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GLIAL PLASTICITY IN DEPRESSION

Astrocytes in the CA1 sub-region of the dorsal hippocampus of C57Bl6 mice. The astrocytic marker 
glial fibrillary acidic protein (GFAP) is stained in red and the nuclei are stained in blue (DAPI).
Image by Oliveira, João Filipe et al.
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Major depression is a highly prevalent disorder that poses a significant social burden in society 
nowadays. The pathophysiology of this disease is still poorly understood but growing evidence 
suggests that impaired neuron and glial plasticity may be a key underlying mechanism for the 
precipitation of the disorder.
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One of the most surprising findings in this field was the involvement of glial cells in the patho-
physiology of major depression and in the action of antidepressants, namely in mechanisms 
related with adult neurogenesis imbalances or dendritic arborization impairments. In particu-
lar, several works refer to alterations in the morphology and numbers of astrocytes, microglia 
and oligodendrocytes in the context of depression in human patients or animal models of 
depression. These observations were linked to functional evidences and suggested to underlie 
the pathophysiology of depression. Among others, these include impairments in the cross-talk 
between glia and neurons, changes in the level of neurotransmitter or immunoactive substances, 
myelination status, synapse formation, maintenance, or elimination.

In addition to the implication of glia in the pathophysiology of depression, a number of stud-
ies is ascribing glia pathways to classically accepted antidepressant mechanisms. Therefore, it 
is noteworthy to elucidate the role of glia in the effect provided by antidepressant treatment 
in order to better understand secondary effects and elucidate alternative targets for treatment.
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The Editorial on the Research Topic

Glial Plasticity in Depression

Depression is a highly prevalent disorder that poses a significant social burden to society.
Despite continued advances toward the understanding of the pathophysiology of this disease,
its molecular/cellular underpinnings remain elusive, which may be at the basis of the lack of
effective treatment strategies. Among the different lines of research, recent literature suggests that
impaired neuron and glial plasticity may be a key underlying mechanism in the precipitation of
the disorder. Surprisingly, glial cells appear to be involved both in the pathophysiology of major
depression and in the action of antidepressants. In particular, several works refer to alterations
in the morphology and numbers of astrocytes, microglia, and oligodendrocytes in the context of
depression, in human patients, and animal models of depression. These observations are linked
to functional evidences, such as impairments in the cross-talk between glia and neurons, changes
in the level of neurotransmitter or immunoactive substances, myelination status, and synapse
formation, maintenance or elimination.

This Research Topic highlights the roles played by neurons, astrocytes, and microglia in
depressive disorder(s). Polyakova et al. begin by suggesting the astrocytic S100B as a novel marker
of minor depression, specifically in males, which could help to understand its pathophysiology. The
study point outs the possible relevance of glial cells in themodulation of brain neuron-glia networks
at least in some types of depression. Rial et al. explore the multiple interactions between glial
and neuronal cells at the synaptic level, which may be impaired in depressive-like conditions. The
authors address how purines may be used to restore synaptic efficacy by modulating glia-neuron
bidirectional communication, possibly reverting depressive-like behaviors. Jo et al. discuss the
importance of the glial-mediated immune modulation through cytokine signaling that may trigger
depressive episodes, and Branchi et al. highlight that by participating actively in the modulation of
the extracellular environmentmicroglia are an integral part of brain plasticity and, therefore, appear
to account directly for the precipitation of the depressive disorder. Brites and Fernandes point out
that the disruption of secreted extracellular vesicles, an alternative form of neuro-glial signaling,
may also underlie depressive behavior. Collectively the research indicates that these novel forms of
neuro-glia communication may represent a novel approach for modulation of the brain networks
and, thus, its manipulation may allow the development of autologous therapies for depression.
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In addition to the implication of glia in the pathophysiology
(and treatment) of depression, a number of studies associates
glia-related pathways to classically accepted antidepressant
mechanisms. Specifically, in this Research Topic, Di Benedetto
et al. suggest a link between fluoxetine modulation of
aquaporin four levels in astrocytes with consequences for
astrocyte morphology and re-establishment of a functional glia-
vasculature interface, which may underlie its antidepressant
effect. Interestingly, the decreased levels of astrocyte-specific
connexin 43 (Cx43) appear to be related with antidepressant
and anti-anxiolytic phenotypes as suggested by Quesseveur et
al. Moreover, the authors suggest that the inactivation of Cx43
might induce beneficial effects through an attenuation of the
stress response, “avoiding” depressive symptoms. In accordance,
Jeanson et al. explored the effect of antidepressants on the
functional status of astrocytic connexins, showing a complex
pattern of responses that links astrocytes to the mode of action
of these drugs. Exploring the use of deep brain stimulation
(DBS) as an alternative for treatment-resistant depression
patients, Etiévant et al. discuss the beneficial role of astrocytes
in the process based on the absence of a DBS-effect after
pharmacological lesion of astrocytes.

Overall, the excellent reflections and novel data sets
that make up this Research Topic provide evidence for
a role of glial cells, namely microglia and astrocytes, in
the mechanisms underlying depression and the effect of
antidepressants. Collectively, the data indicates that despite the
rapid advancement of the field there is still a long way to
go. The study of glial cells will continue to reveal novel and
more effective therapeutic mechanisms for depression and its
symptomatology.
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Minor depression is diagnosed when a patient suffers from 2 to 4 depressive symptoms
for at least 2 weeks. Though minor depression is a widespread phenomenon, its
pathophysiology has hardly been studied. To get a first insight into the pathophysiological
mechanisms underlying this disorder we assessed serum levels of biomarkers for
plasticity, glial and neuronal function: brain-derived neurotrophic factor (BDNF), S100B
and neuron specific enolase (NSE). 27 subjects with minor depressive episode and 82
healthy subjects over 60 years of age were selected from the database of the Leipzig
population-based study of civilization diseases (LIFE). Serum levels of BDNF, S100B
and NSE were compared between groups, and correlated with age, body-mass index
(BMI), and degree of white matter hyperintensities (score on Fazekas scale). S100B was
significantly increased in males with minor depression in comparison to healthy males,
whereas other biomarkers did not differ between groups (p = 0.10–0.66). NSE correlated
with Fazekas score in patients with minor depression (rs = 0.436, p = 0.048) and in the
whole sample (rs = 0.252, p = 0.019). S100B correlated with BMI (rs = 0.246, p = 0.031)
and with age in healthy subjects (rs = 0.345, p = 0.002). Increased S100B in males with
minor depression, without alterations in BDNF and NSE, supports the glial hypothesis of
depression. Correlation between white matter hyperintensities and NSE underscores the
vascular hypothesis of late life depression.

Keywords: minor depression, late life depression, S100B, BDNF, NSE, glia, white matter hyperintensities,
biomarker

INTRODUCTION

Minor depression is a widespread phenomenon in late life (Hegerl and Schoenknecht, 2009;
Polyakova et al., 2015). According to the fourth edition of the diagnostic statistical manual of mental
disorders (DSM-IV) a person suffering from two to four depressive symptoms for at least 2 weeks
has a minor depressive episode. For diagnosis of minor depressive disorder one additionally has
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to exclude a history of major depression (American Psychiatric
Association, 2000). In clinical practice patients with minor
depressive symptoms may represent an independent minor
depressive episode or a subsyndromal stage of major depression
(Park et al., 2010). Every fourth patient with minor depression
develops major depression within 2 years after diagnosis (Lyness
et al., 1999) and 13% of subjects with minor depression have
attempted suicide at least once (Eaton et al., 1995). With regard
to these data proper diagnosis and management of minor
depression might become an approach to prevent a more severe
depressive disorder.

Although plenty of studies have been conducted to elucidate
the etiology of major depression, the pathophysiology of minor
depression is still unknown. Possible research directions include
the glial, neurotrophic and vascular hypotheses of depression.
Alterations of peripheral biomarkers of brain structure and
function might shed light on the pathological changes in central
mechanisms. Brain derived neurotrophic factor (BDNF), S100B
and neuron specific enolase (NSE) are among the most studied
biomarkers in affective disorders, in particular major depressive
disorder (Schroeter et al., 2002; Hetzel et al., 2005; Andreazza
et al., 2007; Schroeter and Steiner, 2009; Kalia and Silva,
2015).

BDNF, associated with plasticity in the central and peripheral
nervous system, is decreased in serum in acute major depressive
episodes and restored in remission (Molendijk et al., 2014). The
glial marker protein S100B is elevated during major depressive
episodes and decreased following successful treatment (Schroeter
et al., 2013). Thus, fluctuations in serum levels of BDNF and
S100B seem to be state markers for major depression. This
is supported by powerful meta-analyses including a very high
number of subjects (Schroeter et al., 2008; Polyakova et al.,
2015). NSE is a marker for neuronal injury. In contrast to BDNF
and S100B, serum NSE levels seem to be stable in depression
suggesting mainly glial dysfunction (Schroeter et al., 2013).
However, a recent publication reported increased NSE levels in
cerebrospinal fluid (Schmidt et al., 2015), leaving more space for
discussion.

Due to clinical similarities with major depression, we expect
similar biomarker changes in minor depression. Since BDNF
levels do not correlate with depression severity (Molendijk
et al., 2011), decreased serum BDNF might also be observed
in minor depression. In this disorder it might reflect impaired
constitutive or activity-dependent BDNF expression, resulting in
impaired brain plasticity. Increased S100B in minor depression
may indicate early glial pathology that precedes specific neuronal
changes such as in major depression (Rajkowska, 2000).
Unaltered (comparing to healthy controls) NSE should confirm
that there is no neuronal damage in minor depression.

To further explore the etiology of minor depression we
analyzed serum levels of BDNF, S100B and NSE in subjects with
minor depression and healthy control subjects from the Leipzig
population-based study of civilization diseases (LIFE). Serum
levels of BDNF, S100B and NSE were considered as primary
outcomes. In analogy to major depression we hypothesized a
decrease of BDNF and an increase of S100B, without changes of
NSE in minor depression.

An association between late life minor depression and the
vascular hypothesis of depression (Taylor et al., 2013) was
investigated in explorative analyses by correlating white matter
hyperintensities to serum markers. In order to control for
confounding variables we correlated age and body mass index
(BMI) with serum markers. Correlation of serum markers with
clinical and imaging parameters, such as age, BMI and extent
of white matter hyperintensities were considered as secondary
outcomes.

MATERIALS AND METHODS

Participants
Twenty seven subjects 60 years and older satisfying the DSM-IV
criteria for minor depressive episode and eighty two healthy
control subjects were selected from the LIFE study. LIFE study
includes a representative sample from the Leipzig population
(Loeffler et al., 2015). All of the participants provided their
written informed consent in accordance with the Declaration
of Helsinki before participation in the study. The study was
approved by the ethics board of the Medical Faculty of the
University of Leipzig. At the moment of subjects’ selection the
LIFE study database included 1617 subjects over 60 years of
age. Every subject underwent structured psychiatric interview,
neuropsychological testing, clinical examination, blood sampling
and scanning with multimodal magnetic resonance imaging
(MRI).

Diagnostic Criteria and Laboratory
Procedures
Minor depressive episode according to DSM-IV criteria was
diagnosed based on the structured clinical interview for DSM-
IV axis I disorders (SCID). White matter hyperintensities were
rated by experienced neuroradiologists using the Fazekas scale
(Fazekas et al., 1987) in fast fluid-attenuated inversion recovery
(FLAIR) images.

Blood samples were collected from the subject’s cubital vein at
the first day of the study. The mean time between blood sampling
and psychiatric interview was 10.0 (4.3) days for subjects with
minor depression and 13.0 (9.0) for healthy subjects. All samples
were collected uniformly in the morning, following overnight
fasting. Serum was prepared using the standard operating
procedures. In brief, samples were left for 45 min for clotting,
followed by a centrifugation step (10 min, 2750 g, 15◦C). Samples
were then filled in straws (CryoBioSytems IMV, France) by
an automatic aliquoting system (DIVA, CryoBioSytems IMV,
France). After that serum samples were stored at −80◦C. To
minimize freeze-thaw cycles, samples were sorted in a cryogenic
work bench (temperatures below −100◦C) and automatically
stored in tanks with a coolable top frame in the gas phase of liquid
nitrogen (Askion, Germany; Loeffler et al., 2015).

S100B and NSE were measured with monoclonal 2-site
immunoluminometric assays performed on the fully mechanized
system LIAISON (Diasorin, Dietzenbach, Germany). The
detection limit for the assays was 0.02 µg/l and 0.04 µg/l
(described in detail elsewhere (Streitbuerger et al., 2012). BDNF
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was measured in serum with an ELISA manufactured by R&D
systems (Wiesbaden, Germany). The sensitivity of the assay was
20 ng/L leading to a measuring range of 62.5 until 4000 ng/L.
Interassay coefficients of variation were between 9.4 and 11.1%
formean BDNF concentrations between 362 and 2079 ng/L. Note
that serum samples were diluted 1:20 before measuring them
with the assay.

Statistical Analyses
Statistical analyses were performed using SPSS version 22
(IBM, Chicago, IL, USA). Complex assessment of the data
distributions were performed including visual assessment of the
histograms, skewness and kurtosis of the data, as well as by
Kolmogorov–Smirnoff and Shapiro-Wilk test. Since the protein
levels were non-normally distributed and different numbers of
subjects were included in patients’ and controls’ groups we
applied non-parametric Mann-Whitney U test for evaluation
of group differences. The differences in demographic factors
were assessed by independent t-test or by chi-square test. The
impact of sex differences and a history of depression were
assessed by subgroup analyses. The correlation analyses between
serum markers, clinical/imaging and demographic data were
performed by calculating Spearmen correlation coefficients. We
expected directed changes for BDNF and S100B in minor
depression in comparison with control subjects, therefore
one-tailed α-level for statistical significance was set at 0.05
for these biomarkers. For NSE and the correlation analyses
two-tailed α-level at 0.05 was chosen. The statistical power was
calculated using G-power 3.1.9.2. (Faul et al., 2009). Generally,
data are presented as means and standard deviations (SD). Dot
plots represent the distributions of the protein levels and their
medians.

RESULTS

The demographics, clinical and imaging data, and serum marker
levels of the patients and healthy control subjects are presented
in Table 1. Both cohorts were matched for age, education, BMI

and the extent of white matter hyperintensities as measured with
the Fazekas scale.

BDNF, S100B and NSE did not differ between patients in
minor depressive episode and healthy control subjects (Table 1).
Since the two groups differed with regard to sex, we conducted
additionally sex-specific analyses. Figure 1 illustrates results
with dot plots for the three serum marker proteins across the
whole groups, and specifically for each sex. When the analysis
was stratified by sex we observed significantly increased S100B
(p = 0.034) in males with minor depressive episode (0.092 µg/l
[0.012]) in comparison with healthy male controls (0.067 µg/l
[0.004]).

As depicted in the Figure 2, serum S100B levels were
significantly lower in healthy males (0.067 µg/l [0.004]) in
comparison with healthy females (0.115 µg/l [0.029]; p = 0.01),
whereas there was no sex difference in the minor depression
group (male: 0.091 µg/l [0.12]; female: 0.088 µg/l [0.011];
p = 0.53). Removal the abovementioned female outlier did not
affect the differences between healthy males and females for
S100B. BDNF and NSE did not differ neither between the groups
stratified by sex (males p = 0.13–0.95; females p = 0.40–0.42), nor
when male and female subjects were compared within the minor
depression subgroup (p = 0.10–0.98).

Similarly, presence of the history of major depression did
not affect the levels of BDNF, S100B or NSE in the minor
depression group (p = 0.10–0.50); neither in comparison with
healthy controls (p = 0.13–0.38; Figure 3).

As presented on Figure 1 one female control subject presented
with extremely high S100B value, above three SD of the group.
To control for the impact of this subject on the analysis of
S100B we performed an additional analysis of S100B excluding
this subject’s data. In this analysis we observed a trend,
p = 0.078, for increased S100B in the whole minor depression
group (0.088 µg/l [0.043]) in comparison with healthy controls
(0.074 µg/l [0.032]).

We observed a positive correlation between S100B and BMI
in the whole sample (rs = 0.204, p = 0.04), and in healthy subjects
(rs = 0.246, p = 0.03), and a positive correlation between S100B

TABLE 1 | Demographical, clinical/imaging data and serum markers in patients and healthy control subjects.

