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Gamma oscillation in functional brain
networks is involved in the spontaneous
remission of depressive behavior induced
by chronic restraint stress in mice
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Abstract

Background: Depression is one of the most prevalent mood disorders, and is known to be associated with abnormal
functional connectivity in neural networks of the brain. Interestingly, a significant proportion of patients with depres-
sion experience spontaneous remission without any treatment. However, the relationship between electroencephalo-
graphic (EEG) functional connectivity and the spontaneous remission in depression remains poorly understood. Here,
we investigated regional and network brain activity using EEG signals from a chronic restraint stress (CRS)-induced
mouse model of depression. After 1 (CRSTW) or 3 weeks (CRS3W) following the cessation of a 4-week-long CRS, mice
were subjected to depression-associated behavioral tasks. EEG signals were obtained from eight cortical regions (fron-
tal, somatosensory, parietal, and visual cortices in each hemisphere).

Results: The CRSTW group exhibited behavioral dysfunctions in the open field and forced swim tasks, whereas
the CRS3W group displayed normal levels of behaviors in those tasks. In a linear correlation analysis, the CRSTW
group exhibited increased correlation coefficient values at all frequency bands (delta, 1.5-4; theta, 4-8; alpha, 8-12;
beta, 12-30; gamma, 30-80 Hz) compared with the control group. However, the differences in delta- and gamma-
frequency bands between the control and CRSTW groups were no longer observed in the CRS3W group. Persistent
brain network homology revealed significantly different functional connectivity between the control and CRSTW
groups, and it demonstrated a huge restoration of the decreased distances in the gamma-frequency band for the
CRS3W group. Moreover, the CRS3W group displayed a similar strength of connectivity among somatosensory and
frontal cortices as the control group.

Conclusion: A mouse model of CRS-induced depression showed spontaneous behavioral remission of depressive
behavior. Using persistent brain network homology analysis of EEG signals from eight cortical regions, we found that
restoration of gamma activity at the network level is associated with behavioral remission.

Keywords: Chronic restraint stress, Depression, Behavioral remission, Mouse, Electroencephalography, Functional
connectivity, Persistent brain network homology, Gamma oscillation
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Background

Depression is a common mental disorder that affects
approximately 121 million people worldwide, and is
considered one of the leading causes of disability. This
disorder is associated with increased physical illness,
decreased social functioning, and a high mortality rate,
resulting in huge social and economic strain [1]. Interest-
ingly, there is a relatively large group of individuals who
show remission from depression without treatment [2, 3].
The rate of this spontaneous remission was high among
depressed individuals who were on a waitlist for partici-
pation in a clinical study, or who served as a control in
a clinical study: 23 % of adults were in remission within
3 months without formal treatment, 32 % were in remis-
sion within 6 months, and 53 % were in remission within
1 year [3]. Although the proportions remitted are known
to decrease as depression severity increases [4, 5], spon-
taneous remission from untreated depression remains an
overlooked area of research.

Many studies have reported that numerous regions of
the brain are affected by depression, and that the symp-
toms of depression are associated with the dysregulation
of distributed neural networks, encompassing cortical
regions, rather than the functional breakdown of a sin-
gle discrete brain region [6, 7]. Electroencephalographic
(EEQG) signals have been used in the analysis of functional
connectivity in humans and animals [8—10]. The recov-
ery from aberrant EEG functional connectivity in neural
networks in the brain is used as a biomarker of treatment
outcome in depression [11-15]. However, there have
been no EEG studies concerning functional connectiv-
ity at the network level in the brain during spontaneous
remission from depression.

In this study, we investigated functional connectiv-
ity by applying persistent brain network homology, a
multi-scale network-modeling framework, to EEG data
from eight cortical regions (frontal, somatosensory,
parietal, and visual cortices in each hemisphere) of a
chronic restraint stress (CRS)-induced mouse model of
depression [9, 16]. The physical stress caused by chronic
restraint is known to induce depression-like behaviors
and neurochemical changes in rodents, and it has been
shown that chronic treatment with antidepressants, such
as fluoxetine, can reverse the depression-like phenotype
of the CRS model [17-19].

