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Social Buffering Prevents Stress-Induced Decreases in
Dendritic Length, Branching in Dentate Granule Cells and
Hippocampus-Related Memory Performance
Wen-Yu Tzeng1,*, Tung-Yi Huang1,*, Chianfang G Cherng2, San-Nan Yang3,^, Lung Yu1,^
Abstract
Objectives: A robust stressor regimen may cause a rapid decrease in BDNF level in the dentate
gyrus (DG) while social buffering appears to prevent such decrease. Local BDNF levels and
downstream phosphorylation of ERK and CREB play a critical role in mediating morphological
and synaptic plasticity in DG. Thus, this study was undertaken to assess whether an acute
stressor regimen may render morphological changes and whether the social buffering may
prevent such changes in the existing DG granule cells. Moreover, we attempted to assess
whether the stressor regimen and social buffering may also affect local ERK and CREB
phosphorylation and the hippocampus-related memory.
Methods: Six hours after the conclusion of the stressor regimen, morphological indices of
the granule cell in DG were obtained in Balb/C mice experiencing no stressor, the stressor
regimen alone or in a group.
Results: The stressor caused significant decreases in the total length of dendrites, number
of dendritic branches, and the size of the dendritic field in granule cells, while the social
buffering prevented all these changes. Likewise, the stressor caused decreases in local ERK
phosphorylation and object location performance, while the social buffering prevented such
decreases of ERK phosphorylation and deteriorated memory performance.
Conclusion: These results, taken together, suggest that stress and social buffering may
rapidly affect the existing DG granule cell morphology and hippocampus-related memory
performance by modulating local ERK phosphorylation.
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Introduction
A great deal of evidence indicates that stress and
corticosterone (CORT) level can cause drastic
morphological and synaptic changes in existing
neurons in the hippocampus and such changes
may serve for adaptive purposes for hampering

ongoing apoptotic progression and/or facilitating
eventual recovery and allostasis [1]. For example,
adrenalectomy results in significant atrophy
of CA3 pyramidal neurons [2]. Likewise,
both repeated restraint and chronic multiple
stressors cause atrophy of the apical dendrites of
hippocampal CA3 pyramidal neurons [3]; this
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repeated restraint stressor-produced atrophy of
the apical dendrites requires CORT secretion
[4]. Moreover, chronic stress or repeated CORT
injections may also cause atrophy of these
same dendrites [3-7]. Although the survival of
granule cells in the dentate gyrus (DG) is highly
dependent on normal circulating CORT level
[8], excessive glucocorticoid secretion does not
seem to cause observable changes in the dendritic
morphology of the DG granule cells [5]. The
discrepancy in stress-produced morphological
changes between CA3 pyramidal neurons and
DG granule cells could arise from the timing of
the observation, the actual CORT level, and/
or species differences. Whether the existing
DG granule cells are invariably resistant to
stress and/or stress-induced CORT secretion
remains unknown. We have reported that a
stressor regimen including randomly scheduled,
unavoidable foot shock delivery followed by
restraint in water, produces robust and longlasting increases (approximately 4-fold increase
and lasting for 3 hours at least) in mouse serum
CORT level [9]. Using this stressor model, we
sought to determine if our intense stress-induced
long-enduring CORT secretion may cause rapid
changes in dendritic morphology of the DG
granule cells.
In addition to the impact of the stressor regimen
on CORT level, intense stressors are known to
cause a decrease in local BDNF expression in
mouse DG [10,11]. In contrast, the presence
of three companions serving as social buffering
appears to prevent the stress-induced decrease
in local BDNF expression [10,11]. BDNF
induction has been known to play a critical
role in mediating morphological and synaptic
plasticity in DG granule cells [12-14].
Moreover, BDNF is found to induce these
morphological and synaptic changes likely via
phosphorylation of local extracellular signalregulated kinases (ERK) and ERK-dependent
cAMP response element binding protein
(CREB) phosphorylation [15-17]. Thus, the
present study was designed to assess whether
the present stressor regimen may cause
changes in local ERK and CREB expression
and phosphorylation in DG. Likewise, we
attempted to examine whether the social
buffering may prevent the stressor-induced
changes in ERK and CREB expression and
phosphorylation.
Both object recognition and location tasks are
hippocampus-related and stress-free memory
tasks [18-20]. Likewise, two versions of the
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Y-maze task, spontaneous arm alternation
and exploration for the previously blocked
arm, have been used to assess the quality
of the hippocampus-related memory [21].
Hippocampal BDNF expression has been
thought to modulate rodents’ performance
in the object location task [22]. In fact, many
reports show that BDNF mRNA and protein
expressions in the DG correlate positively with
the performance of the object recognition task
[23-25]. Moreover, recent studies depict the
critical roles of hippocampal BDNF induction
and the down-stream activation of ERK and
CREB in the object recognition memory [2629]. Importantly, a recent study reveals that
granule cell morphology in the DG is closely
linked to the performance of Y maze task in
a rat model [21]. Thus, we decided to test the
hypothesis that our stressor regimen and social
buffering may affect the hippocampus-related
memory performance in the object recognition,
object location and Y maze tasks.
Materials and methods
All experimental procedures involving animals
were conducted in accordance with the National
Institutes of Health Guide for the Care and Use
of Laboratory Animals (NIH Publications No.
80-23) revised in 1996. All the experimental
procedures were approved by the Institutional
Animal Care and Use Committee of National
Cheng Kung University College of Medicine,
Taiwan, ROC. The timelines for arranging
the stressor procedure in the morphological,
biochemical and behavioral experiments are
listed in Figure 1.
 Animals

