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The Effects of Repeated Restraint Stress on the Synaptic Plasticity
in the Inner Molecular Layer of Mouse Dentate Gyrus

Mi-Sook Yoon?, Minho Moon, Joo-Won Jeong, Junghye Kim,
Heekyung Ahn, Youngbuhm Huh, Chan Park

Department of Anatomy, School of Medicine, Kyung Hee University
!Department of Dental Hygiene, Shinheung College

Stress induces degeneration of brain structures and functions. Particularly, hippocampus is sensitive to stressful
stimulations. In the present study, the change of synaptic related molecules in the mouse dentate gyrus was examined
with immunohistochemistry after restraint stress.

We subjected mice to restraint stress for 6 h per day for 4 days. As a result, the numbe7,oh Kiarker for
proliferation, and doublecortin (DCX), a marker for neurogenesis, immunoreactive cells was decreased in the stress
group. On the other hand, the intensity of calbind®8®, a marker of prexisting granule cells, immunoreactivity was
increased in the granule cell layer after 4 days restraint stress.

As well as, the immunoreactivity of synaptic related molecules, postsynaptic d889BSD95), growth
association proteid3 (GAR43) and-NADPH-d reactivity were increased in the inner molecular layer of dentate
gyrus after 4 days restraint stress.

In conclusion, this study shows that repeated restraint stress suppresses neurogenesis in dentate gyrus and strengthens
synaptic plasticity of existing granule cells.

Key words : Restraint stress, Dentate gyrus, Inner molecular layer, Post synaptic -@&ndiigublecortin, Growth
associated proteid3, B-NADPH-d

Introduction et al. 1999). The functional changes may include de-
creased mRNA levels of specific proteins linked to
Several studies have shown that acute and chroni®eural and synaptic plasticity, such as greasiso-
stress produces structural and functional changes irciated protein 43 (GAR3), brainderived neurotro-
the brain, especially in the hippocampus (McEwen phic factor (BDNF), and synaptophysin (Kuroda and
2000, Kim and Diamond 2002). The chronic stress McEwen 1998, Nibuya et al. 1999, Thome et al.
induced hippocampal structural changes include atro-2001). Interestingly, these structural and functional
phy of apical dendrites of CA3 pyramidal neurons changes have also been shown in subjects suffering
which can be prevented by antidepressant or benzofrom psychiatric illnesses, like major depression and
diazepine treatment (Watanabe et al. 1992, Magarinodipolar disorders (Sheline et al. 1996, Hrdina et al.
1998, Bremner et al. 2000, Fuchs and Gould 2000,
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plasticity and mental disorders. hinal cortex perforant path afferents (van Praag et al.
Stress also has been known to regulate adult neuro2002). The localization of postsynapse signaling
genesis in animals (Fuchs and Gould 2000, Jacobs aholecules, PSE5 and nNOS, in the inner molecular
al. 2000, Duman et al. 2001). The process of neurodayer of the dentate gyrus may represent the synapse
genesis occurs mainly in the subventricular zone adja-between dendrites of granule cells and NMDA fibers
cent to the lateral ventricles and in the subgranularfrom the medial entorhinal cortex.
zone of the dentate gyrus of the hippocampus. In the The nuclear protein K67, which is expressed in all
dentate gyrus, the newly generated cells integrate intgphases of the cell cycle except the resting phase, can
the granule cell layer and develop the morphologicalbe used for determination of progenitor cells of adult
characteristics of mature granule neurons able to forrmeurogenesis. Recent studies showing increased Ki
functional synapses (van Praag et al. 2002). In the rat67-positive cells in the hippocampus after chronic
adrenal steroid hormones, chronic restraint stress, inantidepressant treatment similar to what was found by
escapable foeshock stress, and chronic restraint using the BrdU labeling method (Malberg et al. 2000,
stress has been shown to suppress this adult hippdRosenbrock et al. 2004).
campal neurogenesis, measured by the BrdU labeling The present study examined the effect of stress on
method (Cameron and Gould 1994, Czeh et al. 2002the cell proliferation and differentiation using-87
Malberg and Duman 2003, Pham et al. 2003). More-and doublecortin (DCX) immunohistochemistry
over, antidepressant treatment increases neurogenesf€ouillard-Despres et al. 2005) in the dentate gyrus,
in animals (Malberg et al. 2000), and depression re-and then the effect of stress on the synaptic related
duces hippocampal volume (Sheline et al. 1996, molecules, nitric oxide synthase (NOS), using nicoti-
Bremner et al. 2000). Thus, it was hypothesized thathamide adenine dinucleotide phosphdigphorase
the change of adult hippocampal neurogenesis aréNADPH-d; used to detect the presence of NOS neu-
important factor in the precipitation and the recovery rons) reactivity (Dawson et al. 1991, Hope et al. 1991),
from episodes of depression (Jacobs et al. 2000). PSD95 and growth associated protei (GAR43)
Nitric oxide (NO) is a free radical with signaling immunohistochemistry in the dentate gyrus.
functions in the central nervous system (Garthwaite
and Boulton 1995). In the brain, NO is produced enzy-
matically in postsynaptic structures, and is made from
L-arginine by NO in response to the activation ef N
methytD-aspartate (NMDA) receptors by the excita-
tory amino acids (Moncada et al. 1991). NMDA re- Threemonthold male C57BL/6 mice were used in
ceptor activity appears to play a role in some neuro-all the experiments. The mice were treated and main-
physiological phenomena (Croucher et al. 1982).tained in accordance with the animal care guidelines