Results

We found that CRS-induced behavioral deficits sponta-
neously recovered during the post-CRS period, which
is consistent with a previous report [16]. The forced
swimming test (FST) for despair-like behavior and
the open-field test for locomotor activity and anxiety
were conducted at 1 week (CRS1W group) and 3 weeks
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(CRS3W group) following cessation of 4-week CRS
(Fig. 1a). In the FST, immobility in the CRS1 W group
increased compared to the control group (191.76 + 6.27
vs. 155.82 £ 6.20 s; p < 0.05 by Mann—Whitney U-test,
Fig. 1b), whereas the immobile time in the CRS3W group
(144.40 + 10.83 s) was consistent with the control group.
In the open-field test, mice in the CRS1W group moved a
lesser distance (2929.67 & 115.75 vs. 3415.68 &= 113.16 s;
p < 0.05 by Mann—Whitney U-test, Fig. 1c), and spent
less time in the center of the open-field box (42.67 & 3.39
vs. 84.42 £ 12.26 s; p < 0.05 by Mann—Whitney U-test,
Fig. 1d) than mice in the control group. However,
mice in the CRS3 W group moved a similar distance
(3664.45 + 278.77 s) (Fig. 1¢), and spent a similar amount
of time in the center of the box (77.65 £ 10.76 s) (Fig. 1d)
than mice in the control group.

EEG signals were recorded from the eight corti-
cal regions of mice in the CRS1W and CRS3W groups
(Fig. 2a) to analyze regional and network brain activity.
To quantify the temporal linear relationship, a cross cor-
relation was performed between each pair of cortical
regions in the CRS1W and CRS3W groups (Fig. 2b). The
CRS1W group showed increased correlation coefficient
values at all frequency bands in many different regions
compared to the control group (Fig. 2c, Additional file 1:
Table S1). However, although some of the differences in
the alpha- and beta-frequency bands existed between the
control and CRS3W groups, all of the differences in the
delta- and gamma-frequency bands that were observed
between the control and CRS1W groups could no
longer be detected in the CRS3W group (Fig. 2c, Addi-
tional file 1: Table S1). These results indicate that a por-
tion of the disrupted functional connectivity seen in the
CRS1 W group returned to normal, 3 weeks following
cessation of 4-week-CRS.

Next, we used a multiscale network approach, persis-
tent brain network homology, to investigate brain con-
nectivity at the network level. Single-linkage matrices,
showing the predicted distance among the eight brain
regions, were able to generate efficient separation of the
brain subnetworks within each group (Additional file 2:
Figure S1). The CRS1W group had decreased func-
tional distance among many regions at different fre-
quency bands compared to the control group, indicating
increased functional connectivity in the CRSIW group
(Additional file 2: Figure S2, Additional file 3: Table S2).
The decreased distances in the theta-, alpha-, and beta-
frequency bands in the CRS1IW group did not recover
in the CRS3W group. Although the decreased dis-
tances seen in the delta-frequency band in the CRS1W
group recovered in the CRS3W group, newly formed
increases in functional connectivity among many differ-
ent regions were seen in the delta-frequency band in the
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Fig. 1 Spontaneous recovery of depression-related behaviors. a Time schedule of experiments, including behavioral testing and EEG recording.
W week. b In FST, the CRSTW group (n = 9) showed an increase in total immobility compared to the control (n = 10) group, but the CRS3W group
(n = 11) showed similar immobility to the control group. ¢, d In the open-field test, a decrease in the total distance moved and the time spent in
the center area was observed in the CRSTW group, but the CRS3W group exhibited a normal level of locomotor activity. *P < 0.01, one-way ANOVA

CRS3W group compared to the control group. Interest-
ingly, the CRS3W group displayed a huge restoration of
the decreased distances in the gamma-frequency band
(Fig. 3a, Additional file 3: Table S2).