Whole group Males Females

MinD HC MinD HC MinD HC

Number (with a history of depression) 27 (14) 82 7 (3) 58 21 (11) 24
Age 71.2 (4.5) 70.0 (4.1) 71.4 (4.8) 70.3 (4.1) 71.1 (4.5) 69.6 (4.3)
Sex (male/female) 7/21∗∗∗ 51/31∗∗∗

Education (<12years/>12 years) 24/4 58/24 5/2 37/15 19/2 22/9
Fazekas score (0/1/2/3) 6/16/5/0 25/45/12/0 2/4/0/0 17/27/7/0∗ 4/12/5/0 8/18/5/0
BMI (kg/m2) 27.1 (4.9) 28.1 (4.6) 26.7 (2.1) 27.8 (3.7) 27.2 (5.7) 28.7 (5.9)
BDNF (µg/L) 25.8 (5.4) 25.2 (5.9) 29.6 (14.2) 24.7 (4.3) 26.1 (4.9) 26.1 (7.8)
NSE (µg/L) 11.8 (2.6) 11.9 (2.1) 11.9 (2.9) 11.7 (2.3) 11.7 (2.6) 12.2 (1.7)
S100B (µg/L) 0.088 (0.043) 0.086 (0.11) 0.088 (0.03)∗ 0.067 (0.03)∗† 0.088 (0.05) 0.12 (0.16)†

MinD, minor depression; HC, healthy controls; BMI, body-mass index; BDNF, brain derived neurotrophic factor; NSE, neuron specific enolase; †Significant difference

between males and females at p < 0.05; ∗Significant difference between minor depression and healthy controls group at p < 0.05; ∗∗∗Significant difference between

minor depression and healthy controls group at p < 0.001; Student’s t-test for age and body mass index, chi-square test for categorical data, Mann-Whitney U test for

BDNF, NSE, S100B.
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FIGURE 1 | Dot plot for the distribution of serum markers’ levels in subjects and healthy controls (first row), separately for males (second row), and
females (third row). Median levels of the serum markers are depicted with black horizontal lines. Note that the distribution of S100B in males is depicted on a
zoomed scale. MinD, minor depression; HC, healthy controls; BDNF, brain derived neurotrophic factor; NSE, neuron specific enolase.

and age in the whole sample (rs = 0.229, p = 0.02) and in healthy
control subjects (rs = 0.345, p = 0.002).

A significant positive correlation was found between age and
the degree of white matter hyperintensities as measured with the
Fazekas score both, in the whole sample (rs = 0.425, p < 0.001),
and in subgroups (minor depression: rs = 0.462, p = 0.04; healthy
controls: rs = 0.421, p < 0.001). With regard to serum markers,
Fazekas score correlated positively with NSE in the whole sample
(rs = 0.252, p = 0.02) and in patients with minor depression
(rs = 0.436, p = 0.048). In the healthy control sample the Fazekas
score correlated positively only with S100B (rs = 0.261, p = 0.04).

Finally, we examined whether our groups were large
enough to detect the predicted impact of minor depression
on serum BDNF and S100B. The statistical power calculations
using G-Power for Mann-Whitney tests were based on the
previous meta-analyses of BDNF and S100B alterations in major
depression (Schroeter et al., 2013; Polyakova et al., 2015). These
calculations lead to required sample sizes of n = 36 per group for
BDNF and n = 5 per group for S100B.

DISCUSSION

In this study, for the first time to our knowledge, we evaluated
serum levels of BDNF, S100B and NSE in subjects with minor

depressive episode. We found evidence for increased S100B
in males with minor depression without any alterations of
NSE, which was in agreement with our hypotheses. BDNF was
unchanged, although we expected a decrease in analogy to
major depression. In assessment of the secondary outcomes we
observed a positive correlation between NSE and Fazekas score
in minor depression and in the whole sample. S100B correlated
positively with age and BMI in the whole sample and in healthy
controls.

Our hypotheses were initially built on data derived from
major depression studies. In minor depression we didn’t detect
the hypothesized difference for BDNF. One explanation of such
a negative finding might be that neurotrophic functions are
not impaired at the subthreshold level of depression. Then the
substantial differences in the pathophysiology of these disorders
arise. Nevertheless, one might also argue that the sample size
was too low. The calculation of the required sample size using
G-Power for BDNF indeed showed that our minor depressive
group might have been underpowered (27 subjects instead of the
36 required). In this study we reached only 75% of statistical
power. To solve the power issue future studies should involve
larger sample size.

For S100B the sample size was obviously large enough to
detect the expected group effects (27 subjects instead of five
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FIGURE 2 | Dot plot for the distribution of serum markers’ levels in healthy males and females (first row), and males and females with minor
depression (third row). Median levels of the serum markers are depicted with black horizontal lines. Note that the outlier from the healthy females group is not
depicted on the S100B plot. MinD, minor depression; HC, healthy controls; BDNF, brain derived neurotrophic factor; NSE, neuron specific enolase.

required). Indeed, we observed a trend for increased S100B in
the whole minor depression group and significantly increased
S100B in males with minor depression in comparison with
control subjects. Though we did not rule out potential non-
brain sources of S100B in our study, this finding points to the
similarities between major and minor depression. Moreover, the
fact that differences in S100B are less prominent than in major
depression suggests that clinical presentation mirrors to some
extend molecular changes.

The findings we describe are based on the concept that
serum S100B changes are related to alterations in the brain.
However, S100B, as well as BDNF, and NSE might originate

from non-brain sources. For instance, various subtypes of
leukocytes can secrete S100B (Miki et al., 2013; Fujiya et al.,
2014; Moutsatsou et al., 2014). Thrombocytes are the largest
source for serum BDNF (Fujimura et al., 2002), adipocytes
produce both S100B and BDNF (Fujiya et al., 2014; Huang
et al., 2014), finally NSE may originate from damaged peripheral
nerves (Li et al., 2013). Because we did not assume relevant
biases related to these potentially confounding sources in minor
depression, we did not control for potential non-brain sources of
the serum markers in our study. Note that we compared subjects
with minor depression to matched healthy control subjects and
considered, therefore, differences and not absolute values of

FIGURE 3 | Dot plot for the distribution of serum markers’ levels in subjects with minor depression with or without a history of depression. Median
levels of the serum markers are depicted with black horizontal lines. MinD, minor depression, HC, healthy controls; BDNF, brain derived neurotrophic factor; NSE,
neuron specific enolase.
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S100B. Moreover, changes of S100B in leukocytes have been
shown only in bipolar disorder (Moutsatsou et al., 2014), whereas
for unipolar depression, which is more relevant for our data, no
studies are available in the literature so far. Future studies might
transcend these limitations by including larger and more strictly
selected cohorts and controlling for non-brain sources of these
markers.

The concept of leakage from the brain obviously has its
limitations. S100B, as well as BDNF, and NSE might originate
from non-brain sources. Various subtypes of leucocytes can
secrete S100B (Miki et al., 2013; Fujiya et al., 2014; Moutsatsou
et al., 2014), thrombocytes are the largest source for serum
BDNF (Fujimura et al., 2002), adipocytes produce both S100B
and BDNF (Fujiya et al., 2014; Huang et al., 2014), finally NSE
originate from damaged peripheral nerves (Li et al., 2013).

Interestingly, S100B was not different between males and
females with minor depression, rather it differed between healthy
males and females. This finding is in line with previous studies
showing no sex differences in major depression (Arolt et al.,
2002; Hetzel et al., 2005), but contradicts another one showing
increased S100B in females with major depression (Yang et al.,
2008). The differences between our and the former study might
be attributed to the differences in the studied samples with regard
to disease severity and age. Further studies are in agreement
with our finding for healthy subjects by showing higher S100B
in healthy female than male adults (Streitbuerger et al., 2012) and
children (Gazzolo et al., 2003). Overall, the literature on effects of
gender on S100B did not reach consensus so far. Whether gender
differences in S100B reflect the differences in susceptibility to
disease and whether S100B is a gender-specific marker of minor
depression needs more systematic assessment.

S100B, as an index for glial alterations, is modified by age in
major depression (Schroeter et al., 2011). In minor depression
we did not find a correlation between S100B and age. Instead,
S100B correlated positively with age in healthy controls. This
finding is in line with cerebrospinal fluid studies (van Engelen
et al., 1992; Nygaard et al., 1997), but contradicts later serum
studies (Wiesmann et al., 1998; Portela et al., 2002). One
potential reason for these differences is again the different disease
severity. According to Rajkowska’s observations development of
depressive disorder starts with glial alterations and progresses
with age (Rajkowska, 2000). If late life minor depression is a
subtle manifestation of major disorder, absence of correlation
between S100B and age in minor depression might add to
Raikowska’s hypothesis.

A weak positive correlation between S100B and BMI was
not surprising. S100B is secreted by adipocytes and is involved
in the pathogenesis of obesity as shown in vitro (Fujiya et al.,
2014) and in vivo (Buckman et al., 2014). Positive correlation of
serum S100B with BMI was previously reported in a combined
sample of cognitively intact lean and obese subjects (Steiner et al.,
2010a) and in subjects with schizophrenia (Steiner et al., 2010b).
In our study the positive correlation in the whole sample was
likely driven by the healthy subgroup, with no such association
in minor depressive episode. As correlations between S100B
and age/BMI were detected only in healthy subjects but not in
the minor depression group, and both cohorts were matched

regarding mean age and BMI, we assume that age and BMI did
not drive the S100B effects in minor depression.

The finding of positive correlation between S100B and white
matter hyperintensities in healthy subjects is in agreement
with a study by Streitbuerger et al. (2012). These authors
reported an association between serum S100B and the diffusion
tensor imaging parameters fractional anisotropy and radial
diffusivity in white matter tracts in healthy females. From the
biological point of view increased secretion of S100B might
reflect neuroinflammation that accompanies neuronal damage
(Kabadi et al., 2015).

We detected also a positive correlation between serum NSE
and Fazekas score in the whole sample and in the minor
depression subgroup. NSE, a peripheral marker of neuronal
damage, might be either of central (Cheng et al., 2014)
or peripheral origin (Li et al., 2013). In major depression
a central origin is suggested by the correlation with white
matter hyperintensities. Finally, the extent of white matter
hyperintensities correlated with age in both cohorts, healthy and
minor depressive subjects, which is in line with the literature
(Nyquist et al., 2015). In combination with the correlation
between white matter hyperintensities and the neuronal injury
marker NSE in minor depression, our data might support the
vascular hypothesis of late life depression (Taylor et al., 2013;
Taylor, 2014).

Limitations
As already discussed our study was limited by a relatively small
sample size, which might have hampered, in particular, the
detection of BDNF effects. Another limitation might be the
inclusion of patients having a history of depression. Thus, not all
patients could be qualified as having minor depressive disorder.
We addressed this issue in the subgroup analysis and found
that inclusion of the subjects with a history of depression did
not affect our results. In fact, such a sample mirrors a real life
situation when psychiatrists need to make a clinical judgement
and select a treatment strategy. Note, moreover, that our subjects
were chosen from a representative population study.

The findings we describe are based on the concept that
serum S100B changes are related to alterations in the brain.
However, S100B, as well as BDNF, and NSE might originate
from non-brain sources. For instance, various subtypes of
leukocytes can secrete S100B (Miki et al., 2013; Fujiya
et al., 2014; Moutsatsou et al., 2014). Thrombocytes are
the largest source for serum BDNF (Fujimura et al., 2002),
adipocytes produce both S100B and BDNF (Fujiya et al.,
2014; Huang et al., 2014), finally NSE may originate from
damaged peripheral nerves (Li et al., 2013). Because we
did not assume relevant biases related to these potentially
confounding sources in minor depression, we did not control
for potential non-brain sources of the serum markers in our
study. Note that we compared subjects with minor depression
to matched healthy control subjects and considered, therefore,
differences and not absolute values of S100B. Moreover,
changes of S100B in leukocytes have been shown only in
bipolar disorder (Moutsatsou et al., 2014), whereas for unipolar
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depression, which is more relevant for our data, no studies
are available in the literature so far. Future studies might
transcend these limitations by including larger and more strictly
selected cohorts and controlling for non-brain sources of these
markers.

CONCLUSION

In this study we made a first attempt to assess serum levels
of BDNF, S100B, and NSE in minor depression. We found
evidence for increased glial marker S100B in males with minor
depression and a similar trend in the whole minor depressive
group, but no significant evidence of BDNF and NSE alterations.
The positive correlation of NSE with Fazekas score as a measure
for white matter hyperintensities in minor depression supports
the vascular hypothesis of late life depression.
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Recent studies combining pharmacological, behavioral, electrophysiological and
molecular approaches indicate that depression results from maladaptive neuroplastic
processes occurring in defined frontolimbic circuits responsible for emotional processing
such as the prefrontal cortex, hippocampus, amygdala and ventral striatum. However,
the exact mechanisms controlling synaptic plasticity that are disrupted to trigger
depressive conditions have not been elucidated. Since glial cells (astrocytes and
microglia) tightly and dynamically interact with synapses, engaging a bi-directional
communication critical for the processing of synaptic information, we now revisit the role
of glial cells in the etiology of depression focusing on a dysfunction of the “quad-partite”
synapse. This interest is supported by the observations that depressive-like conditions
are associated with a decreased density and hypofunction of astrocytes and with
an increased microglia “activation” in frontolimbic regions, which is expected to
contribute for the synaptic dysfunction present in depression. Furthermore, the traditional
culprits of depression (glucocorticoids, biogenic amines, brain-derived neurotrophic
factor, BDNF) affect glia functioning, whereas antidepressant treatments (serotonin-
selective reuptake inhibitors, SSRIs, electroshocks, deep brain stimulation) recover glia
functioning. In this context of a quad-partite synapse, systems modulating glia-synapse
bidirectional communication—such as the purinergic neuromodulation system operated
by adenosine 5′-triphosphate (ATP) and adenosine—emerge as promising candidates
to “re-normalize” synaptic function by combining direct synaptic effects with an ability to
also control astrocyte and microglia function. This proposed triple action of purines to
control aberrant synaptic function illustrates the rationale to consider the interference with
glia dysfunction as a mechanism of action driving the design of future pharmacological
tools to manage depression.

Keywords: depression, synapse, astrocytes, microglia, purines

INTRODUCTION

Depression is the neuropsychiatric disorder with higher incidence worldwide, representing
a major socio-economical burden (Kessler et al., 2003). Depressive conditions display
heterogeneous presentations and are defined clinically based on different affective symptoms
(sadness, desperation, apathy, anhedonia, sensation of discomfort) that decrease interest in daily
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activities (Ferrari et al., 2013). Understanding the causes and
neurobiological basis of depression remains a challenge, probably
due to the lack of faithful animal models (Berton et al.,
2012). The relation between cumulative stress and the incidence
of depression (de Kloet et al., 2005) and the prevalence of
depression in suicide completers (Coryell and Young, 2005),
provide two windows of opportunities to indirectly study the
neurobiological basis of depression using chronically stressed
animals and brain samples from suicide completers.

PURPORTED BIOLOGICAL BASIS
OF DEPRESSION

Depressive conditions have traditionally been considered to
involve a deregulated hypothalamic-pituitary-adrenal (HPA)
axis, leading to an aberrant impact of sustained increased
levels of glucocorticoids (Sousa et al., 2008). However, recent
studies in adrenalectomized animals (thus blunting the main
source of glucocorticoids) revealed an impact of ghrelin
rather than glucocorticoids in formatting the emotional
disturbances associated with repeated stress (Meyer et al.,
2014).

Another lead for the neurobiology of depression is based on
the clinical use of serotonin-selective reuptake inhibitors (SSRIs)
and tricyclic antidepressants (TCAs) to manage depression,
which hints at the dysfunction of the neuromodulation by
serotonin and other biogenic amines in depression (Krishnan
and Nestler, 2008). However, these drugs have a slow onset of
action (over 2 weeks) and are effective in only circa 50% of
patients, leaving open the possibility that they may influence
different targets apart normalizing the levels of biogenic amines.

Neurotrophins and in particular brain-derived neurotrophic
factor (BDNF) have also been linked to depression, based on
the ability of BDNF to reactivate neuronal plasticity and on
the association between serum BDNF levels and depression
(Castrén, 2014). This should be cautiously evaluated since
the plasma levels of substances might not reflect their brain
levels and there is no clear association between depression and
different polymorphisms of the bdnf gene (Gyekis et al., 2013).
Also, excessive BDNF-induced plasticity can actually trigger an
aberrant hyper-plasticity, as heralded by the key pathogenic role
of BDNF in neuropathic pain (Trang et al., 2012).