Materials and Methods

1. Animals

Neuronal NOS, a Cé-activated form of NOS, can of the NIH and the Korean Academy of Medical
bind to postsynaptic densifb (PSD95) (Sattler etal.  Sciences. The mice were maintained at a controlled
1999). Therefore, PSB5 may concentrate nNOS temperature (28 2°C), and they were grotpoused
near the NMDA receptor at postsynaptic sites in the(12 hr light/dark cycle) with access to food and water
neurons. Granule cells in the dentate gyrus establistad libitum

functional connections in the dentate molecular re- The mice were divided into two groups of 10 mice
gion, and receive excitatory synaptic input from entor- each consisting of one stress and one sedentary con-

326



— Synaptic-related Molecules in the Dentate Gyrus after Restraint Stress —

trol group. The sedentary control group animals were1000), mouse antialbindinD-28k (Sigma, USA, 1:
placed in standard mouse cages at 5 animals/cage fdr000), mouse an?SD-95 (Upstate, NY, USA, 1:
4 days, whereas the stress group animals were kept it000), mouse antbAP-43 (Sigma, USA, 1:1000)]
restraint tube for 6 h a day for 4 days (10:00AM and overnight at 25C in 0.3% Triton X100 and 0.5 mg/
4:00PM). The mice of stress group were individually mL bovine serum albumin. The sections were then
placed in a room adjacent to their colony in an inde-incubated with the antiabbit or antirat secondary
pendent plastic compartment and immobilized in a 12antibodies (1 : 200 dilution; Vector, Burlingame, CA,
x 3 cm plastic bottle, with a plastic taper on the out- USA) for 90 min. For chromogenic immunodetection,
side and a 0.5 cm hole at one end for breathing. Aftersections were treated with an avidiiotin-peroxidase
the termination of each daily restraint stress sessiongcomplex (1 : 200 dilution; Vestastatin Elite ABC kit,
the mice were returned to their home cages. The seVector Laboratories, Burlingame, CA, USA) for 1 h at
dentary control group mice were handled as their testtoom temperature. Peroxidase activity was visualized
ed littermates except that they were not immobilized. by incubating the sections with 0.02% 3dgmino-
benzidine tetrahydrochloride and 0.01%C5 in 0.5
2. Histological procedures M Tris buffered saline, (pH 7.6). After several rinses,
. . . . sections were mounted on gelatin coated slices, de-
The mice were fully anesthetized with pentobarbital . ) .
i ) . hydrated and then cowstipped using Histomount
(50 mg/kg, i.p.), and were transcardially perfused with ) ) : )
. medium. For epifluorescence immunodectection, sec-
50 mM phosphatéuffered saline (PBS), followed by

