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Reduction of dynamin 1 in the hippocampus of aged mice is
associated with the decline in hippocampal-dependent memory
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Abstract. Dynamin 1 is a known synaptic protein, which
has is key in the presynaptic regulation of endocytosis. The
present study investigated the association between age and
the observed changes in Morris water maze performance, and
immunoreactivity and protein levels of dynamin 1 in the mouse
hippocampal formation. In addition, the effects of dynasore,
an inhibitor of dynamin 1, on the hippocampal dependent
memory were determined to elucidate the correlation between
dynamin 1 and memory. In the training phase of the Morris
water maze task, the mean escape latency of the aged group
(24 months old) was significantly longer, compared with that
of the adult group (4 months old), although the average swim-
ming speed and the total distance traveled during the probe
trial were similar in the two groups. In the aged group, the
time spent locating the target platform was significantly longer
and the time spent in the correct quadrant was significantly
shorter, compared with those in the adult group. In the adult
group, a moderate level of dynamin 1 was detected in the
hippocampal CA1 and CA3 regions, and in the dentate gyrus.
In the aged group, the immunoreactivity of dynamin 1 was
almost eliminated in the CA3 region and the dentate gyrus.
In addition, the protein levels of dynamin 1 in the brain were
significantly lower in the aged group, compared with those
in the adult group. The direct infusion of dynasore, signifi-
cantly reduced the contextual memory, compared with that of
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animals in the vehicle-treated group. These results suggested
that dynamin 1 was susceptible to the aging process, and that a
reduction in dynamin 1 may result in hippocampal-dependent
memory deficits by disrupting endocytosis and the release of
neurotransmitters.

Introduction

Aging is a component of the natural life cycle, causing various
morphological, functional and biochemical alterations in the
body, including cognitive decline, and reductions in neuronal
cytoskeleton dynamics and synaptic plasticity (1-4). In
addition, the hippocampus, a critical region for memory, is
vulnerable to damage during the aging process, possibly due
to alterations in protein levels, which accompany the early
stages of Alzheimer's disease (5,6).

Among synaptic proteins, dynamin is known to be impor-
tant in the regulation of endocytosis (7) and synaptic vesicle
recycling (8). Dynamin has three isoforms, all of which are
expressed in nerve terminals, however, dynamin 1 is detected
at high levels in nerve terminals of the hippocampus (9).
Dynamin 1 is one of several molecules involved in the
pinching off of synaptic vesicles, releasing them from the
membrane during exocytosis, and then allowing the vesicles
to dock and re-enter the synaptic vesicle pool to be refilled for
further neurotransmitter release (10). Inhibition of the vesicle
recycling process or a decrease in the readily releasable pool
of synaptic vesicles affects the ability of the hippocampus to
function. Previously, it was reported that the pharmacological
inhibition of dynamin markedly impairs hippocampal-depen-
dent associative memory formation (11).

Several lines of evidence have demonstrated that dynamin 1
is associated with the aging processes occurring in the hippo-
campus (12-14), Alzheimer's disease (15-18) and nicotine
dependence (19,20). However, there are conflicting reports
regarding alterations to the expression levels of dynamin 1
and associations with neurological disorders and aging.
Several studies have reported an increase in dynamin 1 in the
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hippocampus associated with aging (13,14) and Alzheimer's
disease (15,18). By contrast, other studies have found a decrease
in dynamin 1 in the hippocampus associated with Alzheimer's
disease (15,21) and nicotine dependence (19,20).

However, few studies have been performed to assess
age-related changes to the hippocampal expression of
dynamin 1 in C57BL/6 mice, a widely used experimental
animal model. The present study investigated changes to
the immunoreactivity and protein levels of dynamin 1 in the
hippocampus and its correspondence with age. In addition,
the present study observed the effects of the inhibition of
dynamin 1 on the hippocampal-dependent memory in adult
mice because dynamin 1 is essential for synaptic vesicle recy-
cling and memory formation.