SYNAPTIC DYSFUNCTION IN
DEPRESSION

A major breakthrough in understanding depression was the
observation that sub-anesthetic doses of ketamine, an NMDA
receptor antagonist, can revert rapidly (within 90min) symptoms
of depression, with a long-lasting antidepressant effect (2 weeks;
Berman et al., 2000; Zarate et al., 2006). Since NMDA receptors
are the main switches to trigger synaptic plasticity (both long-
term potentiation, LTP, and depression, LTD), this indicates that
an abnormal plasticity at glutamatergic synapses underlies the
expression of depressive symptoms (Duman and Aghajanian,
2012); indeed, chronically-stressed rodents display abnormal
patterns of synaptic plasticity (both LTP and/or LTD) in

brain areas involved in emotional processing, namely amygdala,
ventral striatum, hippocampus and prefrontal cortex (Krishnan
and Nestler, 2008). Animal studies also allowed identifying the
molecular mechanisms of the antidepressant effect of ketamine,
which involves the antagonism of NMDA (2B) receptors and
the preservation of dendritic morphology and AMPA receptor
trafficking through an mTOR pathway in the prefrontal cortex
(Li et al., 2010). This joins other observations showing that
riluzole and antagonists of types 2/3 or 5 metabotropic glutamate
receptors, which control glutamatergic transmission, also display
robust antidepressant effects (Machado-Vieira et al., 2009; Pilc
et al., 2013). Altogether these observations support the hypothesis
that depression results from the disruption of mechanisms
controlling synaptic plasticity in afflicted regions (Duman and
Aghajanian, 2012).

This de-regulation seems to translate into a destabilization
and loss of synaptic connections. Indeed, repeated stress triggers
a reduction of dendritic complexity in prefrontocortical and
hippocampal neurons (Magariños et al., 1997; Sousa et al.,
2000; Radley et al., 2006) and a selective loss of markers of
excitatory synapses (Gilabert-Juan et al., 2012; Tzanoulinou et al.,
2014; Kaster et al., 2015), which recover upon alleviation of
‘‘depressive’’-like symptoms using SSRIs, exercise or enriched
environment (Li et al., 2010, 2011; McEwen et al., 2012). Post-
mortem brain samples of depressed patients also revealed a
reduction in the size rather than number of prefrontocortical
and hippocampal pyramidal neurons (Rajkowska et al., 1999;
Stockmeier et al., 2004) accompanied by a decreased number
of synaptic contacts (Kang et al., 2012). As occurs in stressed
rodents, synaptic markers in frontolimbic area are also altered
in patients with major depressive disorder (Feyissa et al., 2009;
Zhao et al., 2012; Duric et al., 2013).

This pivotal role of the disruption of mechanisms controlling
synaptic plasticity for the expression of depressive symptoms
also has the attractive feature to allow bridging the different
traditional explanations for the emergence of depression. In fact,
glucocorticoids are well established to affect synaptic plasticity
and to contribute for synaptic atrophy in several brain regions
(Sousa et al., 2008). Likewise, BDNF is well recognized as a
bolster of synaptic plasticity (Gray et al., 2013) and different
biogenic amines, such as serotonin (Lesch and Waider, 2012),
noradrenaline (Marzo et al., 2009) and dopamine (Tritsch and
Sabatini, 2012) impact on synaptic plasticity in cortical regions.

However, although the pivotal role of aberrant synaptic
plasticity successfully integrates different findings derived from
patients and animal models of depression, it still fails to provide
an explanation for the etiology of depression. This review
proposes to focus on the emerging concept of the quad-partite
synapse (Schafer et al., 2013), integrating both astrocytes and
microglia as critical pillars of synaptic plasticity, to address the
possible relevance of a mis-communication between glia and
synapses, as a possible basis of depression.

THE “QUAD-PARTITE” SYNAPSE

Astrocytes were long considered as morphological and metabolic
support cells, as testified by their importance in the synthesis
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(Rose et al., 2013) and re-uptake of glutamate (Asztely et al.,
1997; Arnth-Jensen et al., 2002), in buffering extracellular
K+ to control neuronal excitability (Wallraff et al., 2006),
in neurovascular coupling (Viswanathan and Freeman, 2007;
Petzold et al., 2008; Figley and Stroman, 2011) and transport
(Rouach et al., 2008) and delivery of nutrients to active synapses
(Magistretti et al., 1999; Pellerin et al., 2007). This concept
has actually evolved to recognize astrocytes as dynamic players
engaged in a bi-directional communication with synapses and
able to actually format synaptic function with impact on the
expression of behavior (Achour and Pascual, 2010; Allen, 2014;
Oliveira et al., 2015). This interplay between synapses and
astrocytes is so tight that it is difficult to disentangle if a synaptic
dysfunction results from intrinsic modifications of neurons or
from astrocytic modifications (Agostinho et al., 2010; Sanacora
and Banasr, 2013; Crunelli et al., 2015; Verkhratsky et al.,
2015).

Probably the first experimental support of an ability of
astrocytes to respond to synaptic activity was provided by
observations that astrocytes respond to glutamate by triggering
a directional long-distance response, typified by a wave of
variation of intracellular calcium (Cornell-Bell et al., 1990). The
inter-astrocytic transport of calcium waves is possible thanks
to the organized formation of a syncytium through different
connexins pores, that form an alphabet still to be fully deciphered
to understand this long-range directional communication of
information through astrocytes (Wallraff et al., 2004; Theis
and Giaume, 2012; Decrock et al., 2015). Astrocytes respond
not only to glutamate, but to most neurotransmitters and
neuromodulators, such as GABA, noradrenaline, acetylcholine
or adenosine 5′-triphosphate (ATP; Volterra and Meldolesi,
2005; Haydon and Carmignoto, 2006). Astrocytic calcium waves
can feedback to influence neuronal responses (Nedergaard, 1994;
Parpura et al., 1994) and control synaptic strength (Jourdain
et al., 2007; Perea and Araque, 2007) through the release of
different mediators such as glutamate, ATP, D-serine, NO,
neurotrophins, prostaglandins or cytokines to name a few
(Volterra and Meldolesi, 2005; Haydon and Carmignoto, 2006).
Several of these mediators are released from astrocytes in a
vesicular manner, with SNARE complexes similar, but with
some differences to neurons (e.g., synaptobrevin 2), able to
sustain a quantal release (Bezzi et al., 2004; Pangrsic et al.,
2007). The relevance of this astrocytic vesicular apparatus to
control synaptic function is re-enforced by the observation that
astrocytic processes enwrap synapses in a spatially organized
manner, with a single astrocyte wrapping from 300 (in rodents)
up to 90,000 (in humans) synapses (Bushong et al., 2002; Ogata
and Kosaka, 2002; Oberheim et al., 2006) and this association
of astrocytes with synapses was found to be an experience-
dependent dynamic process (Genoud et al., 2006; Haber et al.,
2006). This prompted the concept of the tri-partite synapse to
recognize the importance of the astrocytic network as a new
level of integration of information in neuronal networks (Araque
et al., 1999, 2014; Halassa et al., 2007). Accordingly, synaptic
plasticity processes are controlled by different gliotransmitters
such as D-serine (Yang et al., 2003; Panatier et al., 2006;
Henneberger et al., 2010), glutamate (Fellin et al., 2004),

ATP (Koizumi et al., 2003; Zhang et al., 2003; Pankratov and
Lalo, 2015) or adenosine (Newman, 2003; Pascual et al., 2005;
Serrano et al., 2006) or by controlling glutamate clearance
(Diamond, 2001; Tsvetkov et al., 2004; Omrani et al., 2009;
Murphy-Royal et al., 2015). Accordingly, astrocytic function
critically affects integrated brain responses such as sleep, mood or
memory (Banasr and Duman, 2008; Halassa et al., 2009; Suzuki
et al., 2011; Lima et al., 2014; Perea et al., 2014; Matos et al.,
2015).

The addition of microglia to the number of synaptic players
is more recent. Microglia coordinate brain innate immunity,
displaying features characteristic of immune cells able to
rapidly expand their population, to chemotaxically migrate
to sites of injury and to trigger and sustain inflammatory
responses through their chemokine and cytokine repertoire
(Lynch, 2009; Kettenmann et al., 2011). Traditionally, microglia
were considered to be ‘‘resting’’, becoming ‘‘activated’’ upon
allostatic changes to coordinate immune-like responses (Perry
and Gordon, 1988). Several studies revealed that the purported
‘‘resting’’-state of microglia actually corresponds to an active
surveying state, where microglia phylopodia dynamically interact
with neurons and astrocytes with a regulatory and supportive
role critical for brain homeostasis (Raivich, 2005; Hanisch and
Kettenmann, 2007; Wake et al., 2013; Cherry et al., 2014). In
particular, microglia dynamically interact with synapses in an
activity-dependent manner (Biber et al., 2007; Kettenmann et al.,
2013; Wake et al., 2013), to such as extent that the concept of a
quad-partite synapse has been forwarded (Schafer et al., 2013). In
fact, microglia are equipped with receptors for neurotransmitters
(Pocock and Kettenmann, 2007), and excitatory transmission
increases whereas inhibitory transmission decreases microglial
processes dynamic (Fontainhas et al., 2011; Wong et al., 2011).
Conversely, microglia can affect both excitatory and inhibitory
transmission (Tsuda et al., 2003; Pascual et al., 2012) through
the release of a variety of signals ranging from chemokines
(Schafer et al., 2012), cytokines (Rebola et al., 2011), purines
(Pascual et al., 2012; George et al., 2015), glutamate and D-serine
(Scianni et al., 2013), NO (Zhan et al., 2014) or BDNF (Gomes
et al., 2013; Parkhurst et al., 2013). The importance of this
bi-directional communication between synapses and microglia
is best heralded by the synaptic dysfunction observed upon
genetic manipulation of microglia function (Roumier et al.,
2004; Costello et al., 2011; Hoshiko et al., 2012), which can
be direct or involve astrocytes (Pascual et al., 2012). Thus,
microglia are critical for the dynamic synaptic carving that is
essential to entrain adaptive brain function (Paolicelli et al.,
2011; Ji et al., 2013; Cristovão et al., 2014; Zhan et al.,
2014).

DYSFUNCTION OF GLIAL CELLS AND
DEPRESSION

Numerous lines of evidence support the contention that a
modification of astrocytes in frontolimbic regions is associated
with depression (Altshuler et al., 2010; Rajkowska and
Stockmeier, 2013; Peng et al., 2015). Most studies analyzing
post-mortem brain samples from adult individuals with major
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depressive disorder or suicide completers concur to conclude
that there is a decreased number of astrocytic-like elements in
frontolimbic structures (Ongür et al., 1998; Rajkowska et al.,
1999; Cotter et al., 2002; Medina et al., 2015; Nagy et al., 2015;
Torres-Platas et al., 2015). This is paralleled by an alteration
of astrocytic morphology, typified by hypertrophic cell bodies
(Rajkowska et al., 1999; Cotter et al., 2002; Torres-Platas et al.,
2011, 2015), and a modification in frontolimbic regions of
the density of different astrocytic markers, such as GFAP
(Miguel-Hidalgo et al., 2000; Si et al., 2004; Schlicht et al.,
2007; Gittins and Harrison, 2011), connexins (Ernst et al., 2011;
Sun et al., 2012; Miguel-Hidalgo et al., 2014), aquaporin-4
(Rajkowska et al., 2013), GLT-1 and glutamine synthase
(Choudary et al., 2005; Sequeira et al., 2009; Miguel-Hidalgo
et al., 2010) and an increased release of S100β (e.g., Grabe
et al., 2001; Schroeter et al., 2008). A causal relation between
astrocytic dysfunction and depression is provided by animal
studies showing that the selective destruction of frontocortical
astrocytes with the gliotoxin L-α-aminoadipic acid is sufficient
to trigger a depressive-like phenotype (Banasr and Duman,
2008); likewise, a depressive-like phenotype also emerges upon

functional inhibition of astrocytes, such as upon downregulating
synaptobrevin-2 thus blunting astrocytic vesicular release (Cao
et al., 2013), upon altering connexin-mediated gap-junctions
(Sun et al., 2012), upon knocking out IP3-receptor type-2 (Cao
et al., 2013) or aquaporin-4 (Kong et al., 2014) or inhibiting
astrocytic glutamate transporters (Bechtholt-Gompf et al.,
2010; John et al., 2012). Notably, astrocytic function is affected
by the signaling systems assumed as traditional culprits of
depression, namely glucocorticoids (Yin et al., 2013), BDNF
(Ye et al., 2011; Liu et al., 2015), serotonin (Hertz et al., 2015),
noradrenaline (Madrigal et al., 2009; Pankratov and Lalo, 2015)
or dopamine (Shao et al., 2013). Furthermore, treatments
alleviating depressive symptoms can recover astrocytic function,
such as SSRIs (Czéh et al., 2006; Schipke et al., 2011) or
electroconvulsive shock (Iwata et al., 2011) and some are even
critically dependent on astrocytic function, such as fluoxetine
(Kong et al., 2009) or deep brain stimulation (Etiévant et al.,
2015). Altogether, these observations indicate that a decreased
astrocytic function in frontolimbic regions is necessary and
sufficient for the emergence of depressive symptoms (Figure 1).
This suggests a scenario where a defective astrocyte function

FIGURE 1 | Modifications of the quad-partite synapse in depression. The processing of information in synapses is not only defined by neurons, but also by glia
cells, namely by astrocytes, which enwrap synapses, and microglia, which dynamically interact with synapses in an activity-dependent manner (A). Thus, amongst
other roles, astrocytes regulate both K+ and the basal levels of glutamate, defining the basal excitability of neurons; also the extracellular levels of glutamate
contribute to define the density of NMDA and AMPA receptors in the plasma membrane of the post-synaptic compartment, which trigger and sustain alterations of
synaptic plasticity, respectively. The excitability of neurons, their set-up of plasma membrane glutamate receptors, namely of NMDA receptors, and the neurotrophins
support provided by glial cells are critical to allow the implementation of adequate synaptic plasticity traits, i.e., an appropriate encoding of both long-term
potentiation (LTP) and depression (LTD) according to specific patterns of incoming information. In depression (B) there is a modification of information processing in
excitatory synapses in frontolimbic area: there is modification of astrocytes, typified by hypertrophic cell bodies and decreased complexity and activity of phylopodia,
resulting in an hypofunction of astrocytes and a decreased ability to buffer K+ and to clear extracellular glutamate; this leads to increased excitability, corresponding
to greater noise in the circuit, and to an imbalance of NMDA and AMPA receptors, with an increased availability of NMDA receptors in dendrites. Additionally, there is
a decreased signaling through the master chemokine CX3CL1 in microglia, which is associated (through mechanisms still undefined) to a shift of microglia towards a
more pro-inflammatory profile associated with decreased microglia-derived BDNF release. These alterations of the quad-partite synapse, typified by the altered
inter-relations between glial cells and neurons, are associated with an aberrant plasticity, typified by a shift in the stimuli triggering LTD and LTP, which translates into
inadequate encoding of information in frontocortical circuits.
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initially hampers synaptic plasticity, which then evolves into
neuronal loss at advanced phases of depressive disorders.

Depression is also tightly associated with alterations of
microglia and inflammation (Yirmiya et al., 2015; Figure 1).
Thus, depressive patients exhibit increased levels of peripheral
inflammatory markers (Raison et al., 2006; Howren et al., 2009);
conversely, bolstering inflammation triggers a sickness behavior
reminiscent of depression (Dantzer et al., 2008) and patients
with inflammatory and autoimmune diseases often experience
depression (Kiecolt-Glaser et al., 2015). Indeed, most studies
converge to propose thatmicroglia aremorphologically altered in
frontolimbic regions of depressed patients or suicide completers
(Steiner et al., 2008; Schnieder et al., 2014; Torres-Platas et al.,
2014; Setiawan et al., 2015). Likewise, repeated stress in rodents
also triggersmicroglia dystrophy (Kreisel et al., 2014;Milior et al.,
2015; Ślusarczyk et al., 2015) and the manipulation of microglia
function, altering its dynamic (Kreisel et al., 2014) or hampering
microglia-neuron communication via the CX3CR1-fractalkine
pathway (Corona et al., 2010; Milior et al., 2015), alters
stress responsiveness and depressive-like behavior. Furthermore,
microglia function is affected by all the signaling systems
traditionally associated with depression, namely glucocorticoids
(Ros-Bernal et al., 2011), BDNF (Gomes et al., 2013), serotonin
(Müller and Schwarz, 2007; Krabbe et al., 2012), noradrenaline
or dopamine (Färber et al., 2005). Further highlighting the role of
microglia in depression are the observations that antidepressants
like ketamine (Walker et al., 2013), fluoxetine (Chung et al., 2011)
or citalopram (Su et al., 2015) regulate microglia function and
minocycline, an inhibitor of microglia, simultaneously recovers
microglia function and emotional impairments (Hinwood et al.,
2013). Thus, the available evidence indicates that microglia
dysfunction is a core event in depression (Figure 1), affecting
synaptic plasticity either directly (Paolicelli et al., 2011; Zhan
et al., 2014) or indirectly through its ability to control astrocytic
function (Pascual et al., 2012).