; . tions were washed extensively and incubated with
a freshly prepared solution of 4% paraformaldehyde in

fluorochromeconjugated speciespecific secondar
0.1 M phosphate buffer at pH 7.4. The brains were 19 P, y

antibodies (antrabbit Cy3 and artiat Cy2 (1 : 200;
removed and podixed in the same fixative over- ( y y2(

. ) . Jackson ImmunoResearch, USA). Sections were plac-
night, and then the brains were placed into 30% su-

. ) ) ed on gelatin coated slices and mounted in Prolong
crose in 50 mM PBS. Serial 36n-thick coronal sec- ) . .
i . ) . . Antifade kit (Molecular Probes, USA). Epifluore-
tions were sliced on a freezing microtome (Leica, ) .
) _scence observation and phatocumentation were
Nussloch, Germany), and the sections were stored in i . . .
accomplished using a confocal microscope (Zeiss
cryoprotectant (25% ethylene glycol, 25% glycerol,
i Axiovert LSM 510 META, Germany).
0.05M PB, pH 7.4) at+20°C until further use.

. . 4. NADPH-d histochemistry
3. Immunohistochemistry

) ) . The sections were stained to detect NABBH
Every 12" brain section was taken from the region ) e .
according to a NADPHI-specific histochemical me-
between Bregma-1.06 mm and Bregma-3.28 mm,

thod. Briefly, the fredloating sections were incubated
and this was done for each brain (Paxinos and y g

: ) ) at 37C for 30~60 min in 0.1 M PB (pH 7.4) contain-
Franklin 2004). The frefloating sections were pre . . )
ing 0.3% Triton %100, 0.1 mg/mL nitroblue tetrazo-

incubated for 15 min in 1% J@,. Following extensive

. . .~ lium and 1.0 mg/mI3-NADPH.
washes in phosphate buffered saline (PBS), sections
were incubated with the primary antibodies. Sections
were incubated with the primary antibodies [rabbit
anti-Ki-67 (Novocastra laboratories, New castle, UK, The optical density of the NADRH reactivity PSD
1:1000), goat arviloublecortin (Santa cruz, USA, 1: -95, and GAP43 in the inner molecular layer was

5. Quantitative evaluation of staining
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quantitatively assessed according to a microdensito-using an image analysis system (Multiscan, Fullerton,
metrical method using an image analysis systemCA, USA). We observed no changes in the volume of
(Multiscan, Fullerton, CA, USA). The boundary of the the granule cell layer or the volume of the dentate
inner molecular layer were manually traced before gyrus during any of the experiments that were con-
being measured. Digitally fixed images at 200na- ducted. Hence, the results are expressed as good esti-
gnification were analyzed under an optical microscopemates of the total numbers of immunoreactive cells.
equipped with an image analyzer. Pixel values of 0At this point, each sample was given a coded identi-
and 255 correspond to white and black colors, res-fication number so that the data could be analyzed in a
pectively. The number of Kié7 and DCXimmuno- “blind” manner. The raw numbers and optical density
reactive cells in the inner rim of the granule cell layer data were subjected to em&y ANOVA testing fol-

of the dentate gyrus were counted stereologically withlowed by Dunnett’'s test of post hoc comparisons; the
Stero Investigator software (MicroBrightfield williston, results were expressed as m&&hE.M. The differ-
VT) by using an optical fractionator. The total dentate ences were considered significant when p values were
gyrus volume was determined using Cavalieri’s prin- <0.05.

ciple, and the crossectional areas were calculated
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Fig. 1. Stress decreases the number obKiimmunoreactive cells in the dentate gyrus. A, sedentary control group; B, 4 days restraint

stress group. SED, sedentary; RS, restraint stress. Values indicate the mean numib&rinfriiinoreactive cell+ S.E.M. *
vs. SED (p< 0.05) by Dunnett’'s post hoc comparisons. Scale bar: A-Bp@b0
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Results (p<0.05) (Fig. 1). The number of DG3tained cells
in the dentate gyrus was significantly decreased in the
The number of K67 immunoreactive cells in the stress group (2,83849) than in the sedentary control
dentate gyrus was significantly decreased in the stresgroup (3,616 61) (p< 0.05) (Fig. 2).
group (618t 52) than in the control group (89375) In an attempt to investigate the change of the acti-
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Fig. 2. Stress decreases the number of DCX immunoreactive cells in the dentate gyrus. A and C, sedentary control group; B and D, 4
days restraint stress group. SED, sedentary; RS, restraint stress, IML, inner molecular layer; GL, granule cell layer. Values