Male Balb/C mice were bred at National Cheng
Kung University College of Medicine Laboratory
Animal Center. After weaning, Balb/C mice were
group housed in plastic cages (28 x 17 x 12 cm,
six per cage) in a temperature- and humiditycontrolled colony room on a 12-h light/dark
cycle with lights on at 07:00 h at the Center.
Mice had access to food (Purina Mouse Chow,
Richmond, IN, USA) and tap water ad libitum.
All experiments started when mice reached 8
weeks of age.
 The tandem stressor regimen

In this study, the tandem stressor regimen
referred to a randomly-scheduled delivery of
unavoidable foot shock (0.5 mA and a 1-sec
duration each with an average of 1 shock/min
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Figure 1: A schematic representation of experimental procedures.

for 30 min) in a 24-cm long, trough-shaped
metal alley (for delivering foot shock) (Figure 2)
immediately followed by a 30-min restraint in a
one third-immersed plexiglas cylinder (7 cm in
length and 3.4 cm in diameter for the top circle)
within a plastic pan (31 x 23 x 7 cm) (Figure 2)
[9,11].
 Grouping

procedures

and

the

experimental

To study the effects of stress and social buffering
on dendritic morphology of the DG granule
cells, the phosphorylation of local intracellular
signalling molecules, including ERK and CREB,

and the performance of the hippocampus-related
memories, three groups of mice were used.
Unrestrained mice navigating the alley (Figure
2a) for 30 min and plastic pan for 30 min with
a group of three companions (their cage mates)
and being transferred to a clean plastic holding
cage (47 x 26 x 21 cm) alone for 6 hours served
as the “No stressor” group. Mice experiencing
the stressor regimen in the alley and pan alone
and being transferred to a clean plastic holding
cage for 6 hours served as the “Stressor alone”
group. Finally, mice undergoing the stressor
regimen with a group of three companions (their
cage mates) and being individually transferred
199
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Figure 2: Photo representatives. Along with a group of three companions, unrestrained mouse demonstrators (a) navigate in the alley and (b) the dry
pan.

to a clean plastic holding cage for 6 hours were
used as the “Stressor in a group” group. A total
of 36 mice [No stressor (N=12), Stressor alone
(N=12), and Stressor in a group (N=12) group]
were used. Since mice were originally housed 6/
cage, two mice from each cage were not used in
this study. Likewise, 24 randomly chosen mice
from 6 cages (4 from each cage) were used for
the “Stressor alone” and “Stressor in a group”
for the morphological experiment. A total of
755 granule cells were successfully scored in the
DGs in these mice. Specifically, the following
numbers of cells were successfully identified and
scored for individual mice in the “no stressor”
(total=249; individual mice=25, 22, 22, 22,
22, 19, 19, 19, 20, 19, 20, 20), “stressor alone”
(total=255; individual mice=25, 24, 19, 21, 22,
22, 21, 20, 20, 20, 20, 21), and “stressor in a
group” (total=251; individual mice=25, 22, 20,
21, 23, 21, 19, 21, 19, 21, 20, 19). The timeline
for the stressor procedure and the morphological
experiment is presented in Figure 1 (top panel).
In order to examine the impact of the stressinduced and social buffering effects on the
phosphorylation of ERK and CREB in the
DG, another set of 72 mice [No stressor (N=8),
Stressor alone (N=32), and Stressor in a group
(N=32)] were used. Two, eight, and eight
cages of mice were used for the “No stressor”,
“Stressor alone” and “Stressor in a group”
group, respectively. Mice of the “No stressor”
group served as controls for revealing the
phosphorylation baselines of ERK (pERK/ERK)
and CREB (pCREB/CREB) in the DG tissue
samples. At times of 0 hr (N=8), 0.5 hr (N=8),
3 hr (N=8), and 6 hr (N=8) after the conclusion
of the stressor regimen, mice from the “Stressor
alone” and “Stressor in a group” group were
killed for the assays. The time line for the stressor
200
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procedure and this biochemical experiment is
presented in Figure 1 (second top panel).
To test the possibility that mouse serum CORT
at 6 h after the conclusion of the stressor regimen
may affect the hippocampus-related memory
performance, a set of 56 mice were used. Mice
were killed by rapid decapitation and their
trunk blood was collected without exposure to
the stressor (N=8), or at 30 min, 3hr, and 6 hr
(for each time N=16, with 8 in the “Stressor
alone” and 8 for the “Stressor in a group”
groups) after the cessation of the stressor
regimen. Two, six, and six cages of mice were
used for the “No stressor”, “Stressor alone”
and “Stressor in a group” groups, respectively.
The time line for the stressor procedure and
CORT experiment is presented in Figure 1
(second top panel). Finally, a total of 54 mice
(26 for object recognition and Y maze task
and 28 for object location task) were used for
assessing the hippocampus-related memory
performance. The timeline for the stressor
procedure and behavioral experiments is listed
in Figure 1 (two bottom panels).
 Dendritic