Materials and methods

Experimental animals. Young adult (4 month-old) and aged
(24 month-old) male C57BL/6 J mice were purchased from
Japan SLC, Inc. (Shizuoka, Japan). The 24 month old mice
were selected as the aged group as, in humans, this age in
mice is equivalent to an age of 69 years (22). The animals
were placed in a mouse cage (five mice/cage) in conventional
conditions. They were maintained under controlled tempera-
ture (23°C) and humidity (60%) on a 12-h light-dark cycle. The
mice were fed a commercial pelleted diet (Purina chow diet
38057; Purina Korea, Seoul, Korea) and water ad libitum. The
procedures for the handling and caring of animals followed the
Guide for the Care and Use of Laboratory Animals issued by
the Institute of Laboratory Animal Resources, and the experi-
mental protocol was approved by the Institutional Animal
Care and Use Committee of Seoul National University (Seoul,
Korea). All the experiments were performed to minimize the
number of animals used and the any suffering caused by the
procedures used in the present study.

Morris water maze (MWM) task. To confirm the memory
deficits in the aged group, spatial memory was assessed using
the MWM task according to a previous study (23). The water
maze assessments were performed in order to ensure objec-
tivity in blind conditions. At 3 days post-training, the time
required for an individual mouse to locate the submerged plat-
form within 2 min (escape latency) and the swimming distance
were monitored using a digital camera and a computer system
for 4 days consecutively, with four trials per day. For each trial,
the mouse (n=10 per group) was placed in the water facing the
wall at one of four starting positions and released. The swim-
ming speed and the time required for the mouse to locate the
hidden platform were recorded via a visual tracking system
(Noldus Information Technology, Wageningen, The Nether-
lands). The probe test was performed on day 5; the platform
was removed and the time that the mouse spent swimming in
the target quadrant, and the time spent in the three non-target
quadrants (right, left and opposite quadrants), were measured
in the training and opposite quadrants in 60 sec. In addition,
the number of times the mouse crossed over the platform site
was recorded.

Tissue processing for histology. For histological analysis,
the mice in the adult and aged groups (n=6 per group) were
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terminally anesthetized the day following the MWM task
with 1 g/kg urethane (Sigma-Aldrich; Thermo Fisher Scien-
tific, Inc., Waltham, MA, USA). The animals were perfused
transcardially with 0.1 M phosphate-buffered saline (PBS;
pH 7.4) followed by 4% paraformaldehyde in 0.1 M phosphate
buffer (pH 7.4). The brains were removed and post-fixed in the
same fixative for 12 h. The brain tissues were cryoprotected
by infiltration with 30% sucrose overnight. Subsequently,
30-um-thick brain sections were serially cut in the coronal
plane using a cryostat (Leica Microsystems GmbH, Wetzler,
Germany). The sections were collected in six-well plates
containing PBS and stored in storage solution at -20°C until
further processing.

Immunohistochemistry. In order to obtain accurate data for
immunohistochemistry, free-floating sections were carefully
processed under the same conditions. Sections were selected
located between -1.46 and -2.46 mm posterior to the Bregma in
reference to a mouse atlas (24). The sections were sequentially
treated with 0.3% hydrogen peroxide in 0.1 M PBS at 25°C for
30 min and 10% normal goat serum in 0.1 M PBS. They were
then incubated with diluted polyclonal rabbit anti-dynamin
1 (1:200; cat. no. ab55397; Abcam, Cambridge, UK) over-
night at 25°C, and subsequently exposed to biotinylated
goat anti-rabbit IgG (diluted 1:200; cat. no. BA-1000; Vector
Laboratories, Inc., Burlingame, CA, USA) and streptavidin
peroxidase complex (diluted 1:200, Vector Laboratories, Inc.)
for 2 h at 25°C. Subsequently, the sections were visualized by
reaction with 3,3'-diaminobenzidine tetrahydrochloride for
1 min (Sigma-Aldrich; Thermo Fisher Scientific, Inc.). Digital
images were captured with a BX51 light microscope (Olympus
Corporation, Tokyo, Japan) equipped with a digital camera
(DP72; Olympus Corporation) connected to a computer
monitor.

