significantly different between molecular and oriens layers. Furthermore, those intensities were decreased considerably in both
layers of neonatal group compared to embryonic. The results from this study will contribute to characterizing synaptogenic
activities in the central nervous system through developmental stages.
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Introduction

Differentiation and growth of central nervous system are
accomplished through relatively early stages of development.
The formation of a neural synapse indicates the beginning
of electrical signaling between neurons, so that may be a
critical step in the differentiation of neurons as well as the
development and growth of central nervous system. The
formation of neural synapses according to the development
and growth of neurite were usually studied with various

Corresponding author:

Young-Il Lee

Department of Anatomy, Dankook University College of Medicine,
San-29, Anseo-dong, Cheonan 330-714, Korea

Tel: +82-41-550-3855, Fax: +82-41-556-6461, E-mail: Anatiog@dku.edu

markers. With regard to neurite sprouting and outgrowth
along with synaptogenesis, a variety of markers are used
to detect core matter and core factors. Many researchers
who study synapse formation select a few substances such
as growth associated protein-43 (GAP-43), synaptophysin,
synapsin [1, 2]. Synaptophysin is one of the first synaptic
vesicular proteins characterized, [3] and is known to have
four transmembrane domains that include synaptogyrin and
synaptoporin [4]. Synaptophysin is located in the synaptic
vesicle of neuron or neuroendocrine cell and is known to be
distributed consistently in all neural synapses. It is suggested
that synaptophysin promotes formation of highly curved
membranes such as synaptic vesicles [5]. It was found in an
ultra structural study that synaptophysin forms structure
that is similar to connexons [6]. Recently, synaptophysin was
reported to regulate kinetics of synaptic vesicular endocytosis

in neurons [7].
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In our previous study, we investigated different synap-
togenic patterns among the various regions of developing
cerebral cortex and reported differential expression levels of
synaptic marker (synaptophysin) between superficial and
deep layers of cerebral cortex according to the developmental
stages [8]. However, the hippocampus is a major component
of vertebrates playing important roles in the consolidation
of information and spatial navigation [9-12]. The anatomy
of the hippocampal region has been studied intensely in
rodents and connections of the hippocampal region including
cytoarchitectures also have been well elucidated. The
hippocampal region occupies most of the ventroposterior and
ventrolateral walls of the cerebral cortex. This region includes
six distinct structures: entorhinal cortex, parasubiculum,
presubiculum, subiculum proper, fields cornu ammonis (CA)
1-CA3 in Ammon’s horn, and dentate gyrus [13]. Among
the structures in the hippocampal region, the hippocampus
(Ammon’s horn and the dentate gyrus) extends anteriorly
beneath the corpus callosum to the posterior level of the
septal nuclei. Development of synaptic connectivities has
been investigated using a variety of electrophysiological
methods. In the rat hippocampus, pyramidal cell connections
between CA3 and CA1 increase with development [14].
Characteristics of connectivity between GABAergic inter-
neurons and pyramidal cells in the CA1 of hippocampus
were reported in the developing hippocampal region [15].
In the developing hippocampus, GABAergic and gluta-
matergic synapses are formed and mature sequentially
[16]. Furthermore, glutamatergic and GABAergic synaptic
connectivity was reported to develop very differently in the
CAL1 region [17].

Nevertheless, investigations of synaptogenesis in the
hippocampal region thorough the developmental stages
using synaptic markers are few and our previous results are
limited to the cortical areas. In this study, we investigate the
differential expression levels and patterns of synaptic marker
(synaptophysin) in the mouse hippocampal region according
to the developmental stages. For this study, we introduced
immunofluorescence staining of synaptophysin various
structures of hippocampal region. Densitometric analyses
for the morphological quantifications were also performed
in the areas with positive synaptophysin immunoreactivities
to assess statistical significance. The results from this study
along with our previous report will lead to understanding
different patterns of synaptogenesis among the regions of
developing brain and also for estimating the timing of synapse

http://dx.doi.org/10.5115/acb.2012.45.2.97

Hee-Jang Pyeon and Young-II Lee

elimination.

Materials and Methods

Animal model

C57BL/6 mouse strain was used for immunofluorescence
staining. The mice were classified into 3 groups of embryo
(embryonic day 17), neonatal (postnatal day 1), and adult (10-
12 weeks adult) according to developmental stages.