cell

measures of the DG granule

Mice were deeply anesthetized by using a mixed
anesthetic (consisting of ketamine: 50 mg/ml,
xylazine: 23.3 mg/ml, atropine: 1 mg/ml; 2 ml/
kg; i.p.) to enable transcardial perfusion with
artificial cerebrospinal fluid [117 mM NaCl,
4.7 mM KCl, 2.5 mM CaCl2, 11 mM glucose,
1.2 mM MgCl2, 25 mM NaHCO3, 1.2 mM
NaH2PO4, (pH adjusted to 7.4)] containing
heparin (1,000 IU) followed by a fixative
solution containing 4% paraformaldehyde and
4% sucrose in 0.1 M phosphate buffer (pH
adjusted to 7.2). Brains were then removed and
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post-fixed in the 4% paraformaldehyde and 4%
sucrose solution at 4oC overnight and transferred
to 0.1 M phosphate buffer before slicing. Brain
slices containing the DG (from Bregma -0.94
to Bregma -3.5) were used. Using protein
synthesis rate as an index of neuronal plasticity,
subregion-dependent differences in plasticity
are noticed in the DG [30,31]. To parcel out
the plausible regional differences in the stress
susceptibility of the DG granule cells, granule
cells in the suprapyramidal blade, hilus tip,
and infrapyramidal blade division were equally
subjected to lucifer yellow labeling on each
slice. If the granule cells were not completely
labeled with the fluorescence dye and showing
any evidence of dendritic cutting, the cells
were discarded from further analysis. It was
of interest to note that the successful rate of
labeling the granule cells in the suprapyramidal
blade was approximately two times greater than
it was in the hilus tip or the infrapyramidal
blade (Table 1). Since no significant regional
or sub-divisional differences were noticed
in dendritic morphological analyses under
control (no stressor), stressor alone or stressor
in a group condition, region and subdivision
variables were crashed for further analyses.
The single-cell labeling method was employed
as previously described [32] with minor
modification. In brief, a series of coronal section
(200 μm thick) were made and a single section
was transferred to an injection chamber mounted
on the stage of a fluorescence microscope (Nikon
E600FN, Nikon, Japan). The location of the
cell body in the DG granular layer was viewed
by the use of differential interference contrast
optics under a 40 x objective lens (numerical
aperture=0.8, water immersion). We decided
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to label existing granule cells with cell bodies
located in the outer two-thirds of the granule
cell layer for the best to avoid labeling the adult
new-born immature granule cells [33]. Earlyborn granule cells at embryonic stage or early
postnatal development are thought to have
multiple primary dendrites, while late-born
granule cells at adulthood usually present one or
two primary dendrites [33]. Dendritic plasticity
of adult granule cells is sensitive to experiences
[34]. Since stress- and social buffering-induced
morphological plasticity in DG granule cells at
adulthood was concerned, only labelled granule
cells with one or two primary dendrites were
used for quantitative measurements. Cell bodies
of single granule cells were iontophoretically
labeled (1 Hz, -100 ~ -700 mV, 2-10 min
labeling time per cell) using a lucifer yellow-filled
micropipette (o.d. < 1 μm). Emergence of yellow
fluorescence was monitored through a dichroic
filter cube (EX450-490 nm, DM505 nm, BA520
nm). The excitation light was applied from a
computer-controlled fast wavelength switcher
(Lambda 10-2, Sutter Instruments, Novato, CA,
USA), with exposure times 0.3-0.7 s per frame
(275 μm × 275 μm). The images were acquired
by a CCD camera (Cool Snap fx, Photometrics,
AZ, USA) and processed using the Meta Fluor
software (Molecular Devices, Sunnyvale, CA,
USA). Image Z-stacks with vertical separation
around 1-2 μm were obtained manually. The
fluorescence intensity was quantified using an
8-bit (0-255) gray scale. The measurements were
performed on projection-compressed images
obtained from Z-stacks using the Maximum
intensity projection type of the Grouped Z
Projector function of ImageJ (version 1.46 p,
Wayne Rasband, NIH, USA; http://rsb.info.

Table 1: The total number of labeled granule cells collected from the suprapyramidal, infrapyramidal blades, hilus tip subdivisions
in the anterior, middle, posterior dentate gyrus (DG) among “No stressor”, “Stressor alone”, and “Stressor in a group” group.

Anterior DG
(Bregma:- 0.94~-1.9mm)

Middle DG
(Bregma:- 1.9~-2.7mm)

Posterior DG
(Bregma:- 2.7~-3.5mm)
Subtotal

Subdivision

No Stressor

Suprapyramidal blade
Hilus tip
infrapyramidal blade
Subtotal=
Suprapyramidal blade
Hilus tip
infrapyramidal blade
Subtotal=
Suprapyramidal blade
Hilus tip
infrapyramidal blade
Subtotal=

45
21
18
84
40
19
37
86
41
18
20
79
249

Stressor
alone
45
21
20
86
38
21
26
85
42
19
23
84
255

Stressor in a group Subtotal
36
20
22
78
44
17
26
87
41
19
26
86
251

126
65
59
248
122
69
65
258
124
67
58
249
Total: 755
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nih.gov/ij). After the 2D image of the dendritic
field for each granule cell was constructed
(Figure 3), its total dendritic length and branch
points were obtained using the NeuronJ plug-in
of the ImageJ neuronal tracing system. Likewise,
Sholl analysis was conducted on the 2D images.
To perform Sholl analysis, 10-µm increment
concentric rings centering at the cell body were
superimposed over the 2D image with the aid
of the plug-in of “concentric circles” of the
ImageJ software. The dendritic field, including
the branch and length distribution of dendrites,
was analyzed up to 30 concentric rings. The
intersections of the dendrites and each ring were
counted accordingly.
A custom-made two photon image system
was used to examine dendritic spine density
as previously described [32]. Dendritic spine
density results from five randomly chosen granule
cells with one primary dendrite in anterior (or
dorsal) (from Bregma -0.94 to -1.9 mm) DG
were averaged for each mouse in “No stressor”
(N=12), “Stressor alone” (N=12) and “Stressor
in a group” (n=12) groups. The dendritic spine of
the labeled DG granule cell in anterior (or dorsal)
DG was observed using a 63x objective lens (NA
= 1.4, Oil DIC, Plan-APOCHROMAT, ZEISS,
Oberkochen, Germany). Existing granule cells in
DG are known to receive inhibitory modulation
from local GABAergic neurons and at least two
types of these GABAergic neurons form synapses
with spines in proximal dendrites of the granule
cells [35]. To understand stress- and social
buffering-induced plasticity in dendritic spine
density for these inhibitory synapses, consecutive
optic sections (z-axis depth 20 μm, 0.5 μm each
section) were taken at Sholl distance of 50~100
μm (centering at the soma) and a projected