Western blot analysis. To confirm the alterations in dynamin 1
with age, six mice from each group were sacrificed and for
western blot analysis. Following sacrifice of the mice (n=4
per group) and removal of their brains, the hippocampi were
dissected out with a surgical blade. The hippocampal tissues
were pooled from tissues of three animals to increase the effi-
ciency of normalization, and were homogenized in 50 mM PBS
(pH 7.4) containing 0.1 mM ethylene glycol bis (2-aminoethyl
Ether)-N, N, N', N'-tetraacetic acid (pH 8.0), 0.2% Nonidet
P-40, 10 mM ethylendiamine-tetraacetic acid (pH 8.0),
15 mM sodium pyrophosphate, 100 mM [-glycerophosphate,
50 mM NaF, 150 mM NacCl, 2 mM sodium orthovanadate,
1 mM phenylmethylsulfonyl fluoride and 1 mM dithiothreitol
(DTT). Following centrifugation at 16,000 x g for 20 min in
a pre-cooled centrifuge, the protein level was determined in
the supernatants using a Micro BCA protein assay kit with
bovine serum albumin as the standard (Pierce; Thermo Fisher
Scientific, Inc,). Aliquots containing 50 pg of total protein
were boiled at 95°C in a loading buffer containing 150 mM
Tris (pH 6.8), 3 mM DTT, 6% SDS, 0.3% bromophenol blue
and 30% glycerol for 5 min. The aliquots were then loaded
onto a 7.5% polyacrylamide gel. Following electrophoresis,
the proteins were transferred from the gel onto nitrocellulose
transfer membranes (Pall Corp., East Hills, NY, USA). To
reduce background staining, the membranes were incubated
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with 5% non-fat dry milk in PBS containing 0.1% Tween
20 for 45 min at 25°C, followed by incubation with rabbit
anti-dynamin 1 (1:1,000; cat. no. ab55397; Abcam) at 4°C for
12 h, peroxidase-conjugated anti-rabbit IgG (cat. no. PI-1000;
Vector Laboratories, Inc.) and an use of an enhanced
luminol-based chemiluminescence kit (Pierce; Thermo Fisher
Scientific, Inc.). The blot was densitometrically scanned for
quantification of the relative optical density of each band using
ImagelJ 1.59 software (NIH, Bethesda, MD, USA).

Effects of dynamin I inhibition on hippocampal-dependent
memory. Dynasore (Sigma-Aldrich; Thermo Fisher Scientific,
Inc.), an inhibitor of dynamin, was prepared as described in
a previous study (11). Briefly, the dynasore was dissolved in
DMSO to obtain a 200 mM stock concentration and then stored
at -80°C. Working solutions (80 uM dynasore) were diluted in
artificial cerebrospinal fluid (CSF) containing 124 mM NaCl,
4.4 mM KCI, 1 mM Na,HPO,, 25 mM NaHCO,, 10 mM
glucose, 2 mM CaCl, and 2 mM MgCl,, supplemented with
0.3% DMSO, in a low light environment. The animals (n=7 in
each group) were anesthetized with isoflurane and a 26-gauge
guide cannula was placed above the dorsal hippocampi under
stereotaxic coordination (anteroposterior, +2.4; mediolat-
eral, + 1.5; dorsoventral, -1.3 mm) (24). At 1 week post-surgery,
the same volume (1.5 ul) of artificial CSF or 80 uM dynasore
was bilaterally injected through the intracerebral cannulas
connected to a microsyringe with polyethylene tubing. At
20 min post-dynasore treatment, the mice were placed in a
novel environment of a fear conditioning box and exposed to
a mild foot electric shock (2 sec; 0.45 mA) together with an
auditory tone (30 sec; 85 dB sound at 2,800 Hz). The electric
shock was delivered during the last 2 sec of the auditory tone.
Freezing, whereby mice do not move other than to breathe,
was scored using FreezeView (version 2.04; Coulbourn Instru-
ments, Holliston, MA, USA). Learning was assessed 24 h later
by measuring freezing behavior for 5 min, in the chamber in
which the mice were trained, in response to representation of
the context without the auditory cue.