We further examined the brain networks in the
gamma-frequency band by generating barcodes for
the evolution of networks and dendrograms for single-
linkage hierarchical clustering, respectively. In the over-
laid barcode (Fig. 3b), the control (=0.697) and CRS3W
(=0.700) groups showed a similar final filtration value
(i.e., maximum single-linkage distance as all components
to merge in one big network), but the CRSIW group
(=0.682) exhibited a lower final filtration value, indicat-
ing increased global connectivity. By constructing a den-
drogram (Fig. 3c) and connectivity map (Fig. 3d), we were
able to provide a visual representation of brain subnet-
work change and recovery. Interestingly, the subnetworks
consisting of somatosensory and frontal cortices were
formed at the lower filtration values (between ¢ = 0.50
and € = 0.55) in the CRS1 W group (Fig. 3c), consistent
with the brain connectivity map, which featured a filtra-
tion value of € = 0.55 (Fig. 3d). However, the control and
CRS3 W groups did not show any subnetwork couplings
at the same filtration-value ranges (Fig. 3c, d). In addi-
tion, at the filtration value of € = 0.75, in which all groups
showed all connections among the eight cortical regions,
the CRS1W group exhibited increased strength of func-
tional connectivity in the somatosensory and frontal
cortices. However, the CRS3W group demonstrated a

similar strength of connectivity among those cortices
as the control group (Fig. 3d), indicating a recovery in
the strength of functional connectivity. We further con-
firmed the recovery of functional connectivity in the
CRS3 W group by analyzing another EEG epoch for sta-
bility (Additional file 4: Figure S2).

Discussion

To date, various animal models, including chronic
restraint stress, corticosterone treatment, inescap-
able foot-shock stress, chronic social defeat stress, and
chronic unpredictable mild stress, have been established
and used for understanding of the pathophysiology of
depression [20]. Although not without limitations, cer-
tain depression-associated phenotypes can be repro-
duced independently and evaluated in mouse models.
The CRS-induced depression mouse model used in this
study is known to reproduce human behaviors, such as
despair, anhedonia, or helplessness, which are regarded
as face validity and which can be reversed by antidepres-
sant treatment [17-19]. However, depression is a het-
erogeneous disorder of which the diagnostic criteria are
partially subjective. Factors that affect symptom sever-
ity, along with personal treatment preferences and barri-
ers to treatment, could also affect remission. In addition,
remission rates may depend on depression severity:
rates among people with severe symptoms of depression
are 20-30 % lower than mild or moderate symptoms of
depression [4, 5]. Thus, we cannot generalize our findings
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Fig. 2 Cross-correlation analysis. a Drawing of a top view of the mouse brain indicating the electrode positions and names of the regions/nodes,
and representative original traces of EEG recordings. b, € Cross-correlation matrices (b) and statistical analyses (c) for each pairwise correlation at five
frequency-ranges, for all groups. The colors in (b) represent the strength of connectivity. Empty cells in (c) indicate no significant difference between
the control (n = 7) and CRSTW (n = 6) or CRS3W (n = 8) groups, whereas cells with 1 indicate a significant difference among groups. Note the
disappearance of the differences in the delta- and gamma-frequency bands between the control and CRS3W groups. P < 0.01, Kruskal-Wallis test
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Fig. 3 Network findings in the gamma band using persistent brain network homology. a Single-linkage matrices for the control, CRS1W, and CRS3W
groups. The increased functional connectivity in the CRSTW group, particularly between the somatosensory and frontal cortices, compared to the con-
trol group (P < 0.01 corrected Bonferroni, Kruskal-Wallis test) was not evident in the CRS3W group. b Overlaid barcodes for each group. The CRSTW
group (€ = 0.6827) exhibited a lower final filtration value than the control group (e = 0.6971), indicating increased global connectivity. However, the
network evolution in the CRS3W group is seen to traverse to that of the control group, and a similar final filtration value was observed in the two
groups (CRS3W, e = 0.7000). € Dendrograms with hierarchical clustering of subnetworks. The colors of the lines represent the distance of each con-
nected component to one final component in which all regions are connected together. Decreased functional distance between somatosensory and
frontal cortices are evident in the CRSTW group, but not in the CRS3W group. d Brain connectivity maps at filtration values € = 0.55 and 0.75. The color
in the color bar represents the strength of functional distance. The subnetworks between the somatosensory and frontal cortices at € = 0.55 in the
CRSTW group disappeared in the CRS3W group. At € = 0.75, the CRSTW group showed decreased functional distance (increased functional connectiv-
ity) between the somatosensory and frontal cortices, compared to the control group, and this was recovered in the CRS3W group