INTEGRATIVE ROLE OF PURINES IN THE
QUAD-PARTITE SYNAPSE TO CONTROL
DEPRESSION

In view of the key role of aberrant synaptic plasticity involving
neuronal, astrocytic and microglia dysfunction (Figure 1),
therapeutic strategies to manage depression should ideally target
systems dedicated to the control of neuron-glia bidirectional
communication. Purines operate one such system through the
action of ATP and adenosine (Figure 2). ATP is released
in a controlled manner from synaptic terminals, astrocytes
and microglia and it is a documented signal to control
astrogliosis, microglia dynamics and reactivity and synaptic
transmission through ionotropic P2X1–7 and metabotropic
P2Y1–13 receptors (reviewed in Rodrigues et al., 2015).
Adenosine can be formed from the catabolism of extracellular
ATP (Augusto et al., 2013) by ectonucleotidases located in
synapses (Cunha, 2001) or released as such through bidirectional
nucleoside transporters in synapses (Pinto-Duarte et al., 2005).
Adenosine mainly activates inhibitory A1 and facilitatory A2A

FIGURE 2 | Purine-based control of glia-neuron bidirectional
communication in depression. Associated with astrocytic hypofunction in
depression, there is a lower release of ATP and adenosine from astrocytes
(Cao et al., 2013; Hines et al., 2013). This causes a deficient
astrocyte-to-neuron activation of P2X2 (ATP) receptors (Cao et al., 2013) and
a deficient activation of inhibitory adenosine A1 receptors in neurons (Serchov
et al., 2015), which density decreases upon chronic stress (Cunha et al.,
2006; Kaster et al., 2015). In parallel, there is an increased excitability
(increased noise), which bolsters the synaptic release of ATP (Cunha et al.,
1996), an up-regulation of synaptic adenosine A2A receptors (Cunha et al.,
2006; Batalha et al., 2013; Kaster et al., 2015), which is associated with
aberrant plasticity (Li et al., 2015), and an up-regulation of microglia P2X7
receptors, which contributes to microglia hyper-responsiveness upon
depression (Stokes et al., 2015). This illustrates the role of the purinergic
system in the control of the homeostasis of the quad-partite synapse and
shows that maladaptive changes in the purine neuromodulation system occur
upon depression that can be exploited therapeutically, such as increasing the
release of ATP and adenosine from astrocytes, decreasing the neuronal
activation of A2A receptor or bolstering the neuronal activation of A1 receptors
or inhibiting microglia P2X7 receptors.

receptors (Fredholm et al., 2005) that act neuronally to control
synaptic transmission and plasticity (Cunha, 2008) and also
control astrocytic (van Calker and Biber, 2005; Matos et al., 2013,
2015) and microglia function (Rebola et al., 2011; Luongo et al.,
2014; George et al., 2015).

Notably, both ATP and adenosine signaling have been
implicated in the control of depressive conditions (Figure 2).
Thus, a deficient astrocyte-derived ATP release providing
an insufficient P2X2 receptor-mediated neuronal tonus was
identified in chronically stressed mice (Cao et al., 2013); also,
the prevention of excessive P2X7 receptor activation in glial
cells ameliorates depressive-like conditions (Stokes et al., 2015)
and P2X7 receptor polymorphisms lead to vulnerability to
mood disorders (Bennett, 2007). The case for an involvement
of adenosine is more robust. Thus, epidemiological studies
show an inverse relation between the intake of moderate
amounts of caffeine (an adenosine receptor antagonist) and
the incidence of depression (Lucas et al., 2011) and suicide
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(Lucas et al., 2014). Accordingly, adenosine A2A receptors
are up-regulated in animal models of chronic stress and
polymorphisms of A2A receptors are associated with emotional
disturbances (reviewed in Cunha et al., 2008), their over-
expression triggers emotional dysfunction (Coelho et al.,
2014) and their blockade prevents chronic stress-induced
emotional dysfunction (Kaster et al., 2015). Additionally,
there is a hypofunction of neuronal A1 receptors due to
decrease astrocyte-derived adenosine (Hines et al., 2013), which
compensation with various antidepressant treatments can revert
depressive-like behavior (Etiévant et al., 2015; Serchov et al.,
2015).

This compilation of evidences illustrates the relevance
of the purinergic signaling in the control of neuron-glia
bidirectional communication and its therapeutic potential in the
normalization of aberrant synaptic processing in frontolimbic
circuits upon depression. Based on the available information,

the most promising strategy is a multi-target approach, based
on the increase of astrocytic release of purines (both ATP and
adenosine to activate A1 receptors) coupled to antagonists of
P2X7 and of A2A receptors (Figure 2).
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Major depressive disorder (MDD) is a mood disorder of multifactorial origin affecting
millions of people worldwide. The alarming estimated rates of prevalence and relapse
make it a global public health concern. Moreover, the current setback of available
antidepressants in the clinical setting is discouraging. Therefore, efforts to eradicate
depression should be directed towards understanding the pathomechanisms involved
in the hope of finding cost-effective treatment alternatives. The pathophysiology of MDD
comprises the breakdown of different pathways, including the hypothalamus-pituitary-
adrenal (HPA) axis, the glutamatergic system, and monoaminergic neurotransmission,
affecting cognition and emotional behavior. Inflammatory cytokines have been postulated
to be the possible link and culprit in the disruption of these systems. In addition,
evidence from different studies suggests that impairment of glial functions appears
to be a major contributor as well. Thus, the intricate role between glia, namely
microglia and astrocytes, and the central nervous system’s (CNSs) immune response
is briefly discussed, highlighting the kynurenine pathway as a pivotal player. Moreover,
evaluations of different treatment strategies targeting the inflammatory response are
considered. The immuno-modulatory properties of vitamin D receptor (VDR) suggest
that vitamin D is an attractive and plausible candidate in spite of controversial
findings. Further research investigating the role of VDR in mood disorders is
warranted.

Keywords: depression, glia, inflammation, KYN pathway, vitamin D, VDR

Introduction

Depression is a common neuropsychiatric disorder constituting one of the leading
causes of disability worldwide, estimated to affect 350 million people, and projected
to be the leading cause of disease burden by 2030 (World-Health-Organization, 2008;
World-Federation-for-Mental-Health, 2012). The comorbid state of depression together with
a number of other physical and psychiatric disorders results in increased disability and
mortality rates. Among some of the most frequently associated disorders are cardiovascular
disease, cancer, diabetes, obesity, attention deficit hyperactivity disorder, and Alzheimer’s
disease (Schillani et al., 2012; Hannon et al., 2013; Mavrides and Nemeroff, 2013; Wuwongse
et al., 2013; Di Trani et al., 2014).

Although major depressive disorder (MDD) has been extensively studied, rates of depression
have not decreased over the past decades. According to a review comparing cases of
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mental disorders between 2004 and 2010 in the European Union,
rates in this period remained more or less stable with the
increase in better detection and health care systems. However,
in a previous study the prevalence of persons affected each
year was estimated to be 38.2%, depression being the second
most prevalent form of mental disorders (6.9%; Wittchen et al.,
2011). Moreover, with the currently prescribed pharmacological
agents, relapse rates are as high as 50%, only one-third of
patients achieving complete remission. Therefore, there is a clear
necessity to increase the amount of research investigating the
molecular mechanisms pertaining depression. The aim of this
review is to connect the different pathophysiological pathways of
depression in an effort to find suitable treatments.

Major Depressive Disorder

MDD along with bipolar disorder are categorized under mood
disorders, also referred to as affective disorders. MDD is a
condition characterized by one or more depressive episodes
along with pathophysiological changes in the brain (Muller
and Schwarz, 2007). These depressive episodes appear without
a history of manic or hypomanic episodes, as in the case
of bipolar disorder. Typical symptoms include low mood,
anhedonia, appetite alterations, sleep disturbances, fatigue, poor
concentration, and feelings of worthlessness, among others
(World-Federation-for-Mental-Health, 2012). Moreover, MDD
is attributed as a risk factor for suicide attempts and drug abuse
(Davis et al., 2008). Furthermore, depressive episodes are often
recurrent, incrementing individual and social burden (World-
Federation-for-Mental-Health, 2012).

Characteristic pathophysiological hallmark features include
monoamine depletion, glucocorticoid receptor (GR) resistance,
and excess of glutamate, corticotrophin-releasing hormone and
cortisol levels, therefore compromising the monoaminergic and
glutamatergic neurotransmission along with the hypothalamus-
pituitary-adrenal (HPA) axis activity (Muller and Schwarz,
2007).

The onset of MDD is complex and can be triggered by several
different factors. While genetic factors have been estimated
to contribute 30–40% of the etiology of MDD, the remaining
factors are accounted for by environmental risk factors. Negative
traumatic events during lifetime (e.g., child abuse, parental
divorce, death of a loved one, etc.) can lead to MDD. However,
this depends on the genetic susceptibility, gender, family history,
and personality traits of the person affected (Heim and Binder,
2012). Family risk factors are estimated to increase its incidence
two to three times (Wilde et al., 2014). Development of MDD
is suggested to be the outcome of the interplay between both
genetic and environmental risk factors rather than the result of
one factor. For instance, it was demonstrated in one study that
interactions between experiences of childhood abuse and genetic
variations of both serotonin transporter and corticotrophin
receptor 1 genes lead to the development of MDD (Ressler et al.,
2010).

The trend towards the study of MDD from an epigenetic
approach is increasing with the aid of new available technologies.
These studies allude to environmental stressors that can modify

epigenetically the expressions of susceptible genes, thereby
resulting in the dysfunction of relevant mechanisms in MDD
(Mill and Petronis, 2007; Fass et al., 2014). For example, histone
acetylation and methylation were reported in animal models of
depression (Tsankova et al., 2006; Fuchikami et al., 2009). Similar
mechanisms were proposed to occur in depressed patients
as evidenced by post-mortem brain and serological studies
(Cruceanu et al., 2013; Sun et al., 2013). Moreover, exposure to
early negative experiences was shown to alter methylation of GR
and brain derived neurotropic factor (BDNF; Elliott et al., 2010;
Perroud et al., 2013). Furthermore, epigenetic modifications in
the gene promoter region of BDNF in mood disorder patients
have been shown by several studies to affect the patient’s response
to the treatment received (D’Addario et al., 2012; Lopez et al.,
2013; Tadíc et al., 2014). These studies suggest the evaluation of
epigenetic changes in BDNF as a potent biomarker for treatment
response in mood disorder patients.

Crosstalk Between the Monoaminergic
and Glutamatergic Systems

Over the past half-century, comprehensive studies concentrating
on the monoamine hypothesis have led to the development of a
number of treatments, whose target is to increase the availability
of monoamines, such as serotonin and norepinephrine (Charney,
1998). Depletion of serotonin is commonly attributed to the
shift from the serotonin pathway to the kynurenine (KYN)
pathway in the catabolism of the essential amino acid tryptophan.
The KYN pathway can be mediated by a variety of cell
types in the body. However, the resulting downstream product
depends on the kind of enzymes that each cell type has for
the processing of tryptophan. In the central nervous system
(CNS), the KYN pathway appears to be mainly mediated by
astrocytes, microglia, and infiltrating macrophages. It is initiated
by activation of indoleamine 2, 3-dioxygenase (IDO) catabolizing
tryptophan into KYN, which can be further converted to
kynurenic acid (KA) or quinolinic acid (QUIN). KA and QUIN
have contrasting roles influencing the glutamatergic system,
the first acting as antagonist and the latter as agonist of the
glutamate N-methyl-D-aspartate receptor (NMDAr; Campbell
et al., 2014). Microglia are the main producers of QUIN in the
brain, whereas astrocytes are the CNS-key cells involved in KA
synthesis. This is explained by the fact that microglia express
kynurenine 3-monooxygenase (KMO), the rate-limiting enzyme
in the production of QUIN. Conversely, astrocytes exclusively
express kynurenine aminotransferases, which are essential in
the conversion of KYN to KA (Guillemin et al., 2001, 2005).
IDO, the initiator of the KYN pathway, has been reported
to be induced by a number of different pro-inflammatory
cytokines, such as interferon-γ (IFN-γ), tumor necrosis factor
α (TNF-α), and interleukin-6 (IL-6). Therefore, the activation
of the KYN pathway is attributed to be cytokine-mediated
(O’Connor et al., 2009a; Kim et al., 2012; Campbell et al.,
2014).

MDD also compromises the glutamatergic system
characterized by the increased activation of NMDAr (Trullas
and Skolnick, 1990). QUIN and glutamate are agonists of
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NMDAr, levels of both being found to be elevated in MDD.
Inflammation can induce the synthesis of QUIN through the
activation of the KYN pathway in microglia and macrophages
in the CNS (Guillemin et al., 2003). QUIN acts not only as
an agonist of NMDAr at the glycine-binding site, but has
also been shown to stimulate the release of glutamate from
neurons, inhibiting its re-uptake by astrocytes (Tavares et al.,
2002, 2005). Furthermore, several studies indicate that QUIN
toxicity can also lead to lipid peroxidation and nitrosative
stress (Behan et al., 1999; Aguilera et al., 2007). On the other
hand, KA is an antagonist of the NMDAr with antioxidant
activity found to induce neuro-protective effects in ischemic
and oxidative stress rodent models (Nozaki and Beal, 1992;
Lugo-Huitrón et al., 2011). Nevertheless, the role of KA in
relation to depression is not yet clear. A recent longitudinal
study of suicide attempters with depression showed that
cerebrospinal fluid (CSF) QUIN levels are increased, while
CSF KA levels are decreased over a 2-year period along with
an increase in IL-6 and worsening of depressive and suicidal
symptoms (Bay-Richter et al., 2015). However, treatment of
the pro-inflammatory cytokine IFN-α in patients with hepatitis
C virus (HCV) was shown to elevate both QUIN and KA
concentrations in the CSF, with only QUIN levels found to
be correlated to depression scores (Raison et al., 2010). IFN-α
therapy has been widely used to treat HCV, though it is reported
to induce depressive and manic symptoms in 30–50% of patients
(Bonaccorso et al., 2002; Constant et al., 2005). Moreover,
studies evaluating the KYN pathway in the periphery have
reported an increased KYN/KA ratio associated with depressive
symptoms in individuals with HCV treated with IFN-α, and
a reduced KA/QUIN ratio in MDD patients compared with
controls (Wichers et al., 2005; Savitz et al., 2015). Of note, new
findings using skeletal muscle-specific peroxisome proliferator-
activated receptor gamma coactivator 1-alpha1 (PGC-1α1)
transgenic mouse model suggest that physical exercise is
beneficial in stress-induced depression due to its modulation of
the KYN pathway. Enhanced PGC-1α1 in the skeletal muscle
stimulated KA synthesis, thus reducing peripheral KYN, which,
contrastingly to KA, can readily cross the BBB (Agudelo
et al., 2014). Interestingly, contrary to the observations in
depression, elevated levels of KA have been associated with the
cognitive deficits in schizophrenic patients (Erhardt et al., 2004;
Linderholm et al., 2012). Augmented inhibition of the NMDAr
by KA appears to cause changes in the glutamatergic system
affecting the dopaminergic neurotransmission, a hallmark
feature of schizophrenia (Wu et al., 2007; Pocivavsek et al.,
2011).