image (50 μm × 50 μm) was reconstructed.
Following z-axis projection (3D converted to
2D), an average length of 90 μm was used for
spine number quantification. We used the cell
counter plugin of ImageJ software to manually
count the spine number. The dendritic spine
density was expressed as number of spine/10μm.
 Stress-produced

and social buffering
effects on the phosphorylation of ERK and
CREB in the DG
Western immunoblotting was used to determine
relative levels of total ERK, CREB and
phosphorylated ERK, CREB in the DG tissue
samples. Mice were killed by rapid decapitation
and their brains were removed and placed on the
dorsal surface in mouse brain slicers sitting on
crushed ice. Two coronal sections were made.
The first and second coronal sections were cut at
4 mm and 2 mm anterior to the posterior bank of
the cerebrum. A slab was obtained between these
two sections. A horizontal cut was made between
bilateral notches (rhinal fissures) in the slab
and the bottom part of the slab was discarded.
Under an anatomical microscope (Olympus
SZ51, Tokyo, Japan), part of the thalamus
and hippocampal CA region were removed
from the top part of the slab and a portion of
DG tissue, primarily consisting of anterior and
middle portion of DG, was dissected out and
used for assaying the phosphorylation extent of
ERK and CREB. The DG tissue samples were
homogenized in ice-cold lysis buffer containing
protease inhibitor cocktail (Roche, Basel, and
Switzerland). Homogenates were centrifuged at
12,000 × g for 10 min at 4°C, and the protein
concentrations of supernatants were determined
by Bradford method (Bio-Rad Protein Assay,
BioRad Laboratories, Hercules, CA, USA)

Figure 3: Brain slices contain the dentate gyrus and lucifer yellow-staining granule cells. Left panel: A part of dentate gyrus and Lucifer yellow-staining
cells. Dark circles encircle lucifer yellow-staining granule cells on the brain slice. Middle panel: Magnification of a single granule cell labeled with lucifer
yellow. Right panel: Z-stacks-constructed 2D image for the dendritic field of the granule cell with soma masked.
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using bovine serum albumin as standards.
Samples were heated for 5min at 95°C in 2×
sample buffer. The electrophoretically separated
proteins were transferred to PVDF membranes
(Perkin-Elmer™ Life Sciences, Boston, MA,
USA), blocked with 5% non-fat milk in
phosphate saline-Tween-20. The membranes
were then incubated overnight at 4 C with
the following antibodies, including anti-ERK
(1:1000), anti-pERK(1/2) (1:1000), antipCREB (1:1000) rabbit polyclonal antibody,
and anti-CREB (1:1000) rabbit monoclonal
antibody (all purchased from Cell Signaling
Technology, Danvers, MA, USA). Following
incubation with secondary antibody, the blots
were developed with ECLTM Western blot
detection kit (Amersham, Buckinghamshire, UK).
The control for protein loading was performed by
reprobing membranes with a monoclonal anti-βactin antibody (Chemicon, Temecula, CA, USA).
 Serum CORT assay

In an attempt to determine serum CORT level,
mice were killed and their trunk blood collected
30 min, 3 hr, or 6 hr after the cessation of the
stressor regimen in another room adjacent to the
one in which they received the stressor regimen.
Trunk blood samples were collected in vials and
placed at room temperature for about 20 min.
Blood samples were then centrifuged at 4oC for
10 min (1000 g) and serums were obtained and
immediately frozen (-80oC) until assay. Serum
CORT concentrations were determined using a
CORT enzyme-linked immune-sorbent assay kit
(Cayman Chemical Co, Ann Arbor, MI, USA)
according to the manufacturer’s protocols and
an ELISA reader (MULTISKAN EX, Thermo
Electron Corp., Finland). The intra-assay
variability was 6.6 %.
 Stress-produced