indicate the mean number of DCX immunoreactive cgllS.E.M. * vs. SED (g<0.05) by Dunnett’s post hoc comparisons.
Scale bar: A-B, 25Qm; C-D, 50um.
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Fig. 3.Stress increases the optical density (OD) of calbindt8k immunoreactive cells in the dentate gyrus. A, sedentary control
group; B, 4 days restraint stress group. SED, sedentary; RS, restraint stress, IML, inner molecular layer; GL, granetle cell lay
Values indicate the mean OD of calbindi@Bk immunoreactive cells=S.E.M. * vs. SED (p<0.05) by Dunnett's post hoc
comparisons. Scale bar: A-B, ffh.

vity of pre-existing granule cells in the hippocampus, with control group (67.8:1.5) (p< 0.05) (Fig. 4). The
the immunoreactivity of calbindin28k was analyzed intensity of the NADPHd staining of the dentate
(Dumas et al. 2004). The optical density of calbin- gyrus was increased in the inner molecular layer of the
dinD-28k in the granule cell layer was increased in thedentate gyri of the stress group (10%.9.8) when
stress group (78:84.25) compared with the sedentary compared with the control group (83:®.38) (p<
control group (47.#3.5) (p<0.05) (Fig. 3). 0.05) (Fig. 5).

PSD95 and nNOS were analyzed in the inner mol-  GAP-43 was analyzed in the inner molecular layer
ecular layer of dentate gyrus with using immunohisto- of dentate gyrus with immunohistochemistry. The
chemistry and NADPHI histochemistry. The optical optical density of GAR3 in the inner molecular layer
density of PSEBS in the inner molecular layer was was increased in the stress group 156) compared
increased in the stress group (94.2.3) compared  with control group (98.% 1.4) (p< 0.05) (Fig. 6).
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Fig. 4. Stress increases the optical density (OD) of @SDmmunoreactivity in IML of dentate gyrus. A and C, sedentary control group;
B and D, 4 days restraint stress group. SED, sedentary; RS, restraint stress, IML, inner molecular layer; GL, granule cell laye
Values indicate the mean OD of PSB immunoreactivity+ S.E.M. * vs. SED (g 0.05) by Dunnett's post hoc comparisons.
Scale bar: A-B, 250m; C-D, 50um.

of neurogenesis and synaptic activity of granule cells
Discussion after stress. We have found that the decrease of neuro-
genesis after stress is concomitant with the increase of
The present study was designed to follow the changesynapse activity of the granule cells under stress con-
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Fig. 5. Stress increases the optical density (OD) of NABPHactivity in IML of dentate gyrus. A and C, sedentary control group; B
and D, 4 days restraint stress group. SED, sedentary; RS, restraint stress, IML, inner molecular layer; GL, granule cell layer.
Values indicate the mean OD of NADRHreactivity +S.E.M. * vs. SED (g 0.05) by Dunnett's post hoc comparisons. Scale
bar: A-B, 50um; C-D, 50um.

dition. The present results may be the first morpho-may change brain structure and activity (McEwen

logical evidence that intermittent stress may induce2000, Kim and Diamond 2002). These changes may

synaptic activity of granule cells of dentate gyrus. depend on stress intensity and/ or on de novo gene
Preclinical studies have suggested that restraint stressanscription and synthesis of proteins involved in
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Fig. 6. Stress increases the mean optical density (OD) of-@APnmunoreactivity in IML of dentate gyrus. A and C, sedentary control
group; B and D, 4 days restraint stress group. SED, sedentary; RS, restraint stress, IML, inner molecular layer; GLJIgranule ce
layer. Values indicate the OD of GARB immunoreactivity+ S.E.M. * vs. SED (< 0.05) by Dunnett’s post hoc comparisons.