to specific clinical impacts in depression patients. To
enable translation of the results, further research on
the persistent brain network homology of spontaneous
remission form clinical depression is essential.

Conclusion

We were able to conclude that gamma oscillations in
bilinear temporal correlations and multiscale brain
networks are engaged in the spontaneous behavioral
remission of depression-related behavior. Of particular
interest are the gamma oscillations associated with the
functional network connectivity among somatosensory
and frontal cortices (Figs. 2c, 3a). Neurons participat-
ing in gamma oscillations synchronize their discharges
with very high precision [21]. It has been observed that
changes in gamma oscillations can give temporal inte-
gration, binding of salient stimulus features across differ-
ent sensory cortices, increased spatial discreteness, and
somatotopical specificity [22, 23]. Thus, gamma oscilla-
tions facilitate neuronal communication, and play a cru-
cial role in cortical integration and perception/cognition
[24]. To date, there has been no human study concern-
ing EEG functional connectivity in relation to sponta-
neous behavioral remission from depression without
treatment. Indeed, this is the first study in animals of the
functional brain network related to spontaneous behav-
ioral remission from depression. Our study may provide
valuable insight into the pathophysiological mechanisms
of depression.

Methods

Animals

Adult male C57BL/6 mice (7—8 weeks old) were used for
the generation of chronic restraint stress (CRS)-induced
mouse model of depression. All mice were housed under
a 12-h light/dark cycle and had ad libitum access to food
and water. Animal care and handling were carried out
according to the guidelines approved by the Institutional
Animal Care and Use Committee at the Korea Advanced
Institute of Science and Technology.

Generation of CRS-induced depression mouse model

and behavioral task

CRS procedure was designed and conducted in line with
a previous study [16]. Timeline of CRS is illustrated in
Fig. 1a. For the restraint of mice, each mouse was placed
in a 50 mL polystyrene tube that has evenly spaced 9
vent-holes (0.5 cm diameter each; 1.0 cm apart from each
other) for 6 h, and then the restrained mice were placed
in their home cage. Mice experienced restraint once a day
from Day 1 to 28 (4 weeks). After 1 (CRS1W) or 3 weeks
(CRS3W) (a post-CRS period) following the cessation
of the 4-week-CRS, mice were subjected to behavioral
tasks. Forced swimming test (FST) was used to measure
behavioral despair, an indicator of depression-like behav-
ior in mice [25, 26]. Briefly, mice were placed individu-
ally in 2000 ml glass beakers filled with nearly 1400 ml
of water (10 cm from the ground, with water tempera-
ture of 25 + 1 °C) and were allowed to swim freely for
6 min. The duration of immobility was measured during
the last 4 min of the task. All behavioral tests were video-
recorded. For the measurement of locomotor activity
(total distance moved) and anxiety level (time in center),
open-field test was performed as described previously [9,
27]. Briefly, mice were put in an open-field box made of
white plastic walls (40 x 40 x 40 cm) and each mouse
was placed in the periphery of the field. Then during
the 10-min of video-recorded session, the total distance
traveled and the time spent in the center of the box were
analyzed with EthoVision (Noldus Information Technol-
ogy, Wageningen, Netherlands).