and social buffering
effects on mouse performance in the
hippocampus-related memory tasks
For the object recognition and two versions of
the Y maze task, 26 mice (10 mice from 3 cages
for the “No stressor” group, 8 mice from 2 cages
for the “Stressor alone” group, and 8 mice from
2 cages for the “Stressor in a group” group) were
habituated to a dimly illuminated custom-made
black Plexiglas box (50 cm× 50 cm× 40 cm) for
30 minutes starting at approximately 6 hours
after the cessation of the stressor regimen. Two
similar objects (tea cups placed upside down)
were then placed on the opposite sides of the box
for 10 minutes. In this 10-min acquisition trial,
the time mice spent in exploring two objects was
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recorded. After a 5-min retention time elapsed,
mice were returned to the box with one object
(the one with a lesser time spent in the acquisition
trial) replaced by a novel object (a ceramic tea
filter) for another 10-min exploration. The time
that mice spent in exploring the familiar and
novel objects was recorded. The recognition
percentage, ratio of the time spent exploring the
novel object over the time spent exploring both
objects, was used to determine the hippocampusrelated memory performance in mice from the
“No stressor”, “Stressor alone”, and “Stressor
in a group” groups. Mice received the object
recognition task 6-7 hours after the conclusion
of the stressor regimen.
The object location task, including three
habituation sessions, one sample and test phase
trial, was used as previously described [36] with a
minor modification. On day 1, 28 mice (10 from
3 cages for the “No stressor”, 10 from 3 cages for
the “Stressor alone” and 8 from 2 cages for the
“Stressor in a group” groups) received three 10min habituation sessions at approximately 2-hr
intervals freely exploring in an empty Plexiglas
square box (40 cm× 40 cm× 30 cm) with black
walls and a bright yellow floor in a dimly lit test
room. On day 2, two similar objects (tea cups
with a diameter of 6 cm placed upside down)
were placed in opposite corners (tea cup border
was 6.8 cm away from two adjacent walls) of
the box in the same dimly lit test room. Mice
were allowed to freely explore the box for 10
minutes, serving as a sample phase trial and the
time mice spent in exploring two objects was
recorded. After a 5-min retention time elapsed,
mice were returned to the box with one tea cup
(the one with a lesser time spent in the sample
phase trial) removed to a diagonally opposite
corner (tea cup border was also 6.8 cm away
from two adjacent walls), starting a 10-min test
phase trial. The recognition percentage, ratio of
the time spent exploring the tea cup in the new
corner over the time spent exploring both tea
cups, was used to determine the hippocampusrelated memory performance in mice from the
“No stressor”, “Stressor alone”, and “Stressor in
a group” groups. Mice received the sample phase
trial 6-7 hours after the conclusion of the stressor
regimen. It was of importance to note that
the box and tea cups were thoroughly cleaned
between trials to stop the plausible build-up of
olfactory cues.
A custom-made Y maze consisted of three
identical arms symmetrical to each other on
a triangular platform [37]. In the spontaneous
203
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arm alteration version, mice were placed in the
end of any random-assigned arm and allowed
a 5-min free navigation in the maze at 6 hours
after the conclusion of the stressor regimen. The
sequence and number of all arm entries were
recorded for each animal throughout the period.
The sequence triads, in which all three arms were
represented (including ABC, ACB, BAC, BCA,
CAB, and CBA), were calculated as successful
alternation to reflect the spatial working memory
of the last arms entered. The percentage was
then obtained from dividing the number of
successful alterations by the number of possible
alternations (the total number of arm entries - 2).
In the exploration for the previously blocked
arm version, mice were placed in the end of
any random-assigned arm (start arm) and
allowed to explore two arms (start and familiar
arms) with one arm (unfamiliar arm) blocked
for 15 min at approximately 7 hours after
the conclusion of the stressor regimen. Five
minutes following the 15-min exploration,
mice were subjected to the end of the start
arm with all arms open and the amount of
time spent in the unfamiliar arm over a 5-min
period was used to indicate the spatial working
memory performance.
Statistical analysis
Two-way ANOVAs were employed to analyze
the group (No stressor vs. Stressor alone vs.
Stressor in a group) and cage differences in
the total dendritic length and the number of
dendritic branches of the DG granule cells as well
as the number of dendritic spines/μm followed
by Bonferroni’s post hoc tests if appropriate.
In Sholl analysis, a two-way repeated measures
ANOVA was used to analyze the group (No
stressor vs. Stressor alone vs. Stressor in a group)
and repeated measure (distance from soma)
differences in the number of intersections. Oneway ANOVAs were employed to analyze the
group (No stressor vs. Stressor alone vs. Stressor
in a group) differences in the performance in
the Y maze, object recognition and location
tasks followed by Bonferroni’s post hoc tests if
appropriate. Likewise, a one-way ANOVA was
employed to analyze the time point and group
differences in serum CORT levels followed
by Bonferroni’s post hoc tests if appropriate.
One-way ANOVAs were used to assess the
group differences in the ERK and CREB
phosphorylation at four time points. The levels
of statistical significance were all set at p<0.05.
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Results
 The

stressor regimen caused decreases
in the number of dendritic branches and
total dendritic length for each DG granule
cell, while the presence of companions
prevented the decreases
A two-way ANOVA revealed that group
differences for the number of dendritic
branches [F(2,27)=97.23, p<0.0001], while
cage differences or group-cage interactions on
the number of dendritic branches were not
evident. Post-hoc analyses further indicated
that the stressor regimen caused significant
decreases in the number of dendritic branches
for the existing granule cell in DG (p<0.05),
while the presence of companions prevented
such decreases (Figure 4a). Likewise, a two-way
ANOVA revealed group differences in the total
dendritic length [F(2,27)=44.27, p<0.0001],
while cage differences or group-cage interactions
on the total dendritic length were not observed.
Post-hoc analyses indicated that the stressor
regimen produced significant decreases in the
total dendritic length for the granule cells in
DG (p<0.05), while the presence of companions
effectively prevented the decreases. To further
divide the granule cells into two groups, one
group with only 1 primary dendrite and the
other group with 2 primary dendrites, no cage
differences or cage-group interactions were
found. Moreover, two-way ANOVAs indicated
that the stressor regimen produced significant
decreases in the total dendritic length for both
groups of the granule cells [F(2,27)=42.06,
p<0.0001; F(2,27)=55.18, p<0.0001]. The
presence of companions effectively prevented
such total dendritic length decreases in the
granule cells with 1 primary dendrite and with 2
primary dendrites (p<0.05) (Figure 4b).