Scale bar: A-B, 25Qm; C-D, 50um.

neuronal and synaptic plasticity. Using in situ hybridi- CA3 areas of the hippocampal formation after chronic
zation histochemistry, mRNA expression levels of restraint stress for 1 h per day for 5 days and 6 h per
synaptophysin and GAR3, markers for synaptic day for 21 days, respectively (Kuroda and McEwen
plasticity, were shown to be slightly decreased in the1998). On the other hand, the expressions of these
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molecules in the dentate gyrus were not changed afteptic structures, and is made frorrakginine by NO in
the stresses. Differentially from these findings, Rosen-response to the activation ofiNethylD-aspartate
brock et al. (2005) observed the increase in hippo-(NMDA) receptors by the excitatory amino acids
campal expression of those markers on their protein(Moncada et al. 1991). NMDA receptor activity appe-
levels after acute restraint stress, although the changars to play a role in some neurophysiological pheno-
was not significant. In the present study, the 6 h permena (Croucher et al. 1982). Neuronal NOS, & Ca
day for 4 days restraint stress induced the increase oéctivated form of NOS, can bind to PSIB (Sattler et
synaptic related molecules, PS5 and GAP43, in al. 1999). Therefore, PSB5 may concentrate nNOS
the inner molecular layer of dentate gyrus, which sug-near the NMDA receptor at postsynaptic sites in the
gests that the intermittent restraint stress could in-neurons. In the present study, the change of-85D
crease synaptic activity (Altrock et al. 2003, Ehrlich and nNOS expression demonstrates that the change of
and Malinow 2004) in the specific region of hippo- synaptic activity of granule cells occur in the inner
campus. molecular layer of dentate gyrus after stress. To the
Another important effect of stress treatment is its best of our knowledge, the present study is the first to
suppressing influence on adult neurogenesis in thelemonstrate the morphological evidence that mild
hippocampus. This was demonstrated after chronicrestraint stress increases the synaptic activity speci-
psychosocial and chronic restraint stress by using thdically in the inner molecular layer of the hippocampal
BrdU labeling method (Czech et al. 2002, Pham et al.dentate gyrus of mice.
2003). Some reports demonstrated that the prolifera- In the normal brain, the major afferent projections
tion marker Ki67 can be used as a valuable alterna-to the molecular layer of the dentate gyrus originate in
tive to BrdU labeling for determination of brain pro- the entorhinal cortex (Steward 1976). These entorhinal
genitor cells linked to adult neurogenesis (Heine et al.afferents display a topographical arrangement, with
2004). In addition, the present study showed that theaxons from medial entorhinal areas terminating in the
decrease of k67 protein correlated with the change inner molecular layer onto the proximal apical den-
of doublecortin immunoreactivity in the dentate gyrus drites of the dentate granule cells. Granule cells esta-
of stressed animals. The reduction of hippocampalblish functional connections in the dentate molecular
progenitor cells after restraint stress as measured imegion, and receive excitatory synaptic input from per-
this study indicates a suppression of hippocampalforant path afferents (van Praag et al. 2002). We also
neurogenesis in stress animals. evaluated the immunoreactivity of growth associated
On the possynaptic side, chemical synapses con- protein43 (GAR43), which is a neuronal phospho-
tain a large number of diverse proteins involved in protein localized in growth cones (Skene et al. 1986).
synaptic structure, neurotransmitter and signal trans-The concomitant change of GAR and PSES5 in
ductions (Kennedy 2000). These proteins are organizthe inner molecular layer of the dentate gyrus could
ed in to a dense, macromolecular assembly visible inindicate that the synapse between dendrites of granule
electron micrographs as a psghaptic density (PSD). cells and NMDA fibers from the medial entorhinal
One prominent component of the PSD at synapses irtortex are changed after restraint stress.
the hippocampus is PS5 (Hunt et al. 1996). PSD
95 interacts with a number of other psghaptic pro-
teins, including NMDA receptors (Kennedy 2000). In
the brain, NO is produced enzymatically in postsyna-Altrock WD, Tom Dieck S, Sokolov M, Meyer AC, Sigler A,
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