Glial Pathology in Relation to
Neuro-Pathophysiological Alterations

Accumulating evidence suggests that glial pathology is a
prominent feature in MDD. Glial cells are the non-neuronal
cells in the CNS, comprised of astrocytes, microglia and
oligodendrocytes. Human post-mortem studies of mood
disorder patients consistently demonstrate a significant decrease
in the number of glia in the pre-frontal cortex and limbic

structures of the brain (Rajkowska et al., 1999; Cotter et al.,
2001; Bowley et al., 2002; Hamidi et al., 2004; Altshuler et al.,
2010). Moreover, it was reported that glial ablation in the
pre-frontal cortex of mice induces anhedonia, anxiety and
helplessness behavior after exposure to chronic unpredictable
stress procedures. The depressive-like behaviors generated were
assessed by sucrose preference test, novelty suppressed feeding
test, forced swim test, and two-way active avoidance test (Banasr
and Duman, 2008). Furthermore, it was shown in another study
by the same group that exposure to chronic unpredictable stress
can likewise induce glial dysfunction resulting in depressive-like
behavior (Banasr et al., 2010). It was proposed that initial glial
impairment by different stressors leads to neuronal damage in
the progression of the disorder (Rajkowska and Miguel-Hidalgo,
2007).

Astrocytes have multifaceted roles in the CNS, participating
actively in synaptic information transmission, secretion of
synaptogenic molecules, such as BDNF, modulation of the BBB,
mediation of the immune system, and uptake of cytotoxic
molecules from the extracellular space, such as glutamate (Jo
et al., 2014). Astrocytes express the excitatory amino acid
transporters 1 and 2 (EAAT1 and EAAT2), which enables
them to transport glutamate to the intracellular compartment.
Once inside, glutamate is further converted to glutamine by
the enzyme glutamine synthase (Anderson and Swanson, 2000).
Astrocytes also take part in the KYN pathway synthesizing
KA but not QUIN (Guillemin et al., 2001). Accumulating
data from human post-mortem studies of depressed patients
reveal a significant decrease in the number of astroglial cells
and less coverage of blood vessels by astrocytic end-feet
(Johnston-Wilson et al., 2000; Gittins and Harrison, 2011;
Rajkowska et al., 2013). Loss of astrocytes has been demonstrated
by studies reporting decreases of the astrocytic marker glial
fibrillary acidic protein and both enzymes EAAT1 and EAAT2
(Johnston-Wilson et al., 2000; Miguel-Hidalgo et al., 2010;
Gittins and Harrison, 2011). Moreover, morphometric analyses
in the anterior cingulate cortex region of depressed suicides
revealed the presence of hypertrophic astrocytes, indicating
possible astrocytic activation in the area (Torres-Platas et al.,
2011). Furthermore, significantly increased genome-wide DNA
methylation patterns were reported in the pre-frontal cortex
of depressed patients (Nagy et al., 2014). This was found
alongside the down-regulation of astrocytic markers in the
same study, implying possible epigenetic regulations associated
with astrocytic pathology (Nagy et al., 2014). The evidence
reported suggests that in the event of the activation of the KYN
pathway by pro-inflammatory cytokines, without functional
astrocytes, QUIN/KA ratio would be increased. Moreover,
glutamate clearance from the extracellular space would also
result disturbed. Hence, elevated levels of QUIN and glutamate
would promote NMDAr agonism disrupting the glutamatergic
system.

Microglia are professional phagocytes regarded as CNS-
resident immune cells. They are the primary sentinels patrolling
the CNS, alert to any potential harmful event including
pathogen invasion. Moreover, their role is also extended to
debris clearance, trophic support to neurons, and synaptic
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pruning during neurogenesis (Ousman and Kubes, 2012).
In human post-mortem studies, higher microglial activation
was observed in different regions including anterior cingulate
cortex, pre-frontal cortex and hippocampus of depressed
suicides (Steiner et al., 2008; Torres-Platas et al., 2014).
QUIN levels were also found to be dysregulated in different
regions of the brain. Elevated microglial QUIN expression was
reported in the cingulate cortex, whereas a decrease or no
change in microglial QUIN immunoreactivity was observed
in the hippocampus of acutely depressed patients (Steiner
et al., 2011; Busse et al., 2014). Supporting this notion,
it was shown in parallel that chronic unpredictable stress
in mice led to depressive-like behavior such as decrease
in sucrose consumption and social exploration along with
microglial proliferation and activation, ending in subsequent
microglial apoptosis (Kreisel et al., 2014). However, blockade
of microglial initial activation minimized the aforementioned
detrimental effects (Kreisel et al., 2014). Moreover, microglial
cell culture experiments showed that adding IFN-α induced
microglia activation and production of pro-inflammatory
cytokines, such as IL-1β, IL-6 and TNF-α (Zheng et al.,
2015). Furthermore, in another study, IFN-α treated microglia
stimulated the expression of inducible nitric oxide synthase
(iNOS) and secretion of NO, alongside the down-regulation
of heme oxygenase-1 (HO-1), a potent anti-inflammatory and
neuro-protective protein (Lu et al., 2013). Hence, it was
concluded that IFN-α may contribute to the pathogenesis of
depression by triggering inflammation, oxidative stress, and
abrogating anti-inflammatory and neuro-protective responses
(Lu et al., 2013; Zheng et al., 2015). It is therefore suggested
that with the activation of microglia, the secreted pro-
inflammatory cytokines would activate the KYN pathway.
Tryptophan degradation is then shifted to the KYN pathway,
resulting in depletion of monoamines and production of
QUIN, compromising the monoaminergic and glutamatergic
systems.

Oligodendrocytes are the myelin-cell producers in the
CNS enveloping neuronal axons, allowing communication
through action potentials. Among the glia, oligodendrocytes
are particularly vulnerable to stress-related insults (Edgar
and Sibille, 2012). Oligodendrocytic dysfucntion in mood
disorders is evidenced by human post-mortem studies reporting
reduced numbers of oligodendrocytes in the pre-frontal
cortex and amygdala (Hamidi et al., 2004; Uranova et al.,
2004). Perineuronal oligodendrocytes have been identified
in later studies as the subtype of oligodendrocytic cell
affected. Perineuronal oligodendrocytes are non-myelin
producer cells that undergo functional changes following
an injury allowing them to synthesize myelin and possibly
rescue neuronal axons from de-myelination. The loss
of perineuronal oligodendrocytes was reported in the
pre-frontal cortex of mood disorders and schizophrenia
(Vostrikov et al., 2007; Szuchet et al., 2011). Moreover, this
decrease in the number of perineuronal oligodendrocytes
was correlated to cytoarchitectural abnormalities in
genome-wide association analyses (Kim and Webster,
2010).

Despite the differences discussed regarding the type of
glia affected and its state (resting or activated) in the
different neuropsychiatric disorders, the evidence presented
so far suggests that dysfunctional glia play an active role
in the abrogation of the monoaminergic and glutamatergic
neurotransmission systems, contributing to cognitive deficits
and behavioral changes in mood disorders.

Depression as an Inflammatory Disease

The inflammatory hypothesis of depression has gained
momentum since it first appeared two decades ago, proposing
MDD as a cytokine-mediated disorder (Maes et al., 1995; Raison
et al., 2006; Dantzer et al., 2008). An increasing amount of clinical
evidence has shown the presence of augmented levels of pro-
inflammatory markers in the periphery and in the CNS (Maes
et al., 1993; Rotter et al., 2013; Dahl et al., 2014). Moreover, high
rates of comorbidity have been reported between depression and
immune-associated disorders, such as cardiovascular disease,
multiple sclerosis, and autoimmune disorders (Maes et al.,
1993; Bachen et al., 2009; Byatt et al., 2011). Meta-analyses of
studies associating inflammatory markers with MDD reported
significantly higher levels of TNF-α, IL-6, and C-reactive protein
(CRP) in depressed patients (Dowlati et al., 2010; Valkanova
et al., 2013). A recent longitudinal study conducted in England
revealed that children with elevated serum IL-6 and CRP levels
were more at risk to develop depression and psychosis later in
life (Khandaker et al., 2014). Furthermore, several studies report
that cytokine therapy, such as IFN-α, can generate depressive
and manic symptoms in HCV and cancer patients (Bonaccorso
et al., 2002; Capuron et al., 2002; Constant et al., 2005). In one
study, serum levels of TNF-α, IL-6 and soluble IL-2 receptor
were shown to be upregulated after IFN-α treatment (Wichers
et al., 2007). In another study, elevated levels of QUIN and
KA were found in the CSF of patients treated with peripheral
administration of IFN-α (Raison et al., 2010). In further
support of the inflammatory hypothesis of depression, studies
using animal models have demonstrated that administering
lipopolysaccharides (LPS) as well as pro-inflammatory cytokines
induce depressive-like behaviors such as anhedonia, assessed by
sucrose/saccharine preference tests (Yirmiya, 1996; De La Garza,
2005).

It is important to point out that despite this overwhelming
evidence of an association between inflammation and depression,
failed attempts to prove this correlation have also been
reported (Haack et al., 1999; Steptoe et al., 2003). Moreover,
the profile of cytokines in suicidal and non-suicidal patients
is distinct (Kim et al., 2008). Cytokine level changes in
response to antidepressant treatment are also varied (Hannestad
et al., 2011). The heterogeneous results indicate that MDD
is a rather complex disorder with multiple variants involving
the inflammatory response participation to a great extent,
but not in all cases. Nevertheless, cytokines can mediate
several pathways which are crucial in the pathophysiology of
depression. As discussed earlier, pro-inflammatory cytokines
can induce IDO, therefore activating the KYN pathway. This
event can lead to the dysregulation of the monoaminergic and
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glutamatergic neurotransmissions. Moreover, the GR resistance
has been attributed to be cytokine mediated. A number
of cytokines, such as IL-1α, TNF-α and IFN-α, have been
reported to inhibit GR function (Wang et al., 2004; Hu
et al., 2009; Van Bogaert et al., 2011). Without competent
GRs, glucocorticoids such as cortisol cannot exert its anti-
inflammatory effects, thus ending in the exacerbation of
the inflammatory response (Pace et al., 2007). In addition,
GR resistance promotes hyperactivation of the HPA axis
leading to the overproduction of glucocorticoids, hallmark
features of MDD (Anacker et al., 2011). On the other
hand, enhanced activation of the immune system can also
be mediated by inadequate levels of glucocorticoids, resulting
in the development of depressive symptoms (Raison and
Miller, 2003). For example, in the case of atypical depression,
corticotrophin-releasing hormone deficiency, hypoactivity of
the HPA axis, and increased inflammatory response are
often found in these patients (Gold and Chrousos, 2002). It
is proposed that insufficient glucocorticoid signaling, either
by low levels of cortisol or GR resistance, can lead to a
cytokine-mediated onset of depression (Raison and Miller,
2003).

Different hypotheses have been postulated in order to
explain the chronic low-grade inflammatory status in mood
disorders. A number of lifestyle factors have been proposed
to affect the immune status in depressed individuals, such as
non-healthy dietary habits (e.g., high saturated fats, processed
meats, refined carbohydrates, etc.), physical inactivity, smoking
habits, and vitamin D deficiency (Berk et al., 2013). Chronic
psychological stress is a well-studied risk factor suggested to
induce GR resistance and trigger the inflammatory cascade
(Miller et al., 2002; Raison et al., 2006; Cohen et al., 2012). From
the genetic perspective, polymorphisms in the genes PSMB4
(proteasome β4 subunit) and TBX21 (T bet) that result in T-
cell dysfunction, were reported to contribute to the pathology
of MDD (Wong et al., 2008; Berk et al., 2013). A recent
meta-analysis of 28 studies identified significant associations
between depression and infections in Borna disease virus (BDV),
herpes simplex virus-1, varicella zoster virus, Epstein-Bar virus
(EBV), and Chlamydophila trachomatis. Results indicated that
patients with depression are 3.25 times more likely to be
infected with BDV (Wang et al., 2014). However, negative
findings have also been reported (Bennett et al., 2012; Hornig
et al., 2012; Pearce et al., 2012). Despite controversies aroused
concerning direct virus association and mood disorders, several
studies demonstrated that there is a higher risk of developing
mood disorders later in life among individuals who have had
a severe infection (Goodwin, 2011; Benros et al., 2013). In
accordance with these findings, it was previously suggested
that stress could alter the immune system, thereby resulting in
reactivation of persistent viruses in the CNS, further enhancing
the inflammatory reaction (Dietrich et al., 1998). Experimental
evidence demonstrated that rats exposed to stress developed
intestinal permeability and bacterial translocation. LPS from
bacterial translocation activated toll-like receptor 4 (TLR4) in the
brain triggering the neuroinflammatory response (Garate et al.,
2011).

The systemic inflammatory response generates circulating
cytokines and other mediators that can gain access to the
brain through different pathways. The mechanisms involve
cytokine signal propagation, activation of vagal afferents, active
transport across the BBB, and diffusion at sites where the
BBB is leaky or absent. It is important to indicate that this
communication is bi-directional (Maier, 2003). Response within
the CNS is consequently triggered. Microglia and astroglia,
important immune-regulators, become activated and further
enhance the inflammatory response (Biesmans et al., 2013).
In addition, pro-inflammatory cytokines can activate the KYN
pathway in both glial cell types resulting in the dysregulation
of the monoaminergic and glutamatergic systems. On account
of the evidence linking inflammation and depression it was
proposed that depression is a byproduct of the immune systems
in its attempt to fight infection (Raison and Miller, 2013).

Therapeutic Intervention

Among the many types of antidepressants that exist to
date, tricyclic antidepressants, monoamine oxidase inhibitors,
selective serotonin re-uptake inhibitors (SSRIs), and serotonin-
norepinephrine re-uptake inhibitors are some of the most
common types to be prescribed (Anderson et al., 2012; Klomp
et al., 2014). Tricyclic antidepressants were the most widely
prescribed pharmacological agent. However, its supplementation
was found to lead to severer and lethal (overdoses) side
effects compared with the other types of antidepressants
(Boyce and Judd, 1999). Administering monoamine oxidase
inhibitors was found to carry dangerous side effects as well,
and these inhibitors are now used mainly in treatment-resistant
depression (Finberg, 2014). SSRIs have become the first choice
of antidepressants over the last two decades. Although their
efficacy is comparable to the tricyclic antidepressants, the
preferred choice for SSRIs arises from the fact that they are
safer, have better tolerability, and lower rates of treatment
discontinuation (Anderson, 2000). However, response rates are
about 50%, full remission is achieved only in one-third of
patients responding to treatment, and relapse is more often
than not the case (Trivedi et al., 2006). Therefore, the current
drawbacks of presently available antidepressants in a clinical
setting lead to the search for better cost-effective treatments
and the consideration of alternative therapies. For instance,
the triple reuptake inhibitors, which tackle the monoaminergic
system by inhibiting serotonin, norepinephrine, and dopamine
transporters appear to be a promising antidepressant agent
(Chen and Skolnick, 2007). However, their efficacy and side-
effects are currently under investigation (Tran et al., 2012;
Risinger et al., 2014). The use of the NMDAr antagonist
ketamine as an antidepressant has gained some validity in the
last years. Despite its status as a popular abusive drug causing
hallucinations and psychosis, its use in treatment-resistant
depressive patients by targeting the glutamatergic system has
shown faster and greater improvements (Zarate et al., 2006;
Murrough et al., 2013). However, safety and effectiveness of
ketamine usage in the long term needs to be further evaluated
(Rush, 2013).
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Targeting Inflammation in Depression

On account of increasing evidence pointing towards the
consideration of MDD as a cytokine-mediated disorder, a
number of studies have investigated the implication of current
available agents on the immune response. The outcome
suggests that pharmacological antidepressants can exert anti-
inflammatory effects as a mechanism of action. Studies assessing
fluoxetine and the tricyclic antidepressants clomipramine and
imipramine demonstrated that these agents are capable of
modulating the immune response by inhibiting the activation of
glial cells in cell culture models (Hwang et al., 2008; Obuchowicz
et al., 2014). Moreover, although the meta-analysis of 22 studies
indicated that SSRIs appeared to decrease IL-6 and TNF-α
cytokine levels to some extent, it also demonstrated that despite
the reduced depressive symptoms found in the studies, an overall
effect in the decline of IL-6 and TNF-α after treatment was not
found. Noteworthy, IL-1β levels were found to be significantly
reduced (Hannestad et al., 2011).