 Sholl

analysis revealed that the stressor
regimen decreased the number of
intersections from rings 3 to 19, while
social buffering prevented these decreases
A one-way repeated measure ANOVA revealed
that there was a main effect of group on the
number of intersections [F(2,891)=326.3,
p<0.0001] (Figure 4c). Moreover, the distance
from soma significantly affected the number
of intersections [F(26,891)=789.4, p<0.0001]
(Figure 4c). There was a significant interaction
of group and distance from soma on the number
of intersections [F(52,891)=6.73, p<0.0001]
(Figure 4c). Post hoc analyses further showed
that the stressor regimen caused significant
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Figure 4: Dendritic measures of the DG granule cell in three groups. (a) Dendritic branch number and (b) total dendritic length of the DG granule cells with
one or two primary dendrites are obtained from mice in “No stressor”, “Stressor alone” and “Stressor in a group” group. *Significantly lower than “No stressor”
and “Stressor in a group” group. The bar and the error bar represent the group mean and the S.E.M., respectively. (c)The number of intersections from ring 1
(10 μm from soma) to ring 30 (300 μm from soma) for the DG granule cells are plotted for the “No stressor”, “Stressor alone” and “Stressor in a group” group.
*Significantly lower than “No stressor” and “Stressor in a group” group. The point and the error bar represent the group mean and the S.E.M., respectively,
for each ring distance. (d) Schematic representations of dendritic spines and dendritic spine density of the DG granule cells in “No stressor”, “Stressor alone”
and “Stressor in a group” group. *Significantly higher than the other two groups. ^Significantly higher than “Stressor alone” group. The bar and the error bar
represent the group mean and the S.E.M., respectively.
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decreases in the number of intersections from
30 to 190 um from soma (p<0.05), while the
presence of companions prevented all these
decreases (Figure 4c). Dendritic spine density
results for each mouse were summarized for
“No stressor”, “Stressor alone” and “Stressor
in a group” group (n = 12 for each group). A
two-way ANOVA revealed group differences
in dendritic spine density [F(2,27)=49.61,
p<0.0001], while cage differences or group-cage
interactions were not noticed. Post-hoc analyses
further revealed that the stressor regimen caused
significant decreases in dendritic spine density
of the granule cells in anterior (or dorsal) DG
(p<0.05) (Figure 4d). Moreover, such decreases
in dendritic spine density of the DG granule
cells were partially prevented by the presence
of companions throughout the stressor regimen
(p<0.05) ((Figure 4d).
 The

stressor
regimen
caused
hippocampus-related
memory
impairment, while social buffering
prevented the impairment
Approximately 6-7 hours after the cessation of
the stressor regimen, mice from the “Stressor
alone” group demonstrated significantly lower
percentage of object recognition and location
tasks as compared to the “No stressor” and the
“Stressor in a group” group [F(2,23)=9.38,
p=0.0011; F(2,25)=15.98, p<0.0001] (Figure
5). Nonetheless, mice exhibited comparable
percentages in successful alternation and time
spent in unfamiliar arm in the Y maze task
regardless of the exposure to the stressor regimen
(Figure 5).

 Stress

rendered significant increases in
serum CORT level, while social buffering
did not affect the increases
While the stressor regimen rapidly stimulated
CORT increases [F(8,71)=37.93, p<0.0001],
the “Stressor alone” and “Stressor in a group”
groups demonstrated comparable serum CORT
concentrations across 6 hours (Figure 6).
Interestingly, enhanced CORT level reverted to
baselines at 6 hours after the conclusion of the
stressor regimen (Figure 6).

 Stress

caused significant decreases in
DG ERK phosphorylation, while social
buffering, in part, prevented the decrease
The stressor regimen drastically caused a decrease
in ERK phosphorylation (pERK/ERK) in mouse
DG [F(8,63)=17.64, p<0.0001] (Figure 7a).
Social buffering prevented the stressor regimen-
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caused decrease in ERK phosphorylation
immediately after the conclusion of the stressor
regimen (Figure 7a). However, mice from the
“Stressor in a group” and the “Stressor alone”
group exhibited lower ERK phosphorylation at
0.5, 3 and 6 hours after the conclusion of the
stressor regimen compared to mice receiving no
stressors (Figure 7a), suggesting that our stressor
regimen produced a long-lasting suppression on
ERK phosphorylation in DG. Since total ERK
expression in three groups remained comparable
and unaltered across 6 hours, these findings, taken
together, implied that stressor-induced decrease
in DG ERK phosphorylation was prevented by
the presence of social buffering only at the time
point of the end of the stressors. In contrast,
the stress or social buffering did not affect total
CREB or CREB phosphorylation (pCREB/
CREB) across 6 hours after the conclusion of the
stressor regimen (Figure 7b).
Discussion
 An

acute, intense stressor causes rapid
morphological changes in granule cells in
hippocampal dentate gyrus
In this study, we found that a tandem stressor
regimen produced rapid changes in several
morphological indices of the existing granule
cells in the dentate gyrus. Specifically, the stressor
regimen caused significant decreases in the total
dendritic length, dendritic branch number, and
the size of dendritic field in the existing granule
cells at 6 hours after the conclusion of the stressor
regimen. Moreover, we found that such a stressor
regimen caused significant decreases in dendritic
spine density in dendrites of the granule cells in
the anterior (or dorsal) dentate gyrus at 6 hours
after the conclusion of the stressor regimen.
Although chronic stress has been known to
produce long-lasting dendritic atrophy in
hippocampus [38], a 1-hr platform stress was
also reported to cause immediate morphological
changes in hippocampus [39]. In parallel with
the latter report, our findings indicated that a
robust stressor may indeed render morphological
changes in the existing granule cells in
hippocampal dentate gyrus. Our findings using
an acute stress regimen have two implications
in this regard. First, not only an acute, intense
stress may cause rapid morphological changes
in hippocampus, but such stress-caused changes
may, at least, last for a time window of several
hours. Second, acute and robust stress-produced
long-lasting morphological changes may play a
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Figure 5: Impact of the stressors on hippocampus-related memory performance is plotted for three groups of mice. *Significantly lower than “No stressor”
and “Stressor in a group” group. The significance levels are all set at p<0.05. The bar and the error bar represent the group mean and the S.E.M., respectively.