Tissue preparation

Brains of embryonic day 17 mice obtained from surgically
sacrificed pregnant mouse and neonatal day 1 mice were
separated under an operating microscope. The adult mice
were anesthetized by ether and perfused transcardially with
0.05 M phosphate buffered saline (PBS, pH 7.4) for 1 minute
followed by 4% paraformaldehyde (PFA) in 0.05 M PBS for 10
minutes using peristaltic pump. The enucleated brains were
fixed in 4% PFA for 24 hours at 4°C. The brains were then
transferred three times to 12%, 16% and 18% sucrose in 0.05
M PBS for 30 minutes at 4°C respectively for cryoprotection.
The fixed brains were immersed in OCT compound (Tissue-
Tek, Torrance, CA, USA) as embedding medium and then
quick-frozen in isopropanol cooled by liquid nitrogen for
30 seconds. The brains embedded in OCT compound were
cut on the coronal plane at 10 pm thicknesses with a cryostat
(Leica CM1850, Leica, Wetzlar, Germany) and attached onto
gelatin-coated slide. Prior to immunofluorescence staining,
the brain sections were stored in deep freezer at —70°C.

Immunofluorescence staining

For the immunofluorescence staining, rabbit anti-
synaptophysin polyclonal antibody (1 : 500, ab14692, Abcam,
Cambridge, UK) was used as a synaptic marker. First, brain
sections were washed three times in 0.05 M PBS for 5 minutes.
Nonspecific reactivity was blocked by adding albumin (Sigma,
St. Louis, MO, USA) and 1.5% goat serum (Vector Lab,
Burlingame, CA, USA) into the primary antibody diluting
solution. After the incubation of the primary antibody for
24 hours at 4°C, the brain sections were rinsed three times
with 0.05 M PBS for 5 minutes and incubated in fluorescence
tagged secondary antibody (1 : 200, Alexa Fluor 555 goat
anti-rabbit IgG, A21424, Invitrogen, Carlsbad, CA, USA) for
90 minutes at room temperature. The brain sections were
washed again three times for 5 minutes after the termination
of secondary antibody incubation. Finally, nuclei of cultured
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neurons were counter-stained with DAPI (ABBOT Molecular,
Des Plaines, IL, USA) and immediately inspected with the
laser con-focal microscope system.

Confocal microscope and statistical analysis

A confocal microscope (LSM-700, Carl Zeiss, Jena,
Germany) equipped with associated software of ZEN2009
(ver. 5,5,0,375, Carl Zeiss) was used for the analysis of
synaptophysin immunofluorescence staining. Images of the
immunostained sections were captured and the densitometric
intensity of synaptophysin immunoreactivities in each layer
was determined using the ZEN2009 software (Fig. 1C). The
synaptophysin immunoreactivities were visualized with 555
nm lasers (red), and nuclear stain was detected with 488 nm
lasers (blue) on the same section. We set up the standard
master gain of Rodamin fixation at 750, master gain of DAPI
fixation at 650. We applied this condition to all the samples
to obtain accurate and reliable results on fluorescence
intensities and to remove any bias from the manipulation of
the confocal microscope. The selected anatomical regions
included superficial molecular layer and deep oriens layer in
hippocampal region (hippocampus and subiculum proper).
To measure synaptophysin immunoreactivities in two layers,
the entire areas of interests were selected respectively (Fig.
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Fig. 1. Confocal densitometric analysis
methods for the morphological
quantification of synaptophysin in the
mice hippocampal region (hippocampus
and subiculum proper). (A) Diagram
of coronal thin section (10 um) of
the mouse brain. Hippocampal areas
in red rectangular region were used
for confocal microscopic analysis. (B)
Confocal image of coronal sectioned
hippocampal region. Synaptophysin
volume data were obtained by analyzing
this image using the system calculating
penetration ratio of light intensity into
optical density values. Optical density
measurement was obtained by manually
positioning the area (white dashed
square, superficial molecular layer [Mol]
and lacunosum molecular layer [LMol];
white straight square, deep oriens
layer [Or]) of immunofluorescence-
stained section. (C) ZEN 2009 (ver.
5,5,0,375, Carl Zeiss) software used
for image acquisition and analysis. The
synaptophysin densities were assayed
in relation to the areas outlined, and
results were appeared on the analysis
software (C). Py, pyramidal cell layer;
Rad, radiatum layer.