Other treatment alternatives aiming to target the chronic
low-grade inflammatory response present in a subgroup of
depressive patients have also been sought. These include
non-steroidal anti-inflammatory drugs (NSAIDs), minocycline,
omega-3 fatty acids, and vitamin D, among others. Usage
of selective cyclooxygenase (COX)-2 and non-selective COX
inhibitors NSAIDs, namely celecoxib and aspirin, to treat MDD
has yielded varied results. A recent meta-analysis of 11 studies
evaluating the use of selective COX-2 or non-selective COX
inhibitors, including seven randomized clinical trials (RCTs)
and four cohort studies, found no overall significant changes
in the response to either type of NSAIDs (Eyre et al., 2015).
However, in the studies evaluated, effectiveness to reduce
depressive symptoms had better outcomes when celecoxib was
used as an add-on therapy (Muller et al., 2006; Akhondzadeh
et al., 2009). On the other hand, the usage of the tetracycline
derivative minocycline to treat mood disorders is currently
undergoing clinical trials (Savitz et al., 2012; Dean et al., 2014).
Minocycline has been suggested to regulate neuroplasticity by
exerting anti-apoptotic, anti-inflammatory and anti-oxidative
properties (Soczynska et al., 2012). Moreover, it has been shown
to modulate the glutamatergic and monoaminergic systems
(O’Connor et al., 2009b; Wixey et al., 2011). Minocycline has
been demonstrated to inhibit activation and proliferation of
microglia, therefore regulating the immune response (Tikka
et al., 2001; Henry et al., 2008). Furthermore, minocycline has
been also shown to facilitate the recovery of sickness behavior
and down-regulate pro-inflammatory cytokines in mice treated
with either LPS or TNF-α (Henry et al., 2008; Zheng et al.,
2015).

In regards to omega-3 fatty acids, although their
supplementation has been reported to exert beneficial effects
in mood disorders (presumably due to its anti-inflammatory
properties), a recent meta-analysis of 13 separate RCTs
demonstrated no significant effect on MDD (Nemets et al., 2002;
Su et al., 2003; Bloch and Hannestad, 2012).

In the case of vitamin D, a meta-analysis of 14 observational
studies falling in the category of case-control, cross-sectional

and cohort demonstrates that low levels of vitamin D are
significantly associated with depression (Anglin et al., 2013).
However, the effectiveness of its supplementation in reducing
depressive symptoms remains controversial (Jaddou et al., 2012;
Kjaergaard et al., 2012). In a recent meta-analysis of seven RCTs,
it was shown that supplementation of vitamin D had no overall
effect on depressive symptoms. Interestingly, the meta-analysis
also points out that better outcomes were achieved with vitamin
D supplementation only in cases where clinically significant
depressed patients participated in the study. In addition, the
largest effect was achieved when vitamin D was administered as
an adjuvant (Shaffer et al., 2014). It is noteworthy to mention
that although vitamin D intake is broadly considered to induce
no adverse effects, overdoses of vitamin D have proven to
cause hypercalcemia (Hathcock et al., 2007). Moreover, a study
conducted in older community-dwelling women reported that
annual high doses of vitamin D (500,000 IU) in a period of 3–5
years increased the risk of falls and fractures, contrary to what
was expected (Sanders et al., 2010).

Vitamin D—A Potential Therapeutic Agent?

Vitamin D is regarded as the sunshine vitamin due to the fact
that the main natural source of vitamin D is UV-mediated in
the epidermal layer of the skin through sunlight stimulation.
UV-light converts 7-dehydrocholesterol to pre-vitamin D3 form,
which is later hydroxylated to the major circulating form
vitamin D3 by the enzyme vitamin D 25-hydroxylase. A final
hydroxylation is conducted by 1-α-hydroxylase generating the
bioactive form 1,25(OH)2D3, also known as calcitriol. However,
other natural sources include cod-liver oil, oily fish, butter,
cream, and egg yolk (Baeke et al., 2010). This light-dependent
source and the fact that vitamin D was demonstrated to act
on the brain, spinal cord and several endocrine tissues led
to suggest a linkage between vitamin D and neuropsychiatric
disorders in individuals less exposed to sunlight (Stumpf and
Privette, 1989). Evidence of vitamin D deficiency was later
shown in seasonal affective disorder patients (Lansdowne and
Provost, 1998). Since then, a number of studies on vitamin D
and its effect on MDD have been conducted, yielding highly
controversial results, as discussed above. Moreover, vitamin D
deficiencies are also reported in the general population (Holick,
2006). Nevertheless, the importance of contemplating vitamin D
as a plausible alternative to treat MDD arises not only from its
cost-effectiveness and low adverse effects, but is also due to its
influence in the immune response.

Vitamin D is a steroid hormone with pleiotropic effects.
Aside from its long-recognized role in regulating calcium
and phosphorous balance, vitamin D can also influence cell
differentiation and proliferation, as well as modulate the immune
system. In the CNS, vitamin D can act as an immune-regulator,
and as stimulator of neurotrophic factors and neurotransmitters
expression (Di Rosa et al., 2011; Eyles et al., 2011; Gezen-Ak
et al., 2011). Vitamin D has two main receptors, membrane-
associated rapid response steroid-binding (MARRS) and vitamin
D receptor (VDR), which are critical for its different regulatory
properties (Khanal and Nemere, 2007; Meyer et al., 2010).
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MARRS is a membrane receptor that when bound to vitamin
D induces rapid non-genomic responses, such as modulation
of calcium concentrations and activity of protein kinase C
(Khanal and Nemere, 2007). VDR, on the other hand, is a
transcription factor that regulates the expression of multiple
genes and is responsible for the non-classical responses of
vitamin D (Meyer et al., 2010). Upon binding to vitamin D,
VDR translocates to the nucleus and heterodimerizes with
the retinoid X receptor (RXR). Subsequently, the VDR-RXR
complex formed binds to vitamin D responsive elements in
the DNA to activate or repress the expression of vitamin D
target genes (Fetahu et al., 2014). Moreover, the VDR gene
has large cytosine/guanine dinucleotide (CpG) repeats at the
promoter region that are susceptible to epigenetic modifications.
Conversely, VDR can also modulate the epigenome, inducing
DNA methylation and chromatin modulation (Fetahu et al.,
2014).

VDR is expressed in more than 38 types of cells, including
immune cells (e.g., monocytes, dendritic cells, activated B
and T cells) and CNS cells (e.g., neurons, astrocytes, and
microglia; Di Rosa et al., 2011; Cui et al., 2013; Smolders
et al., 2013). VDR activation was reported to regulate the
innate immune response by inducing tolerogenic dendritic cells,
inhibiting type 1 T helper (Th1) cell responses, as well as
downregulating TLR2, TLR4, and TLR9, inducing decreased
expressions of IL-6 (Dickie et al., 2010). Studies with neurons
also showed that VDR can regulate the expressions of nerve
growth factor and iNOS (Gezen-Ak et al., 2011; Dursun et al.,
2013). In addition, the VDR gene has been reported to be
associated with viral and bacterial infections. In one study,
Epstein-Barr virus nuclear antigen 3 (EBNA-3; produced by
EBV) was demonstrated to bind to VDR inducing blockage
of VDR-dependent genes, thus protecting cells from VDR-
induced growth arrest and/or apoptosis (Yenamandra et al.,
2010). Another study showed downregulation of VDR expression
in monocytes by Borrelia burgdorferi infection (Salazar et al.,
2009). In addition, human immunodeficiency virus (HIV)
was proved to downregulate VDR expression by inducing
its hypermethylation in T cells. This event resulted in the
activation of the renin angiotensin system and generation
of reactive oxidative species, consequently leading to T cell
apoptosis (Chandel et al., 2013). Moreover, vitamin D elicits
the expression of the anti-microbial peptides cathelicidin and
defensin, important for counteracting infection (Gombart,
2009).

Despite the substantial amount of evidence linking VDR
and the immune response, its role in the regulation of
the inflammatory response in mood disorders remains to
be elucidated. Only two studies to date have reported an
association between VDR gene variant and susceptibility to
develop depressive symptoms in old age (Kuningas et al.,
2009; Glocke et al., 2013). Moreover, studies evaluating
the relationship of vitamin D and the cytokine network
in mood disorders fall short of expectations. In a recent
study, it was reported that suicide attempters had significantly
lower levels of vitamin D and higher levels of the pro-
inflammatory cytokine IL-1β circulating the blood in comparison

to non-suicidal depressed participants and healthy controls. In
another study evaluating obese women with polycystic ovary
syndrome, vitamin D deficiency was found to be associated
with higher depressive symptoms and higher CRP, independent
of polycystic ovary syndrome presence (Moran et al., 2015).
Furthermore, studies regarding vitamin D immuno-modulatory
effects on microglia and astrocytes in depression models
are limited in spite of the considerable amount of evidence
showing the relevance of these glial cells in the mediation
of the CNS immune system. Microarray analysis of primary
mixed CNS glia cultures showed that when challenged by
a mixed group of Th1 or Th2 cytokines (pro-inflammatory
and anti-inflammatory cytokines, respectively) the dopaminergic
receptor and enzymes involved in vitamin D metabolism were
affected. The expression of 25-hydroxylase (CPY27B1), which
generates calcitriol, became upregulated when stimulated with
pro-inflammatory cytokines of the Th1 group, whereas the
expression of 24-hydroxylase (CPY24A1), the enzyme that
catabolizes calcitriol, became downregulated when stimulated
with anti-inflammatory cytokines of the Th2 group (Lisak
et al., 2009). In line with these results are findings from
another study, in which the addition of IFN-γ and TNF
to primary human microglia and astrocytic cultures showed
upregulation of CYP27B1 mRNA expression, which was reduced
in the presence of active vitamin D (Smolders et al., 2013).
In a recent report, vitamin D deficient microglia cultures
stimulated by TLR agonists showed a decrease of TNF-α
and IL-6. Moreover, lower phagocytosis and intracellular
killing rates of Escherichia coli were also observed (Djukic
et al., 2014). In an Alzheimer’s disease model, human
primary microglia triggered by β-amyloid appear to influence
the expression of various inflammatory-related proteins, as
well as the upregulation of IDO and VDR (Walker et al.,
2006).

Hence, the potential role of VDR influencing the peripheral
and/or CNS immune response makes it an attractive target
of study in the cytokine-mediated model of MDD (Figure 1).
In addition, VDR susceptibility to epigenetic changes and
likewise its role as epigenetic modulator raises the possibility of
considering VDR as a potential biomarker inMDD. For instance,
novel biomarkers, such as BDNF promoter methylation, are
found to predict mood disorder patient’s response to treatment
in some studies (D’Addario et al., 2012; Lopez et al., 2013;
Tadíc et al., 2014). Moreover, relations of VDR epigenetic
modifications are already being widely investigated in cancer
studies (Fetahu et al., 2014).

It is noteworthy that vitamin D and omega-3 fatty acids
also take part in pathways other than the inflammatory
network influencing the development of neuropsychiatric
illnesses. It was proposed that deficiencies of vitamin D
and omega-3 fatty acids in the brain affect serotonin-related
mechanisms (Patrick and Ames, 2015). The heterodimer
VDR-RXR stimulates serotonin synthesis by activating the
tryptophan hydroxylase-2 transcription (Patrick and Ames,
2014). In addition, the omega-3 fatty acid eicosapentaenoic
acid was suggested to facilitate serotonin release from neurons
(Patrick and Ames, 2015). Moreover, omega-3 fatty acids were
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FIGURE 1 | Vitamin D and its receptor (VDR) in the cytokine-mediated
onset of depression. (A) Stress and/or infection activate the inflammatory
response resulting in inflammatory cytokines production. These cytokines can
trigger the kynurenine (KYN) pathway by stimulating indoleamine 2,
3-dioxygenase (IDO). Therefore, tryptophan enters the KYN pathway instead
of the serotonergic pathway, resulting in the depletion of monoamines. Once
the KYN pathway is triggered, kynurenic acid (KA) in astrocytes and
quinolinic acid (QUIN) in microglia are synthesized. QUIN contributes to the
activation of N-methyl-D-aspartate receptor (NMDAr) itself and by inhibiting

glutamate re-uptake, resulting in excessive extracellular glutamate, inducing
further NMDAr agonism. Excessive NMDAr activation leads to the disruption
of the glutamatergic system, a key pathological feature in mood disorders.
(B) The binding of vitamin D to VDR in a number of immune cells (e.g.,
macrophages, neutrophils, dendritic cells, B cells, T cells, astrocytes and
microglia) leads to attenuation of the inflammatory response and stimulation
of anti-microbial peptides production, potentially ameliorating symptoms of
mood disorders. However, certain pathogens can also block or modulate
epigenetic VDR activity.

also found as a low-affinity ligand of VDR (Jurutka et al.,
2007).

Conclusions and Future Directions

Depression constitutes a distressing health concern topic. In
the last decades, the importance of treating MDD has been
accentuated, attracting public interest due to its increasing
worldwide prevalence, particularly in high-income countries,
threatening to become the leading cause of global disability.
Moreover, currently available pharmacological antidepressants
do not achieve desired results, producing severe side effects with
high relapse rates. Increasing evidence suggests the involvement
of the immune response. Cytokine-induced sickness behavior
is proposed to culminate in MDD by promoting the activation
of the KYN pathway and GR resistance, hence compromising
the monoaminergic and glutamatergic neurotransmission along

with the HPA axis hyperactivation. Therefore, new alternative
options targeting the inflammatory response in mood disorders
are being tested. Vitamin D appears to be a plausible candidate
although current results from RCTs do not provide sufficient
evidence to encourage its supplementation in MDD. It is,
however, arguable that the intervention of vitamin D-VDR in
different molecular mechanisms affecting the immune system
is not fully understood. Research directed towards investigating
the role of VDR in regulating the periphery and CNS immune
response in relation to mood disorders is suggested. Moreover,
another important issue raised in this review is the active
participation of glial cells in the dysregulation of relevant
mechanisms in the pathology of depression. Microglia and
astrocytes are important CNS-immune mediators. However,
interactions between VDR and glia have hardly been studied.

In view of the global importance of MDD and
the gaps in knowledge that still exist concerning its

Frontiers in Cellular Neuroscience | www.frontiersin.org July 2015 | Volume 9 | Article 268 | 33

http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Jo et al. Inflammation and glial pathology in depression

pathophysiology, further pursuit of knowledge in regards
to the glio-pathogenesis of the inflammatory system
activation aiming to find better treatment options is highly
warranted.
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A commentary on

Dynamic microglial alterations under-
lie stress-induced depressive-like behavior
and suppressed neurogenesis
by Kreisel, T., Frank, M. G., Licht, T., Reshef,
R., Ben-Menachem-Zidon, O., Baratta, M.
V., et al. (2014). Mol. Psychiatry 19,
699–709.

Major Depression (MD) affects 10–15%
of the population worldwide and consti-
tutes an enormous medical, societal, and
economic burden. One of the prominent
causes of such burden is the very limited
understanding of the mechanisms under-
lying the psychopathology (Belmaker and
Agam, 2008). Among the most relevant
factors determining the onset of MD is
the quality of the living environment, such
as exposure to stressful life events (Cohen
et al., 2007; Davidson and McEwen, 2012).
In addition, increased inflammation, asso-
ciated to conditions such as infection and
immunotherapy, is reported to increase
the likelihood to show depressive symp-
tomatology (Dantzer et al., 2008; Han and
Yu, 2014).

The nervous and the immune systems
are engaged in an intense bidirectional
interplay, along the ongoing changes in the
living environment (Yirmiya and Goshen,
2011; McCusker and Kelley, 2013). In
this perspective, microglia, the resident
immune cells of the brain, have recently
attracted a lot of interest in the bio-
logical psychiatry field (Muller, 2014).
These cells can modify their features and
function according to the inputs from

the environment. Indeed, equipped with
receptors for a plethora of molecules
microglia cells can sense environmental
changes over a time scale of minutes
and respond performing diverse func-
tions which, accordingly to the context,
might result as either beneficial or harm-
ful (Kierdorf and Prinz, 2013; Siskova and
Tremblay, 2013), though factors regulat-
ing microglial transition across different
functional states are not well-defined. For
instance, these cells respond to sensory and
behavioral experience (e.g., deprivation of
visual stimuli, environmental enrichment)
by modulating their interactions with neu-
ronal circuits, notably regulating processes
such as adult hippocampal neurogenesis
(Ekdahl, 2012; Reshef et al., 2014) and
elimination and formation of synapses
(Paolicelli et al., 2011; Tremblay et al.,
2011; Parkhurst et al., 2013; Sierra et al.,
2014).