Statistical analysis. The data shown represent the mean of
experiments performed for each experimental area. Differ-
ences among the means were statistically analyzed using a
two-tailed Mann-Whitney #-test in order to elucidate differ-
ences between adult and aged groups. Analysis was performed
using GraphPad Prism 5.01 software (GraphPad Software, Inc.,
La Jolla, CA, USA). All data are presented as the mean =+ stan-
dard error of the mean. P<0.05 was considered to indicate a
significantly significant difference.

Results

Spatial memory in aged mice. Spatial memory the in adult
and aged mice was assessed using the MWM task. In the
training trial of the escape latency task, the mean escape
latency in the aged group was marginally longer, compared
with the adult group on days 2 and 3. However, there was no
significant difference in the escape latency between the adult
and aged groups. By day 4, the escape latency was signifi-
cantly longer in the aged group, compared with that in the
adult group (Fig. 1A). However, no significant differences
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Figure 1. Assessment of spatial memory. (A) Escape latency training trials,
(B) average speed (cm/sec), (C) escape latency probe trial and (D) time spent
in correct quadrant were used to assess young and aged mice in a Morris
water maze task. Vales are presented as the mean + standard error of the
mean (n=10 per group). "P<0.05, compared with the adult group.
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Figure 2. Immunohistochemical assessment of dynamin 1. Immunohistochemistry was used to detect dynamin 1 in the (A) adult and (B) aged hippocampal
CALl region, (C) adult and (D) aged CA3 region, and (E) adult and (F) aged dentate gyrus. In the adult group, dynamin 1 immunoreactivity was found in the SR
of the CAl and CA3 regions, and in the PoL of the dentate gyrus. Dynamin | immunoreactivity was also found in the SP of the hippocampal CA1-3 region and
GCL of dentate gyrus. In the aged group, dynamin 1 immunoreactivity was detected in these regions at low levels. Scale bar=50 ym. (G) Western blot analysis
of the protein expression of dynamin 1 in the hippocampi of adult and aged groups. The RODs of the immunoblot bands are shown as percentages (n=6 per
group). Vales are presented as the mean + standard error of the mean. “P<0.05, compared with the adult group. SR, stratum radiatum; SO, stratum oriens; SP,
stratum pyramidale; PoL, polymorphic layer; GCL, granule cell layer; ML, molecular layer; ROD relative optical density.

were found between the adult and aged groups in the average In the probe trial for the escape latency task, the animals
swimming speed or the total distance traveled during the in the aged groups took significantly longer to locate the target
probe trial (Fig. 1B). platform location, compared with those in the adult group
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(P=0.0007; Fig. 1C). In addition, the aged group spent less
time in the correct quadrant, compared with the adult group
(P=0.0001; Fig. 1D).

Expression of dynamin 1 in the hippocampus. Changes
in the expression of dynamin 1 were examined. In the hippo-
campal CALl region of the adult group, the immunoreactivity
of dynamin 1 was widely detected in the stratum radiatum
and the stratum pyramidale (Fig. 2A). However, in the aged
group, immunoreactivity of dynamin 1 was only marginal in
the stratum radiatum region of CA1 (Fig. 2B).

In the hippocampal CA3 region of the adult mice, a high
level of dynamin 1 immunoreactivity was detected in the pyra-
midal cell layer. In addition, dynamin 1 was detected in the
stratum radiatum (Fig. 2C). However, in the aged group, the
immunoreactivity of dynamin 1 was significantly decreased in
the pyramidal cell layer and almost absent in the hippocampal
CA3 region (Fig. 2D).

In the dentate gyrus of the adult mice, dynamin 1 was
found in the outer half of the granule cell layer and the
polymorphic layer (Fig. 2E). However, in the aged group, the
immunoreactivity of dynamin 1 was significantly decreased in
the granule cell layer and the polymorphic layer of the dentate
gyrus (Fig. 2F).

The protein levels of dynamin 1 in the aged group were
significantly lower, compared with those in the adult group. In
the aged group, the protein expression of dynamin 1 was 34.8%
of the expression of dynamin 1 in the adult group (Fig. 2G).

Contextual memory in adult mice following inhibition of
dynamin I. Under basal conditions, the administration of
vehicle or dynasore did not lead to any significant differences
in freezing between groups. However, following electric and
auditory shock, freezing was observed in the vehicle-treated
group. In the dynasore-treated group, the level of freezing
was significantly decreased, compared with that in the
vehicle-treated group (Fig. 3).