1B). For the statistical analysis, about 10 different tissue
samples were recruited into morphological quantification
according to each developmental stage. The average for
each variable was calculated, and then the difference of
averaged figures was compared between the two layers. All
statistical analysis was conducted with the statistical package
R-program. For multiple group comparisons, statistical
differences were calculated by independent samples t-test.
Values of P<0.05 or P<0.001 were considered significant.

Results

In the embryonic and neonatal hippocampus, synapto-
physin immunofluorescence was almost defined to cornu
ammonis subfields (CAl and CA3) of hippocampus and
subiculum proper in the hippocampal region. However
in dentate gyrus, synaptophysin immunoreactivities were
insignificant or absent in all developmental stages. According
to the immumofluorescence findings, synaptophysin expres-
sions showed various patterns through the layers of developing
hippocampus. These expression patterns changed according
to the developmental stages of embryo, neonatal, and adult
respectively and the detailed findings of synaptophysin
expressions are as follows.
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Fig. 2. Inmunofluorescence of synaptophysin in the hippocampal region of mouse brain in each developmental stage of embryonic (A), neonatal

(B), and adult (C). (D) Magnified picture of (A). Note synaptophysin immunoreactivities connecting pyramidal cell layer (Py) and lacunosum

molecular layer (LMol) through radiatum layer (Rad) (arrow). (E) Differential synaptophysin immunoreactivites between molecular layer (Mol)

and oriens layers (Or) of hippocampal region in each developmental stages. *<0.05. n=6-10. Nuclei are counterstained with DAPI. Scale

bars=100 pm.

Immunofluorescence findings of synaptophysin in
the layers of hippocampal region (hippocampus and
subiculum)

In the embryonic and neonatal group, synaptophysin
immunoreactivities following neural processes extended
perpendicular between pyramidal cell layer and lacunosum
molecular layer through radiatum layer (Fig. 2D). Specific
synaptophysin immunoreactivities were almost absent
in the adult hippocampal region and only homogeneous
background immunofluorescence could be found.

Synaptophysin immunoreactivities were different between
the layers of the hippocampal region. In embryo, the mean
intensity in molecular layer was 1,769.9 whereas the mean
intensity in oriens layer was 1,317.1. In neonate, the mean
intensity in molecular layer was 1,357.4 whereas the mean
intensity in oriens layer was 1,190.5. In adult, the mean
intensity in oriens layer was rather higher (1,336.7) than in
the molecular layer (1,268.3). Thus the embryo, there was
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a remarkable difference between deep layer of both oriens
and wide superficial molecular layer (Fig. 2A). Neonate
hippocampal region also showed similar synaptophysin
immunoreactivities. However the neonate, differences
between the layers was much less compared to the embryo
(Fig. 2B). In the adult group, any significant differences
between the layers couldn’t be found due to the lack of specific
synaptophysin immunoreactivities.

In the statistical analyses based on morphological quantifi-
cations, there were significant differences between molecular
and oriens layer in the embryo and neonate whereas there
wasn't any significant differences in the adult (Fig. 2E).

Changes of synaptophysin expressions in the superficial
and deep layers of hippocampal region according to the
developmental stages

Along with the difference between the layers of the
hippocampal region, synaptophysin immunoreactivities were
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Table 1. Densitometric analysis for the morphological quantification of
synaptophysin immunoreactivities in molecular and oriens hippocampal layers
through the developmental stages

Hlpllaa(;zarlsnpal Deveslg;r;ental Mean intensity SEM
Molecular Embryo 1,769.9* 166.5*
Neonate 1,357.4* 59.5**
Adult 1,268.3 38.8**

Oriens Embryo 1,317.1* 80.3
Neonate 1,190.5% 37.8*

Adult 1,336.7 46.3*

SEM, standard error of the mean. *P<0.01, **P<0.001. n=6-10.

also various among the groups of developmental stages.

In molecular layer, the mean intensity in embryo was
1,769.9 whereas the mean intensity in neonate (adult) was
1,357.4 (1,268.3). In oriens layer, the mean intensity was
lowest in neonate (1,190.5) compared to embryo (1,317.1)
or adult (1,336.7). Thus in molecular layer, the difference
between embryo and neonate or between embryo and adult
was prominent whereas there were no significant differences
among the groups in case of oriens layer.

The intensities of synaptophysin immunofluorescence
in the layers of the hippocampal region along with the
developmental stages were summarized in Table 1.