Electrode implantation and in vivo electrophysiology

for EEG

EEG surgery and recording in vivo was performed as
described previously [9, 27]. Animals (CRS1 W, n = 6;
CRS3 W, n = 8) underwent EEG surgery on the 29th day
after CRS. Animals were anesthetized by intraperitoneal
injection of ketamine (90 mg/kg) and xylazine hydro-
chloride (40 mg/kg). Electrode implantation was per-
formed with a stereotaxic apparatus (Kopf Instruments,
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Tujunga, CA, USA). EEG recordings were obtained
with tungsten electrodes (0.005 in, 2 MQ), positioned
in eight cortical regions, based on a mouse brain atlas:
frontal cortices (AP +1.5 mm, L £+ 0.2 mm, and DV
—1.0 to —1.1 mm), somatosensory cortices (AP 0.0 mm,
L £+ 1.5 mm, and DV —1.0 to —1.1 mm), parietal cortices
(AP —2.0 mm, L £+ 2.5 mm, and DV —1.0 to —1.1 mm),
and visual cortices (AP —3.5 mm, L £+ 1.5 mm, and DV
—1.0 to —1.1 mm) in each hemisphere (Fig. 2a). A ref-
erence electrode was inserted on the skull above the
cerebellum. The electrodes were fixed to the skull with
cyanoacrylate adhesive and dental acrylic cement. EEG
recordings of CRS1IW group were performed on the
35th day, and EEG recordings of CRS3 W group were
performed on the 49th day. EEG recordings were com-
bined with video monitoring, and EEG-video recording
data were obtained continuously, 2 h/day, for 2 days.
EEG activity was recorded after the signal was amplified
1200-fold, band pass-filtered at 0.1-500 Hz, and digitized
at a sampling rate of 1600 Hz using a digital EEG system
(Comet XL, Astro-Med, West Warwick, RI, USA). The
EEG-video data obtained were analyzed offline using
PSG Twin (Astro-Med), Clampfit (Axon Instruments,
Foster City, CA, USA), and Matlab (MathWorks, Natick,
MA, USA).

EEG analysis

Continuous EEG signals from the animals for two
epochs, each consisting of 1 min of data from different
days, in which they were in a resting state (i.e., awake and
no movement), were analyzed to check the stability of the
findings (Additional file 2: Figure S1). Then, continuous
1-min-long EEG signals from the last day of recording
were used for analyses. The five EEG frequency-bands—
delta (1.5-4 Hz), theta (4-8 Hz), alpha (8—12 Hz), beta
(12-30 Hz), and gamma (30-80 Hz)—were analyzed for
functional connectivity.

Cross-correlation: For cross-correlation analysis, the
measurement set is denoted as M = {m;, m,,..., mg} con-
sisting of eight nodes (i.e., eight brain regions) where
we have measurement m; at the ith node. We calculated
cross-correlation matrix through the following equation:

corr (mj, my) = <||rmni||7 HZjH>

Pearson’s correlation coefficient was used to obtain pair-
wise-correlation values at zero lag.

Persistent brain network homology: We used multi-
scale network modelling technique known as persistent
brain network homology to compare the networks of
CRS models and controls effectively. Detailed proce-
dures to quantify topological features based on persistent
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homology were described in a previous study [9, 27, 28].
In brief, we used networks generated at every possible
threshold and to seek evolutionary changes in the sub-
network clusters by increasing the threshold in correla-
tion matrix, which was visualized by dendrogram. The
distance matrix c); between two EEG measurements m;
and my through the following equation:

cm(mj, my) = /1 — corr(m;, my).