role in priming for repeated or chronic stressinduced irreversible morphological damages
observed in hippocampus [40].
 The

presence of companions prevents
such stressor-induced morphological
changes in dentate granule cells
Although the stressor regimen caused drastic

morphological changes in granule cells, the
presence of companions prevented the stressorinduced decreases in most of the morphological
indices. Previously, we have demonstrated that
olfactory processing via activation of sensory
neurons in the main olfactory epithelium may
be responsible for the companions’ buffering
effects against the stress-caused decreases in
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Figure 6: Impact of stressors and companions on serum CORT. The stressor regimen-produced stress rapidly increases serum CORT levels regardless of
the presence of a group of three companions. *Significantly higher than the “No stressor” group. The significance levels are set at p<0.05. The bar and
the error bar represent the group mean and the S.E.M., respectively

early neurogenesis in the dentate gyrus [41].
Such companions’ odors-mediated olfactory
processing may, in turn, relay the social
stimulation to the dentate gyrus and stimulate
local BDNF secretion in the dentate gyrus
[10]. In fact, stress-induced corticosterone
secretion may decrease dentate BDNF levels in
a dose-dependent manner [42,43]. Dendrite
complexity of the dentate granule cell has been
known to be associated with the local BDNF
levels [12]. Accordingly, we propose that the
presence of companions may prevent the stressinduced morphological changes in dentate
granule cells, in part, via the companion odormediated olfactory activation and reinstatement
of local BDNF expression in dentate gyrus.
In addition to companion-induced olfactory
activation, companions’ physical contact has
been demonstrated to display reward-modulating
effects [44-47]. Unconditioned foot shock as we
used in our stressor regimen has been reported
to enhance physical contact and aggressive attack
in mice [48]. Whether 30-min unavoidable foot
shock delivery may enhance physical contact in
experimental mice and such physical contact
stimulation may, in turn, prevent the stressinduced morphological changes in dentate
granule cells remains to be determined.
 The

presence of companions prevents
the stressor-induced decreases in
certain hippocampus-related memory
performances
The stressor regimen caused significant decreases
in dendritic spine density of the granule cells in
anterior (or dorsal) DG, while such decreases
were partially prevented by the presence of
companions. Dendritic spine density of the
pyramidal cells in the hippocampal CA3 region
has been identified to closely associate with the Y
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maze performance in rats [38]. In this study, we
found that neither the stressor regimen nor the
presence of companions affected mouse Y maze
performance. These findings further suggest that
neither dendritic atrophy nor reduced numbers
of dendritic spines in the dentate granule cells are
sufficient to induce the emergence of spatial and
working memory deficits using the Y maze task.
While the stressor regimen did not affect Y
maze performances, mice receiving the stressor
regimen alone exhibited a lower percentage
of recognition in the object recognition and
location tasks as compared to mice receiving
no stressor at 6-7 hours after the conclusion of
the stressor regimen. Importantly, the presence
of companions prevented such stress-induced
decreases in the percentage of recognition
in the object recognition and location tasks.
Nonetheless, a recent study has demonstrated
that perirhinal and medial prefrontal cortices
may be more responsible for mediating the
object recognition memory, while hippocampalcortical circuits are necessary for the acquisition
and retrieval of the object location memory [49].
Accordingly, we suspect that the present stressor
regimen and social buffering effects may also
affect neural plasticity and physiological function
of perirhinal or medial prefrontal cortices.
In this study, we found that the stressor regimen
caused a rapid decrease in ERK phosphorylation,
while social buffering prevented such a decrease
in the dentate gyrus. ERK phosphorylation plays
a critical role in controlling the spine formation
in primary cultured hippocampal neurons and
object location memory [28,50]. Since BDNF
induction may stimulate ERK phosphorylation
[26-29] and the present stressor regimen has
been found to produce rapid decrease in local
BDNF level in DG [10,11], it is reasonable to
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Figure 7: Impact of stressors and companions on DG ERK and CREB phosphorylation. (a) The stressor regimen-produced stress causes decreases in DG ERK
phosphorylation in mice undergoing the stressor regimen alone. Social buffering effects prevent such stress-decreased ERK phosphorylation immediately after
the completion of the stressor regimen. *Significantly higher than the “Stressor alone” groups. N=8 for each bar. The significance levels are set at p<0.05. The
bar and the error bar represent the group mean and the S.E.M., respectively. (b) Stress or the presence of companions does not affect CREB phosphorylation.
N=8 for each bar. The bar and the error bar represent the group mean and the S.E.M., respectively.

209

Research

Dr. Lung Yu
speculate that the stress-caused rapid decreases in
BDNF secretion and/or ERK phosphorylation
may be involved in priming object location
memory impairment in mice receiving the
stressor regimen alone.
 Roles

of stress-increased CORT and
-decreased local BDNF secretion in
mediating the granule morphological
changes
We replicated our previous finding [9]
that the stressor regimen rapidly enhanced
serum corticosterone levels regardless of the
presence of companions. Since stress-enhanced
corticosterone secretions have been shown
to be necessary to cause atrophy of dendrites
in hippocampal neurons [4-7], the stressorstimulated corticosterone secretion likely plays
a role in initiating the morphological changes
in the existing granule cells. Variations in the
morphological changes in the existing granule
cells between mice receiving the stressor alone
versus in a group could be primarily due to
the social buffering effects. In fact, we have
reported that social buffering-produced local
BDNF replenishment could be responsible
for its effect on reversing the corticosteronedecreased early neurogenesis in the dentate
gyrus [10,11]. Similarly, a recent report
has documented that local BDNF levels are
critical in predicting the stress-produced
morphological changes in the dentate gyrus
[51]. Therefore, social buffering-stimulated
local BDNF replenishment could prevent
not only the stress-induced decrease in early
neurogenesis but the corticosterone-initiated
morphological changes in the dentate granule
cells.