The role of microglia in interfacing
environmental stimuli and changes in
brain function has suggested that these
cells may underlay the interplay between
environmental stimuli and vulnerability
to MD. In this context, the preclinical
study performed by the group headed
by Raz Yirmiya provides an interesting
demonstration of the role played by the
microglial cells in mediating the effects
of stress on depression. Authors showed
that stress exposure produced dynamic
bi-directional alterations in microglia sta-
tus that, in turn, are causally involved in
stress-induced depressive-like behavior in
rodents. They explored the effects of stress
in three brain regions: the hippocampal

dentate gyrus, the medial prefrontal cor-
tex and the somatosensory cortex. They
found that mice and rats exposed to
unpredictable stress (US) show microglia
modifications, mainly in the dentate gyrus
of the hippocampal system, which are
dependent on the duration of the US.
Indeed, they demonstrated that a short-
term exposure (1–2 days) to US results in
a transient induction of microglia pro-
liferation and activation (i.e., microglial
cells assume an activated morphology
and increased expression of activation
markers) via IL-1\IL-1R mediated signal-
ing. However, following 3–4 days of US, a
microglia decline was observed in stressed
animals compared to controls as indicated
by high levels of caspase-3 (a protease
that mediates the execution-phase of
apoptosis) and DNA fragmentation (a
key feature of apoptosis). Moreover, they
found that chronic (5 weeks) US expo-
sure induced depressive-like behavior
(namely, decreased sucrose preference
and social exploration) associated with a
lowered number of microglia cells, reduc-
tion in length of microglial processes
and soma area, and decreased expres-
sion of microglial markers (i.e., Iba-1 and
CD11b). In addition, Yirmiya and collab-
orators showed, through pharmacological
manipulations, that counteracting the bi-
directional changes in microglial activity
induced by stress can prevent or reverse
the depressive-like phenotype. In partic-
ular, the block of microglial activation
during the early phase of stress exposure
through administration of minocycline (a
commonly used drug to inhibit microglial
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FIGURE 1 | Schematic representation of brain plasticity as a complex

phenomenon emerging from the plastic capabilities of microglia and

neurons and their interaction. Microglia and neurons modify their
morphology and functionality in response to environmental stimuli, such as
exercise, diet, social interactions, health conditions, and pharmacological

treatments. The modifications in these two cell types are intertwined. For
instance, microglial phagocytic activity strongly affects neuronal spine
remodeling while compounds released by neurons influence microglia status.
These processes allow brain function and behavioral outcome to be tuned to
the features of the environment.

activation) or imipramine (an antidepres-
sant with anti-inflammatory properties;
Alboni et al., 2013) prevents, at long-
term, specific stress-induced effects on
microglia and behavior. Whereas, dur-
ing the late phase of stress exposure,
when microglial decline occurs, the
stimulation of microglia through adminis-
tration of lipopolysaccharide, macrophage
colony-stimulating factor or granulocytes-
macrophage colony-stimulating factor
reverses the stress-induced depressive-like
behaviors. These observations sup-
port a causal role for the dynamic
microglial changes in triggering and
maintaining depressive-like symptoms
under stress conditions and suggest an
inverted U-shaped relationship between
time-dependent microglial status and
behavioral outcome (Goshen et al., 2007;
Kreisel et al., 2014).

Overall, the results of this paper open a
new perspective about the role of microglia
in the interplay between the quality of the
environment and vulnerability to MD. We
strengthen this finding, stressing the idea
that microglia plays a key role in such
interplay not only actively participating
but being integral part of brain plas-
ticity (Figure 1). Therefore, along with
neuronal plasticity, microglial plasticity
should be considered as a key compo-
nent of the brain plasticity processes.
In this perspective, neuronal plasticity,
and brain plasticity are not synonyms,
but the latter emerges from the plas-
tic capabilities of both neurons and
microglia, and glia in general, and from
their interaction. Accordingly, it is war-
ranted to explore brain plasticity in a
comprehensive fashion, assessing neuronal
plasticity (e.g., synaptic strength, spine,

and dendritic modifications) in parallel
with the dynamic changes in microglial
status (e.g., morphological changes,
phagocytic activity). This approach may
lead to unravel novel molecular and cel-
lular mechanisms underlying the onset
and progression of psychopathologies
to be exploited as targets for innovative
therapeutic strategies.
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Patients with chronic inflammation are often associated with the emergence of
depression symptoms, while diagnosed depressed patients show increased levels of
circulating cytokines. Further studies revealed the activation of the brain immune cell
microglia in depressed patients with a greater magnitude in individuals that committed
suicide, indicating a crucial role for neuroinflammation in depression brain pathogenesis.
Rapid advances in the understanding of microglial and astrocytic neurobiology were
obtained in the past 15–20 years. Indeed, recent data reveal that microglia play
an important role in managing neuronal cell death, neurogenesis, and synaptic
interactions, besides their involvement in immune-response generating cytokines. The
communication between microglia and neurons is essential to synchronize these diverse
functions with brain activity. Evidence is accumulating that secreted extracellular vesicles
(EVs), comprising ectosomes and exosomes with a size ranging from 0.1–1 µm, are
key players in intercellular signaling. These EVs may carry specific proteins, mRNAs and
microRNAs (miRNAs). Transfer of exosomes to neurons was shown to be mediated by
oligodendrocytes, microglia and astrocytes that may either be supportive to neurons,
or instead disseminate the disease. Interestingly, several recent reports have identified
changes in miRNAs in depressed patients, which target not only crucial pathways
associated with synaptic plasticity, learning and memory but also the production of
neurotrophic factors and immune cell modulation. In this article, we discuss the role of
neuroinflammation in the emergence of depression, namely dynamic alterations in the
status of microglia response to stimulation, and how their activation phenotypes may
have an etiological role in neurodegeneneration, in particular in depressive-like behavior.
We will overview the involvement of miRNAs, exosomes, ectosomes and microglia in
regulating critical pathways associated with depression and how they may contribute to
other brain disorders including amyotrophic lateral sclerosis (ALS), Alzheimer’s disease
(AD) and Parkinson’s disease (PD), which share several neuroinflammatory-associated
processes. Specific reference will be made to EVs as potential biomarkers and disease
monitoring approaches, focusing on their potentialities as drug delivery vehicles, and
on putative therapeutic strategies using autologous exosome-based delivery systems
to treat neurodegenerative and psychiatric disorders.

Keywords: astrocytes, exosomes, ectosomes, microglia, neurodegeneration, glia interplay, oligodendrocytes,
microRNAs
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INTRODUCTION

Depression (major depressive disorder, MDD) is a mood
disorder of multifactorial origin, including genetic and
environmental factors, estimated to affect 350 million people
worldwide (Jo et al., 2015). It is responsible for increased
morbidity and mortality, adverse health behaviors, lost work
productivity and increased health care utilization (Benton et al.,
2007). Suicide accounts for almost 1 million lives lost each year,
i.e., 3000 suicide deaths per day (World Health and Organization,
2012). About 25% of people diagnosed with MDD are under 19
years old and about 40% of patients do not adequately respond
to current therapy (Dwivedi, 2014). To that it may account the
poor understanding of the underlying mechanisms leading to
MDD and suicidal behavior.

Stress, impaired neurogenesis and defects in synaptic
plasticity represent three interconnected factors that are
associated with depression (Dwivedi, 2011; Mouillet-Richard
et al., 2012). Characteristic pathophysiological hallmark
features include monoamine depletion, down-regulation of
neurotrophin signaling, and glucocorticoid receptor (GR)
resistance, as well as excess of glutamate, corticotrophin-
releasing hormone and cortisol levels (Carvalho et al., 2015;
Jo et al., 2015). Stress has been associated to the development
of clinical depression, and evidence from preclinical studies
suggests a role of microglia in depression and stress.
Most curious, chronic stress has been known to promote
microglial hyper-ramification and astroglial atrophy (Tynan
et al., 2013), as well as lower immunoreactivity of myelin
basic protein (MBP) and fewer mature oligodendrocytes
(Yang et al., 2015) in the prefrontal cortex of rodents.
Other molecules that are gaining attention in depressive
pathophysiology are the cyclic adenosine monophosphate
(cAMP) response element binding protein (CREB) involved
in learning and memory, whose expression is decreased in
depressed patients, and the vascular endothelial growth factor
(VEGF), an angiogenic cytokine, with decreased mRNA
levels in peripheral leukocytes of such individuals (Dwivedi,
2009).

As mentioned above, stress is a major risk factor for
depression leading to the activation of hypothalamus-pituitary-
adrenal (HPA) axis, as well as to a reduced hippocampal
neurogenesis, together with impaired hippocampal synaptic
plasticity and morphological neuroplasticity. Post-mortem
studies revealed unique pathological alterations in neuronal
and glial cells in the dorsolateral prefrontal cortex of patients
with MDD, in particular a reduced cell size and density
(Stockmeier and Rajkowska, 2004). Astrocyte deficits such
as a decreased cell number of glial fibrillary acidic protein
(GFAP)—immunoreactive cells and oligodendrocyte pathology,
probably related to disruptions of white matter tracts, were found
in depressed individuals (Rajkowska and Miguel-Hidalgo, 2007).
Abnormal activation of microglia, the immunologic guardian
cells of the brain, and increased microglial cell numbers were
observed in depression and in anxiety disorders, although it is
yet unclear how it relates with psychopathological conditions
(Serafini et al., 2015). To note that reactive glial cells are

sources and targets of various inflammatory cytokines, and as
so are involved in the regulation of neuroinflammation and
tissue repair (Rajkowska and Miguel-Hidalgo, 2007). Lately,
depression has been described as a microglia-associated
disorder, and besides the excessive cell activation and
increased cell number, microglia decline and senescence
was observed in some depressed patients as well (Yirmiya et al.,
2015).

Recent evidences suggest that extracellular vesicles (EVs)
secreted by neurons and glia, including endosome-derived
exosomes and fragments of the cellular plasma membrane play a
key role in intercellular communication and neuroinflammation
by transporting messenger RNA (mRNA), microRNA (miRNA)
and proteins (Pegtel et al., 2014). EVs are recognized as having
a role in pathogenesis and dissemination of inflammatory
diseases, besides their potential as biomarkers and therapeutic
vehicles (Buzas et al., 2014). Reactive microglia were shown
to release exosomes and microvesicles (MVs) carrying the
pro-inflammatory cytokine interleukin-1β (IL-1β), the IL-1β-
processing enzyme caspase-1, and the P2X7 receptor that may
induce and propagate inflammatory reactions throughout the
brain (Frühbeis et al., 2013).

A number of treatments were developed to increase the
availability of monoamines, such as serotonin, due to a
shift from serotonin to kynurenine pathway in tryptophan
catabolism. In the central nervous system (CNS) the kynurenine
pathway is mediated by astrocytes, microglia and infiltrating
macrophages (Jo et al., 2015). Current therapies usually
result in relapse rates of only 50%, reason why a better
understanding of the pathomechanisms involved in MDD may
help in the discovery of more effective and cost-effective
treatment alternatives. Accumulating evidence suggests that glial
pathology and the decrease in the number of glial cells are
prominent features in MDD (Hamidi et al., 2004; Altshuler
et al., 2010). Glial reduction in tissue samples from subjects
diagnosed with MDD, at least in amygdala, was shown to
be due to a loss of oligodendrocytes once no significant
changes were observed on microglia or astrocytes (Hamidi
et al., 2004). Patients with depression have been shown to
evidence increased serum levels of pro-inflammatory cytokines
that returned to normal by treatment with antidepressants
for 3 months (Dahl et al., 2014). Some studies revealed that
the reinforcement of neurotrophin expression and stimulation
of neurogenesis by causing antidepressant-like effects may
be of therapeutic relevance in chronically depressed patients
(Van Buel et al., 2015). These Authors argue that targeted
potentiation, instead of suppression of neuroinflammation, may
be of therapeutic relevance in chronic depressed patients.
Interestingly, electroconvulsive therapy of MDD was indicated to
facilitate the action of antidepressants by inducing hippocampal
neurogenesis through the modulation of microglial activation
(Rotheneichner et al., 2014). In addition, minocycline, which is
a suppressor of activated microglia, has been shown to exert
protective effects by reducing microglial activation, oxidative
stress and inflammation (Réus et al., 2015). Therefore, there
are some controversial hypotheses on the best therapeutic
approaches to MDD.
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This review article aims to summarize data about the effects
of immune system dysregulation and microglial activation on
mood dysregulation and will also discuss the role of EVs
and their specific cargo, namely miRNAs, as means by which
these neuroinflammatory mechanisms take place and influence
neighboring cells leading to the propagation of inflammation.

INFLAMMATION-ASSOCIATED
DEPRESSION

Chronic inflammation in physically ill patients is often associated
with the development of symptoms of depression (Benton et al.,
2007; Goldberg, 2010). Activation of the peripheral immune
system leads to increased cytokine levels that are actively
transported into the CNS stimulating astrocytes and microglial
cells, which in turn produce cytokines by a feedback mechanism
(Müller and Ackenheil, 1998). In such condition there is sickness
exacerbation and the development of symptoms of depression
in susceptible patients (Dantzer et al., 2008). Although not
completely clarified the intracellular molecular mechanisms
linking inflammation and depression, it was demonstrated that
microglia besides releasing inflammatory mediators also secrete
glutamate and metabolize kynurenine transported to the CNS
into quinolinic acid, a neurotoxic compound (Dantzer and
Walker, 2014). Astrocytes seem not to be able to uptake the excess
of glutamate that together with quinolinic acid will enhance
glutamatergic neurotransmission leading to the development
of symptoms of depression. Proinflammatory cytokines can
additionally stimulate HPA axis to release glucocorticoids
that supress neurogenesis (Liu et al., 2003). Recently, it was
suggested that neuroinflammation may not only derive from
pathological conditions, but also from enhanced neuronal
activity denominated as neurogenic neuroinflammation that may
aggravate stressful stimuli (Xanthos and Sandkuhler, 2014). How
inflammation decreases neurogenesis and leads to dysfunction of
neurotrophic system is scarcely understood as it is the cross-talk
between microglia, mostly associated to neuroinflammation, and
astrocytes that produce neurotrophins (Song and Wang, 2011).

It was observed that chronic unpredictable mild stress-
exposed rats, a well-documented model of depression, produced
increased IL-1β mRNA and protein levels in the prefrontal
cortex, which were not reproduced in serum or cerebrospinal
fluid (CSF). Nuclear factor kappa B (NF-κB) inflammatory
pathway and nucleotide binding and oligomerization domain-
like receptor family pyrin domain-containing 3 (NLRP3)-
inflammasome activation in microglial cells revealed to be
implicated (Pan et al., 2014). However, there are controversial
data on IL-1β alterations in periphery and CSF between
depressed animals and patients. In a meta-analysis study,
no changes were found for IL-1β, though elevated levels of
tumour necrosis factor (TNF)-α_and IL-6 were observed in
depressed subjects compared with control subjects (Dowlati
et al., 2010). In other studies, patients with depression showed
increased serum levels of IL-1β, IL-6, IL-8, IL-12 and TNF-α,
together with a decrease in IL-10 levels, an anti-inflammatory
cytokine (Schiepers et al., 2005; O’Brien et al., 2007; Song
et al., 2009). Actually, studies point to the activation of

inflammatory responses and to microglial P2X7, a purinergic ion
channel activated by ATP, as contributors to the pathogenesis
of depression (for review, see Stokes et al., 2015). Microglia
activation is particularly enhanced in individuals who committed
suicide and in depressive patients (Steiner et al., 2008; Schnieder
et al., 2014). In addition, suicide has been related not only to
microglial activation, but also to an increase of perivascular
macrophages around blood vessels (Torres-Platas et al., 2014). In
fact, stress has been linked to the development of both depression
and anxiety, with a key contribution of microglia activation, as
well as of recruitment of peripheral macrophages into the brain to
such events (Phillips et al., 2015; Réus et al., 2015). On the other
hand, the neuroinflammatory status associated with depression-
like symptoms may also result from the existence of peripheral
or central chronic inflammatory processes that continuously
activate peripheral macrophages, sending inflammatory signals
to the brain (Roman et al., 2013).

Hippocampus is a region with a high density of microglial
cells, especially in the CA1 region, and hippocampal microglial
activation demonstrated to be originated by stress and suggested
to be implicated in the pathophysiology of MDD, as well as
in other psychiatric and stress-related disorders (Walker et al.,
2013). Increased high mobility group box-1 (HMGB-1) protein
was demonstrated to be increased in the hippocampus of male
Sprague Dawley rats after tail shocks and to be responsible
for microglia priming by acting on the NLRP3 inflammasome
(Weber et al., 2015). In addition, low dose administration of
lipopolysaccharide (LPS) to mice, as a model of depression, led to
HMGB1 translocation from the nucleus to the cytoplasm, while
blockage of HMGB1 abrogated the depressive-like behavior
induced by LPS (Wu et al., 2015).