The brain network can be viewed as the weighted graph
(M,c),) where M is a set of measurements at each brain
region (= node) and c), is the metric defined on that
set. We connect the nodes i and j with an edge if the dis-
tance ¢y (m;, m;) < & for some threshold value e. Then the
binary network B(M,e) at threshold ¢ is a graph consisting
of 0-simplices (nodes) and 1-simplices (edges). Start with
€ = 0 and increase the € at each iteration. The value of
¢ is taken discretely from the smallest c\(m;,m)) to larg-
est ¢p(m;,my). By increasing &, more connected edges may
be involved. If two nodes are already connected directly
or indirectly via other intermediate nodes in smaller &
then at larger € we don't connect them. As a topological
view of brain network, Rips complex was used to repre-
sent simplical complexes. Rips complex is defined as a
simplical complex consisting of nodes and edges, whose
k-simplices correspond to edges as a (k + 1)-simplices
which are links of two nodes within the distance €. Rips
filtration reflects the multiscale networks, the sequence
of nested Rips complexes over different scales. One of the
topological features, Betti number [, is a measure of the
number of the connected components in the network.
We could visualize those topological changes using bar-
code and dendrogram according to ;. We consider the
network consisting of 0- and 1-complexes (nodes and
edges). Our main concern is the changes of the zeroth
Betti number 3, which measures the number of con-
nected networks (CNs). The changes of 3 are visualized
using the barcode. The vertical and horizontal axes in the
barcode represent the indices of CN and filtration values
respectively. The barcode of B, is basically a decreasing
function showing when CNs are merging to form a bigger
network component. The number of CNs at the certain
filtration value is same to the number of bars. If we rear-
range the bars according to the node index instead of CN
index in the vertical axis, we obtain single linkage den-
drogram (SLD). While the barcode of B, shows the global
changes of the connected structure of network when the
bars are ended, the SLD shows the local changes when
the bars are merged. SLD between the nodes was cal-
culated, which is usually used in hierarchical clustering.
Given the network with distance c,;, we calculated SLD
(dyp), which was defines as:
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dpr(m;, mj) = min{ max

) Cm(wi, wi=1)/m

=W, ..., Wk = mj}

where m; = wy,...,w; = m, be a path between m; and m,.
SLD is the minimum distance between two nodes when
they belong to the same connected component during
Rips filtration. It represents the hierarchical clustered
structure of brain network in an algebraic form which
can be used for a quantitative measure to discriminate
brain networks. Using SLD calculated from persistent
network homology, we could obtain the distance between
two nodes after network construction without specific
threshold. Each entry in the single-linkage matrix is a
model-based predicted functional distance between
the two nodes, m; and m;. The model-predicted dis-
tances from single-linkage matrices were tested with the
Kruskal-Wallis test at the 0.05 level of significance with a
Bonferroni correction.

Statistical analyses

Data collected were expressed as mean =+ standard error
of the mean (S.E.M.). For intergroup comparisons of
behaviors, a one-way ANOVA or Mann—Whitney U test
was used for comparisons among groups or between
dependent variables. A P value <0.05 was considered
significant. Kruskal-Wallis test was performed for the
statistical comparison of slopes and final filtration val-
ues of the barcodes between the groups. Kruskal-Wallis
test was used to compare pairwise single linkage matrices
with a Bonferroni correction. SPSS 21.0 (SPSS Inc, Chi-
cago, Ill, USA) and Matlab were used for the statistical
analyses.

Additional files

Additional file 1: Table S1. Statistical results of the cross-correlation in
Fig. 2c.

Additional file 2: Figure S1. Single-linkage matrices showing the
predicted distances among eight brain regions in each group. The
CRSTW and CRS3W groups showed decreased functional distance (i.e,,
increased functional connectivity) between many regions in the delta-,
theta-, alpha-, and beta-frequency bands compared to the control group
(p < 0.05, corrected Bonferroni, Kruskal-Wallis test).

Additional file 3: Table S2. Statistical results of the single-linkage matri-
ces in Fig. 3a and Additional file 2: Figure S1.

Additional file 4: Figure S2. Stability test using two different epochs

of EEG signals to confirm network analysis results. (A) The absolute differ-
ence matrix between cross-correlation values obtained from two epochs
selected at different time points (i.e,, two different epochs). The difference
at the main diagonal of the box is very small or almost zero, indicating
that the EEG data are stable. (B) Barcodes for both extracted epochs in the
gamma-frequency band show a similar pattern: the shape of the barcode
and the final filtration value in the CRS3 W group is more similar to that of
the control group than the CRST W group.
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Authors’ contributions

DJ, BSK, KA, KC, and SKL conceived and designed the experiments. BSK
conducted the behavioral experiments and performed EEG recordings. BAS
conducted the EEG surgery. KA performed EEG data analysis. STL, KHJ, KC, and
SKL interpreted the electrophysiological studies and contributed the materials
and analysis tools. DJ, KA, KC, and SKL wrote the manuscript. All authors read
and approved the final manuscript.