 A role of local ERK phosphorylation in

mediating the stress and social buffering
effects on granule morphological indices
and hippocampus-related memories
Approximately 6-7 hours after the conclusion of
the stressor regimen, decreases in morphological
indices of the existing DG granule cells and
hippocampus-related memory performance
were evident in mice displaying stressorcaused immediate decrease in local ERK
phosphorylation. In parallel with this finding, a
recent report reveals that a chronic mild stressor
enhances serum corticosterone secretion but
reduces hippocampal ERK phosphorylation,
and working memory performance in a rat
model [52]. The same report also points out that
such chronic mild stressor reduces the CREB
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phosphorylation in the hippocampus [52].
Nonetheless, we found that our stressor regimen
did not affect local CREB phosphorylation in
mouse dentate gyrus regardless of the presence
of companions. This discrepancy could arise
from species, stress protocol, brain region and
observation timing differences between their
study and ours. In fact, one line of evidence
has indicated that ERK activation may
mediate protein synthesis and neural plasticity
independent of activation of CREB [53]. And
ERK is, after all, one of the many intracellular
signaling molecules responsible for stimulating
CREB phosphorylation. We, accordingly,
speculate that some transcription factors other
than CREB could be involved in the stressorinduced decreases in de novo protein synthesis
and subsequent morphological plasticity of
the DG granule cells and memory deficits.
Moreover, mice receiving the stressor regimen
alone or in a group exhibited comparable DG
ERK phosphorylation magnitudes at 0.5, 3
and 6 hours after the conclusion of the stressor
regimen and all lower than those in mice
receiving no stressor. Likewise, mice receiving
the stressor regimen displayed increases in
serum corticosterone secretion regardless of
the presence of the companions. However,
only mice receiving the stressor regimen
alone demonstrated significant decreases in
morphological indices of the DG granule cells
and DG-related memory. Thus, we alternatively
suspect that stress-induced increase in
corticosterone secretion followed by decrease
in local ERK phosphorylation might not be
sufficient to cause morphological changes in
the DG granule cells or DG-related memory
deficits. In fact, a recent report has revealed
that corticosterone level plays a minor role in
mediating combined acute and chronic stressmediated changes in ERK phosphorylation
in the dentate gyrus [54], suggesting a
dissociation of serum corticosterone secretion
and ERK phosphorylation in DG.
Our previous reports have demonstrated that the
present stressor regimen causes a rapid decrease in
BDNF, but not TrkB, expression in DG [10,11].
Meanwhile, social buffering effectively reinstates
such stress-induced decreases in local BDNF
expression [10]. It has been known that BDNFinduced activation of TrkB, a BDNF receptor,
may lead to downstream ERK phosphorylation
in hippocampus [55]. In this study, we found
that the stressor regimen induced an immediate
decrease in ERK phosphorylation in the dentate
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gyrus, while social buffering prevented such
immediate decreases. The stressor regimen
or social buffering did not affect total ERK
expression, suggesting that the stressor regimen
or social buffering does not alter the synthesis
and degradation of local ERK protein. Thus,
mice receiving the stressors alone were expected
to express less phosphorylated ERK as compared
to mice receiving the stressor regimen in a
group immediately after the conclusion of
the stressor regimen. And the former, not the
latter, displayed evident dendritic atrophy in
DG granule cells and DG-related memory
deficits. Thus, immediate decreases in DG
ERK phosphorylation following the present
stressor regimen could be one of the underlying
mechanisms in producing social buffering
effects against stress-induced decreases in DG
granule morphological indices and DG-related
memory. Paradoxically, mice receiving the
stressor regimen alone or in a group exhibited
comparable DG ERK phosphorylation
magnitudes on the remaining time points after
the stressor regimen. Further work is needed to
test whether BDNF-TrkB-induced signaling
to ERK activation is actually responsible for
the stress-induced changes and social buffering
effects on granule cell morphology and DGrelated memory performance.
 Granule morphological changes

and hippocampus-related memory
performance
Although extremely low circulating levels of
corticosterone may render small and simple
dendritic trees of the granule cells in the dentate
gyrus, the voltage-dependent calcium currents,
primarily generated from distal dendrites of
these cells, are not altered [56]. Likewise, a recent
report indicates that corticosterone does not
change high-voltage activated calcium currents
or calcium channel subunit expression in the
dentate gyrus [57]. These lines of evidence
suggest that, despite atrophy of the dendritic
field of the dentate granule cells, the chemical
transmission and basal neuronal activity might
not be altered. In this study, we found that
mice receiving a tandem stressor regimen
demonstrated shorter length of dendrites,
fewer dendritic branches and smaller dendritic
fields in the dentate granule cells as well as
functional deficit in spatial working memory.
However, social buffering prevented most of
these stress-produced morphological changes
in the granule cells and the deficit in the
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spatial working memory. Even though firingdependent calcium influx could be intact in
the dendrites of the existing granule cells,
stress-produced decreases in dendritic field
in these cells may cause observable cognitive
and behavioral deficits pertaining to dentate
function.
A growing body of evidence indicate that germ‐
free mice may serve as an intriguing animal
model for studying the pathologies of anxiety
disorders because these mice are prone to display
exaggerated HPA axis responses to acute stressors,
reduced anxiety‐like behaviors, and cognitive
and behavioral deficits [58-62]. Interestingly,
a recent study indicates that the dendritic trees
of dentate granule cells of germ-free mice are
less branched as compared to conventionally
colonized mice [63]. Moreover, germ-free
and conventionally colonized mice display
comparable spine density in the dentate
gyrus [63]. In parallel with these findings,
we thereby report that shrinkage of dendritic
field, but not spine density, in granule cells
are closely related to functional deficits of the
dentate gyrus.
Conclusions
These results, taken together, prompt us to
conclude that acute, robust stress may cause rapid
morphological changes on the existing granule
cells in the dentate gyrus and object location
memory deficits. Social buffering prevents
most of these stress-produced effects probably
by modulating the BDNF-induced ERK
phosphorylation in the local area. The presence of
companions may afford an intervention advance
in preventing stress-produced acute impact on
the granule cell morphology and hippocampal
function.
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