Discussion

There is increasing evidence suggesting that several presyn-
aptic proteins are involved in altering synaptic activity in
patients with Alzheimer's disease and in animal models of
Alzheimer's disease (21,25,26). In addition, synaptic proteins
are essential for the regulation of memory. In the present study,
a significant reduction in the spatial memory abilities of the
aged group were observed, compared with the adult group,
on assessment using the MWM task. The present study then
investigated the correlation between the memory impairment
observed in the aged group and the expression of dynamin 1.
These results suggested that, compared with the adult group,
the aged mice used in the present study showed a decline in
hippocampal-dependent memory formation. Dynamin 1 is a
major dynamin isoform found in neurons (5) and is detected
at high levels in presynaptic terminals. In the present study,
age-related changes in the expression of dynamin 1 in the
hippocampus were observed. The immunoreactivity and
protein levels of dynamin 1 were significantly decreased in the
hippocampi of the aged group, compared with the levels in the
adult group. A reduction in dynamin 1 impairs the axonal traf-
ficking of vesicles through interactions with other endocytotic
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Figure 3. Freezing percentages of vehicle- and dynasore-treated mice in the
contextual (electric shock with auditory tone) memory assessment. Vales are
presented as the mean + standard error of the mean (n=7 per group) "P<0.05,
compared with the vehicle-treated group.

accessory proteins present in hippocampal neurons (17,27,28).
It has also been reported that dynamin 1-depleted neurons
accumulate synaptic vesicles at the plasma membrane and
decreases the readily releasable pool of synaptic vesicles (29).

However, there have been contradictory reports regarding the
changes in the expression levels of dynamin 1 in the brain and
its association with age or Alzheimer's disease. A previous study
found that the expression level of dynamin 1 was significantly
increased overall in the brains of aged (80-week-old) C57BL/6
mice, compared to that in the brains of young (6-week-old)
mice (13). However, in the olfactory bulb, the protein expres-
sion of dynamin 1 was found to be significantly decreased in
the olfactory bulbs of aged (80-week-old) mice, compared with
young (6-week-old) mice (12). In a mouse model of Alzheimer's
disease, the protein levels of dynamin 1 have been reported to
be increased in the brains of Tg2576 mice with plaque deposi-
tion (15) and APPyey;,-transgenic mice in the hippocampus (18)
based on a proteomic approach. However, these changes to the
levels of dynamin 1 in the whole brain or hippocampus were not
confirmed by immunohistochemistry or western blot analysis,
respectively. Other studies have shown a significant decrease
in the mRNA and protein levels of dynamin 1 in the frontal
cortex of patients with Alzheimer's disease (21). In addition,
the presence of ameyloid 3 induces a significant decrease in the
expression of dynamin 1 through the calpain-mediated cleavage
of dynamin 1 (16), which is induced by a sustained calcium influx
mediated by N-methyl-D-aspartate receptors in hippocampal
neurons (17). The increase or decrease of dynamin 1 may be
associated with the severity of aging or Alzheimer's disease, or
the brain regions used for analysis. However, dynamin 1 is likely
to be involved in hippocampal-dependent memory formation.
In the present study, the involvement of dynamin 1 was demon-
strated by directly infusing dynasore, an inhibitor of dynamin 1,
into the hippocampus. This infusion reduced the ability of the
mice to perform on hippocampal-dependent memory tasks,
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including the fear-conditioning task. However, no impairment
is observed on hippocampal-independent tasks, including cued
conditioning (11). The present study also confirmed the effects
of dynamin 1 on hippocampal functions using dynasore. The
administration of dynasore significantly decreased the contex-
tual memory by electric and auditory shock, compared with that
in the vehicle-treated group. This result suggested that dynamin 1
is one of the key factors affecting hippocampal-dependent func-
tion.

In conclusion, the immunoreactivity and protein levels
of dynamin 1 were found to be significantly reduced in the
hippocampus of aged animals, compared with adult mice,
and this reduction may be associated with the reduction in
hippocampal-dependent memory.
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