Author details

! Department of Bio and Brain Engineering, Korea Advanced Institute of Sci-
ence and Technology, 291 Daehak-ro, Yuseong, Daejeon 305-701, Republic

of Korea. ? Laboratory for Neurotherapeutics, Department of Neurology,
Comprehensive Epilepsy Center, Biomedical Research Institute, Seoul National
University Hospital (SNUH), 101 Daehak-ro, Jongno-gu, Seoul 110-744, Repub-
lic of Korea. > Advanced Neural Technologies, Ihwhajang-gil 71, Jongno-gu,
Seoul 03087, Republic of Korea.

Acknowledgements

The authors thank to Prof. Jong Chul Ye for helping the EEG experiment.
This work was supported by the Mid-career Researcher Program (NRF-
2014RTA2ATA11052709) and the Basic Science Research Program grants
(NRF-2014R1A2A2A01002608) funded by Ministry of Science, ICT and Future
Planning. This work was also supported by Korea Health 21 R&D grants
(HI12C0035) funded by Ministry of Health and Welfare.

Competing interests
The authors declare that they have no competing of interests.

Received: 7 April 2015 Accepted: 5 January 2016
Published online: 12 January 2016

References

1. Belmaker RH, Agam G. Major depressive disorder. NEJM. 2008;358:55-68.

2. Posternak MA, Miller . Untreated short-term course of major depression:
a meta-analysis of outcomes from studies using wait-list control groups. J
Affect Disord. 2001:66:139-46.

3. Whiteford HA, Harris MG, McKeon G, Baxter A, Pennell C, Barendregt JJ,
Wang J. Estimating remission from untreated major depression: a system-
atic review and meta-analysis. Psychol Med. 2013;43:1569-85.

4. Simon GE, Goldberg D, Tiemens BG, Ustun TB. Outcomes of recognized
and unrecognized depression in an international primary care study. Gen
Hosp Psychiatry. 1999;21:97-105.

5. Wang J. A longitudinal population-based study of treated and untreated
major depression. Med Care. 2004;42:543-50.

6.  Price JL, Drevets WC. Neurocircuitry of mood disorders. Neuropsychop-
harmacology. 2010;35:192-216.

7. Ressler KJ, Mayberg HS. Targeting abnormal neural circuits in mood
and anxiety disorders: from the laboratory to the clinic. Nat Neurosci.
2007;10:1116-24.

8. loannides AA. Dynamic functional connectivity. Curr Opin Neurobiol.
2007;17:161-70.

9. Khalid A, Kim BS, Chung MK, Ye JC, Jeon D. Tracing the evolution of
multi-scale functional networks in a mouse model of depression using
persistent brain network homology. Neurolmage. 2014;101:351-63.

10. Scholvinck ML, Leopold DA, Brookes MJ, Khader PH. The contribution
of electrophysiology to functional connectivity mapping. Neurolmage.
2013;80:297-306.

11. Alhaj H, Wisniewski G, McAllister-Williams RH. The use of the EEG in meas-
uring therapeutic drug action: focus on depression and antidepressants. J
Psychopharmacol. 2011;25:1175-91.

12. Baskaran A, Milev R, McIntyre RS. The neurobiology of the EEG biomarker
as a predictor of treatment response in depression. Neuropharmacology.
2012;63:507-13.


http://dx.doi.org/10.1186/s12868-016-0239-x
http://dx.doi.org/10.1186/s12868-016-0239-x
http://dx.doi.org/10.1186/s12868-016-0239-x
http://dx.doi.org/10.1186/s12868-016-0239-x

Khalid et al. BMC Neurosci (2016) 17:4

20.

losifescu DV. Electroencephalography-derived biomarkers of antidepres-
sant response. Harv Rev Psychiattry. 2011;19:144-54.