Discussion

In the results of this study, we obtained morphological
findings on the expression patterns of synaptic marker
(synaptophysin) between the layers of the hippocampal region
and also according to the developmental stages of embryonic,
neonatal, and adult. As described in the introduction, this
study was a continuation of previous morphological results
in cerebral cortex. It is well known that the hippocampus is
connected to the septum, mammillary body of hypothalamus,
and the anterior nucleus of thalamus which are involved
with emotional behavior. However, the hippocampus is
an elaboration of the edge of the cerebral cortex (limbic
system) anatomically. The entorhinal cortex which is
located in the parahippocampal gyrus is also a part of the
hippocampal region because of its anatomical connections
and its reciprocal connections with many other parts of
the cerebral cortex. Therefore based on the morphological
findings in cerebral cortex and hippocampal region, we
characterize morphological patterns of neural connections
and synaptogenesis according to the developmental stages for
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the next step.

In the embryonic and neonatal hippocampal region,
synaptophysin immunofluorescence was observed mainly
in the molecular and oriens layers. Furthermore, the
synaptophysin immunoreactivities following neural processes
extended perpendicular between pyramidal cell layer and
lacunosum molecular layer through radiatum layer. These
results seem to be associated with a dendritic structure of
pyramidal cells. In the rodent hippocampus, apical dendrites
of pyramidal cells extend from the cell body in pyramidal
cell layer through the radiatum layer and into the lacunosum
molecular layer. The basal dendrites of pyramidal cells also
produce another dense tuft in oriens layer. Therefore the
differences of synaptophysin immunoreactivities between the
layers could be explained by different synaptogenic activities
between apical and basal dendrites of pyramidal cells
according to the developmental stages.

Unlike CA in hippocampus, synaptophysin immunoreac-
tivities were slight or negligible from the dentate gyrus even
in the embryonic and neonatal group. The major input to the
dentate gyrus is from entorhinal cortex and there’s no direct
input from other cortical structures. In the layers of dentate
gyrus, granule cells in the middle layer are most prominent
and known to project mostly to the interneurons within CA3
subfield. More than 80% of the granule cells are generated
after birth in rodents and in humans, it is estimated that
granule cells continue being generated not only after birth but
also all the way into adulthood [18]. In the study of granule
cell migration during rat brain development, the granule cells
begin to migrate and settle into the developing dentate gyrus
around embryonic day 17 or 18 [19]. Therefore considering
numerous nuclei stained with DAPI within the dentate gyrus
in all groups, synaptogenic activities from and to the dentate
gyrus seem focused on the periods between neonatal and
adulthood. Because we used only neonatal day 1 mice for
neonatal group at this time, further experiments with the
developing stages between neonatal and adulthood will reveal
certain morphological synaptogenic activities in dentate
gyrus. In the results showing changes of synaptophysin
expressions according to the developmental stages, the adult
group also possessed significant or even higher intensities
than embryonic or neonatal. As shown in the picture of result,
only homogeneous background immunofluorescence was
detected with no specific synaptophysin immunoreactivities
in the hippocampal region of adult group. Therefore it seems
to be more reasonable to ignore the values obtained from
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the adult group although the background intensities in adult
group were included for the morphological calculations
and statistical analyses. Along with the morphological and
many other electrophysiological findings of synaptogenic
activities, various factors known to be involved in the neural
network formation and plasticity should be also weighed
for more detailed and precise interpretation of synaptogenic
activities in the cortical and hippocampal region throughout
the developmental stages. For example, progesterone, which
is known to have a protective effect on damage to the central
nervous system, also increased synaptophysin expression
in the CA1 region of hippocampus [20], and the amount of
synaptic protein expression was reported to differ between
male and female through the postnatal periods [21].

In conclusion, we delineated differential synaptophysin
expressions between molecular and oriens layers of embryo-
nic and neonatal hippocampus. We also demonstrated decre-
ased synaptophysin expressions from the neonatal group
compared to embryonic in both layers. It is not enough to
explain synaptogenic findings with only one synaptic marker.
However, synaptophysin is known as the most abundant
[22] and is expressed ubiquitously in almost all types of
synapse forming neurons. Therefore the results from this
study along with the previous work from the cortical region
will contribute not only to analyzing regional characteristics
of synaptogenic activities through developmental stages
but also to understanding pathological physiologies of
brain development in association with time and regional
distinctions of synaptogenic activities.
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