Leiser SC, Dunlop J, Bowlby MR, Devilbiss DM. Aligning strategies for
using EEG as a surrogate biomarker: a review of preclinical and clinical
research. Biochem Pharmacol. 2011;81:1408-21.

Papakostas Gl. Cognitive symptoms in patients with major depressive
disorder and their implications for clinical practice. J Clin Psychiatry.
2014;75:8-14.

Voorhees JL, Tarr AJ, Wohleb ES, Godbout JP, Mo XK, Sheridan JF, Eubank
TD, Marsh CB. Prolonged restraint stress increases IL-6, reduces IL-10, and
causes persistent depressive-like behavior that is reversed by recombi-
nant IL-10. PLoS One. 2013;8:258488.

Holmes A, Wellman CL. Stress-induced prefrontal reorganiza-

tion and executive dysfunction in rodents. Neurosci Biobehav Rev.
2009;33:773-83.

Chiba S, Numakawa T, Ninomiya M, Richards MC, Wakabayashi C, Kunugi
H. Chronic restraint stress causes anxiety- and depression-like behav-
jors, downregulates glucocorticoid receptor expression, and attenu-
ates glutamate release induced by brain-derived neurotrophic factor

in the prefrontal cortex. Prog Neuropsychopharmacol Biol Psychiatry.
2012;39:112-9.

Christiansen SH, Olesen MV, Wortwein G, Woldbye DP. Fluoxetine reverts
chronic restraint stress-induced depression-like behaviour and increases
neuropeptide Y and galanin expression in mice. Behav Brain Res.
2011;216:585-91.

O'Neil MF, Moore NA. Animal models of depression: are there any? Hum
Psychopharmacol. 2003;18:239-54.

21

22.

23.

24.

25.

26.

27.

28.

Page 9 of 9

Rodriguez E, George N, Lachaux JP, Martinerie J, Renault B, Varela FJ. Per-
ception’s shadow: long-distance synchronization of human brain activity.
Nature. 1999;397:430-3.

Crone NE, Miglioretti DL, Gordon B, Lesser RP. Functional mapping of
human sensorimotor cortex with electrocorticographic spectral analysis.
Il. Event-related synchronization in the gamma band. Brain. 1998;121(Pt
12):2301-15.

Engel AK, Singer W. Temporal binding and the neural correlates of sen-
sory awareness. Trends Cogn Sci. 2001;5:16-25.

Basar E. A review of gamma oscillations in healthy subjects and in cogni-
tive impairment. Int J Psychophysiol. 2013;90:99-117.

David DJ, Samuels BA, Rainer Q Wang JW, Marsteller D, Mendez |, Drew
M, Craig DA, Guiard BP, Guilloux JP, Artymyshyn RP, Gardier AM, Gerald C,
Antonijevic IA, Leonardo ED, Hen R. Neurogenesis-dependent and -inde-
pendent effects of fluoxetine in an animal model of anxiety/depression.
Neuron. 2009;62:479-93.

Porsolt RD, Bertin A, Jalfre M. Behavioral despair in mice: a primary
screening test for antidepressants. Arch Int Pharmacodyn Ther.
1977,229:327-36.

Jeon D, Kim S, Chetana M, Jo D, Ruley HE, Lin SY, Rabah D, Kinet JP, Shin
HS. Observational fear learning involves affective pain system and Ca, 1.2
Ca”* channels in ACC. Nat Neurosci. 2010;13:482-8.

Lee H, Kang H, Chung MK, Kim BN, Lee DS. Persistent brain network
homology from the perspective of dendrogram. IEEE Trans Med Imaging.
2012;31:2267-77.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal
¢ We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolMed Central




	Gamma oscillation in functional brain networks is involved in the spontaneous remission of depressive behavior induced by chronic restraint stress in mice
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Results
	Discussion
	Conclusion
	Methods
	Animals
	Generation of CRS-induced depression mouse model and behavioral task
	Electrode implantation and in vivo electrophysiology for EEG
	EEG analysis
	Statistical analyses

	Authors’ contributions
	References