Magnetic resonance imaging findings in the chronic mild
stress (CMS) rodent animal, a model of depression, showed
demyelination signs at the bilateral frontal cortex, hippocampus
and hypothalamus, which revealed to be associated with
brain oedema and inflammation (El-Etr et al., 2015). Gene
expression profiling studies from patients with MDD showed
that genes involved in energy metabolism and mitochondrial
function were downregulated (Konradi et al., 2012), that
genes involved in immune response and inflammation were
upregulated (Shelton et al., 2011), and that genes expressed
in oligodendrocytes were downregulated (Aston et al., 2005).
These studies further corroborate the association between energy
impairment, inflammation and myelin loss during MDD.

Non-responders to depressive treatment have shown
increased baseline inflammation and oxidative stress
(Strawbridge et al., 2015; Vaváková et al., 2015). A recent
study evidenced that the antidepressant drug venlafaxine,
though not having any influence on the majority of microglia-
related proinflammatory parameters, significantly reduced
superoxide production while revealed a protective effect on
mitochondrial membrane potential, suggesting ability to prevent
the progression of depression (Dubovický et al., 2014).

Inflammation-associated depression is now considered a
clinical entity that provides an understanding on the dynamics of
interaction between peripheral and brain mechanisms (Dantzer
et al., 2011). Experimentally, acute immumostimulation by
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peripheral administration of LPS in mice caused sickness,
increased immobility in the tail suspension test and depressive-
like behavior in the forced swim test, together with a delayed
cellular activity (Frenois et al., 2007; O’Connor et al., 2009).
Some studies indicate that anti-inflammatory compounds in
patients with inflammatory disorders and depressed patients
may improve depressed mood, but conclusive data still waits
confirmation (Miller et al., 2009; Song and Wang, 2011).

It is still a matter of debate whether a chronic inflammatory
state may contribute to depression etiology or if inflammation
occurs as a consequence of a depressive state. As mentioned
above many stimuli related to depression may trigger microglia
activation, namely: (i) peripheral or central inflammatory
challenges; (ii) stress-related conditions derived from increase
of glucocorticoids via HPA axis, reported to activate microglia
(Sorrells and Sapolsky, 2007), from changes in gut microbiota,
shown to control the maturation and functioning of microglia
(Erny et al., 2015), or from psychological stress that promote
microglial activation through the release of alarmins within
the brain (Maslanik et al., 2013); and (iii) intense neuronal
activity. This activation, may then promote the suppression
of neurogenesis and neuroplasticity further enhancing the
development of depression-like symptoms, suggesting that a
prior inflammation may set the basis for the emergence of
depression. Furthermore, continuous activation of microglia
may concur to microglia function decline which have more
recently been observed in depressive patients (Hannestad et al.,
2013) and reported in several neurological conditions including
aging, Alzheimer’s disease (AD), and chronic stress which are
associated with a higher prevalence of MDD.

The study of cellular and molecular mechanisms of
inflammation-associated depression will open new possibilities
for developing new antidepressant compounds targeting
neuroinflammation or its downstream pathways. Nevertheless,
we should be cautious in believing that depression can be treated
by therapies targeting inflammation. Further studies are required
to evaluate whether a combined therapy with anti-inflammatory
compounds and antidepressants will result in additional clinical
benefits.

ROLE OF microRNAs IN DEPRESSION

MiRNAs are a class of small noncoding RNAs that are key
post-transcriptional regulators of gene expression, which may
impair the translation of their target mRNA or promote its
degradation, though they can on the contrary also act as
translation activators or even impair transcription by binding
to gene promoters (Krol et al., 2010; Younger and Corey,
2011). If we consider that more than 1400 miRNA genes were
already identified, that each one may target a high number
of different mRNAs, which individually can be suppressed by
multiple mRNAs, there is no doubt on their role as robust
determinants of cellular states (Krol et al., 2010; Rota et al., 2011;
Lin and Gregory, 2015). Most of miRNAs are transcribed as
pri-miRNAs by RNA polymerases II and III in the nucleus and
cut into pre-miRNAs by the Drosha complex (Mouillet-Richard
et al., 2012). Pre-miRNAs are transported to the cytoplasm by

exportin 5 and Ran GTPase for final processing by the RNAse
III enzyme Dicer generating 22 nt double-stranded mature
miRNAs with a 5′ phosphate end (Gregory and Shiekhattar,
2005; Ksiazek-Winiarek et al., 2013). The mature miRNA is then
incorporated into the RNA-induced silencing complex (RISC),
which become able to repress translation (O’Connor et al.,
2012).

Previous studies indicate that miR-124 and miR-128 are
primarily expressed in neurons, whereas miR-23, miR-26,
and miR-29 exist in large amount in astrocytes, supporting
a differential nature of expression (Smirnova et al., 2005).
Some miRNAs are associated with neurological functions such
as learning and memory and miR-132, -134, and -let-7 are
suggested to play a crucial role in the formation and plasticity
of synapses, and miR-124a and miR-125b have been associated
to the outgrowth of axons (Schratt et al., 2006; Le et al.,
2009; see Table 1). MiR-124 is the most abundant in the brain
and its dysregulation has been related with neurodegeneration,
neuroimmune disorders and CNS stress among others (for
review, see Sun et al., 2015). It was previously indicated to be a
key regulator of adult neurogenesis (Cheng et al., 2009) and one
of its targets is CREB (Rajasethupathy et al., 2009).

Also involved in neurogenesis is the miR-137 associated
with the development of neural stem cells into mature neurons
(Szulwach et al., 2010). Synaptic plasticity is a critical process in
learning and memory and its disruption may trigger psychiatric
disorders. Recent evidence suggests that neuronal plasticity
plays an important role in the recovery from depression and
brain derived-neurotrophic factor (BDNF) is a mediator of this
plasticity (Castrén and Rantamäki, 2010). Actually, BDNF was
found decreased in depressed patients and in stressed animals
(Dwivedi, 2009). In this context, miRNAs are known to influence
BDNF, which may in turn induce the synthesis of miR-132
to regulate neurogenesis (Castrén and Rantamäki, 2010; Yan
et al., 2013). The mitogen-activated protein kinases (MAPK)
superfamily, including the extracellular signal-regulated kinase
(ERK), c-Jun N-terminal kinase and p38 proteins, when activated
in microglia trigger the release of pro-inflammatory mediators
(Kaminska et al., 2009; see Figure 1), making MAPK signal
transduction crucial in regulating gene expression and mediating
a rapid response in stress-responsive microRNA expression
(Biggar and Storey, 2011). Expression of miR-221 and miR-222
was shown to be related with ERK1/2 activation (Terasawa et al.,
2009).

MiRNA expression was reported to be globally downregulated
in the prefrontal cortex of depressed suicide victims (Smalheiser
et al., 2012), which is consistent with the hypo-activation of
the frontal cortex reported in depressed subjects (Covington
et al., 2010). Those Authors observed that the 21 miRNAs
found downregulated were related to cell growth and
differentiation. However, miR-185 and miR-491-3p were
increased in the frontal cortex of suicide completers (Serafini
et al., 2014). Complementary studies using post-mortem
human prefrontal cortex samples from MDD patients showed
that miR-1202, a primate specific miRNA that is enriched
in the human brain, was down-regulated in depressed
individuals (Lopez et al., 2014). This miR-1202 targets the
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TABLE 1 | Critical and dysregulated microRNA (miR) in conditions of stress/depression.

microRNA Associated to depression-related pathways Directly implicated
in stress/depression

Reference

miR-1202
GRM4 as target. Modulator of glutamatergic,
dopaminergic, GABAergic and
serotonergic neurotransmission. Regulator of
anxiety-related behaviors.

↓ in the MDD patient’s brain Davis et al. (2012), Lopez
et al. (2014) and Rucker and
McGuffin (2014)

Let-7a Neuronal differentiation of embryonic neural
progenitors. Formation and plasticity of
synapses.

↑ in the frontal cortex following acute
stress

Schratt et al. (2006),
Schwamborn et al. (2009)
and Rinaldi et al. (2010)

miR-124 Important for neurogenesis. ↑ in the medial pre-frontal cortex
following maternal separation stress

Uchida et al. (2010)

miR-29a Targets Voltage Dependent Anion Channel and
ATP synthetase.

↑ in the medial pre-frontal cortex
following maternal separation stress

Uchida et al. (2010) and
Bargaje et al. (2012)

miR-26a Important in neuronal development and
morphogenesis.

↑ in the frontal cortex following acute
stress

Rinaldi et al. (2010) and Li
and Sun (2013)

miR-26b Induces cell cycle in postmitotic neurons and
apoptosis.

↑ in the frontal cortex following acute
stress

Rinaldi et al. (2010) and
Absalon et al. (2013)

miR-26b, miR-1972, miR-4485,
miR-4498, and miR-4743

Target biological processed involved in brain
development and function: axon guidance and
extension, synaptic transmission, learning and
memory.

↑ in peripheral blood mononuclear cells
from MDD patients

Fan et al. (2014)

miR-221-3p, miR-34a-5p, and
let-7d-3p

Target serotonin receptors, corticotrophin-
releasing hormone receptor and glutamate
transporters. Enrich pathways related to
neuronal function in depression.

↑ in serum from MDD patients Wan et al. (2015)

miR-451a ↑ in serum from MDD patients
miR-132 and miR-182 BDNF as target. ↑ in serum from depressed patients.

Polymorphism in the miR-182 gene is
associated with MDD.

Li et al. (2013) and Saus
et al. (2010)

miR-134 Can negatively regulate the size of dendritic
spines.

↑ in amygdala after owing acute stress Schratt et al. (2006) and
Meerson et al. (2010)

miR-183 Regulates the circadian-clock period. ↑ in amygdala after owing acute stress Xu et al. (2007) and
Meerson et al. (2010)

miR-1302 and miR-625 P2XR7 as target. Neuronal receptor involved
in synaptic transmission. Microglia scavenger
receptor involved in phagocytosis.

SNP in putative miRNA target sites
of miR-1302 and miR-625 of buccal
epithelial cells from MDD patients

Sperlágh et al. (2006),
Rahman et al. (2010) and
Gu et al. (2011)

miR-9 Controls dendritic growth and synaptic
transmission.

↑ in the frontal cortex following acute
stress and in the medial pre-frontal
cortex following maternal separation

Rinaldi et al. (2010), Uchida
et al. (2010) and Giusti et al.
(2014)

miR-144-5p Targets PKC, Wnt/β-catenin, and PTEN
pathways. Is involved in response to mood
stabilizer treatment and stress responses.

↑ in the plasma of depressed patients Zhou et al. (2009), Katsuura
et al. (2012) and Wang et al.
(2015)

BDNF, brain-derived neurotrophic factor; CSF, cerebrospinal fluid; GRM4, metabotropic glutamate receptor-4; PTEN, phosphatase and tensin homolog; PKC, protein

kinase C; P2XR7, purinergic receptor P2x, ligand-gated ion channel 7; SNP, single nucleotide polymorphisms.

expression of the gene encoding metabotropic glutamate
receptor-4 (GRM4), which was also up-regulated in MDD
patient samples. This receptor is localized pre- and post-
synaptically and functions as modulator of glutamatergic,
dopaminergic, GABAergic and serotonergic neurotransmission
(Pilc et al., 2008). More recently, it has been pointed
as a regulator of anxiety-related behaviors (Davis et al.,
2012).

A different study analyzed miRNAs in the peripheral blood
mononuclear cells (PBMCs) of MDD patient and identified that
5 miRNAs were up-regulated, such as miRNA-26b, miRNA-
1972, miRNA-4485, miRNA-4498, and miRNA-4743 (Fan et al.,
2014; see Table 1). The Authors next looked at predicted targets
of these miRNAs and identified genes with a wide variety

of biological effects, including axon guidance and extension,
synaptic transmission, learning and memory, which changes
have been associated to the pathophysiology of MDD. In
addition, another work evidenced that the plasma expression
of miR-144-5p was inversely associated with depression and
suggested its origin from the pathologic processes of depression
(Wang et al., 2015). MiR-144-5p is involved in the response to
mood stabilizer treatment (Zhou et al., 2009) and stress responses
(Katsuura et al., 2012), and target the protein kinase C (PKC),
Wnt/β-catenin, and phosphatase and tensin homolog (PTEN)
pathways (Zhou et al., 2009).

Several altered miRNAs were also identified in the CSF
of MDD patients but, notably, elevated miR-221-3p, miR-
34a-5p and let-7d-3p, together with low miR-451a levels in
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FIGURE 1 | Microglia activation with release of extracellular vesicles (EVs). In the healthy central nervous system, microglia have highly ramified morphology
with thin processes, which constantly monitor brain parenchyma to maintain the homeostasis. These microglia are commonly designated as surveillant microglia.
Upon stimuli, namely by the proinflammatory lipopolysaccharide (LPS), reactive or activated microglia acquire different morphologies from hypertrophic with enlarged
processes to an amoeboid shape. Intracellularly, several pathways become activated including the mitogen-activated protein kinases (MAPKs) superfamily,
comprising the c-Jun N-terminal kinase (JNK 1/2) and p38 proteins, which will trigger the activation of the nuclear factor-κB (NF-κB) and consequent induction of
first-line cytokine production, such as interleukin (IL)-1β, IL-6 and tumour necrosis factor (TNF)-α. In parallel, microglia are also able to sense cellular/molecular debris
and intervene by phagocytosing them. Interestingly, messenger RNAs (mRNAs, curved symbols), microRNAs (miRNAs, black symbols) and cytokines (diamond-like
symbols) are selectively incorporated into multivesicular bodies (MVBs) and may be released from activated microglia encapsulated in EVs, comprising exosomes
and microvesicles. While exosomes are endocytic membrane-derived vesicles of small size (30–100 nm) that are contained in MVBs in the endosomal system and
secreted upon MVB fusion with the plasma membrane, microvesicles/ectosomes are quite large vesicles (100–1000 nm) that bud directly from the plasma
membrane. These vesicles will act as vehicles in cell-to-cell communication, being considered potential carriers of altered molecules promoting disease propagation.

serum, were suggested as potential biomarkers of MDD (Wan
et al., 2015). Among the 16 miRNAs identified part of them
were reported to be down-regulated during antidepressant
medications (miR-30a-5p, miR-34a-5p and miR-221; Zhou
et al., 2009). Analysis of their target genes showed that some
important genes related to MDD, such as serotonin receptors
(HTR2C), corticotrophin-releasing hormone receptor (CRHR1)
and glutamate transporters (SCL1A2), were down-regulated.
In contrast, diverse pathways linked to neuronal function in
depression, including axon guidance, Wnt signaling pathway,
neurotrophin signaling pathway, and long-term depression, were
associated to alterations in miR-451a, let-7d-3p, miR-221-3p and
miR-34a-5p in both serum and CSF. This study highlighted the
existence of differentially altered miRNAs in CSF and serum of
MDD patients and their modulation by antidepressant treatment
suggesting their potential use as biomarkers for MDD. Curiously,
overexpression of miR-34a, miR-30a-5p and let-7d were also
shown to down-regulate BDNF expression (Croce et al., 2013).

Data from a mouse model with learned helplessness—an
analog for depressive symptoms, demonstrated up-regulation
of a polycistronic miRNA cluster (including miR-96, miR-
182, and miR-183) that was shown to target genes in step
with the circadian clock (Xu et al., 2007). In accordance,
increased serum levels of miR-182 and also miR-132 were
also found in patients with depression (Xu et al., 2007). Most
attractive was the report that both miRNAs targeted BDNF,
which have also been detected at lower serum levels in patients
with depression (Pallavi et al., 2013). Recently, it was shown

that genetic variations in microRNA processing genes, namely
DGR8 and AG01 (variant AGOl rs636832), were associated
with depression (He et al., 2012). Therefore, given the role
of miRNAs as potential regulators of neurogenesis and neural
plasticity, and the studies suggesting that miRNA processing
polymorphisms may contribute to depression risk and response
to treatment (Dwivedi, 2014), it is anticipated that miRNAs
may constitute a diagnostic tool as well as targets to novel
medicines.

EXOSOMES AND ECTOSOMES AS
MEDIATORS OF NEUROINFLAMMATION

All neural cells, including neurons, astrocytes, oligodendrocytes
and microglia, release EVs comprising exosomes and ectosomes,
either in normal or pathological conditions (Gupta and Pulliam,
2014). For instance exosomes and ectosomes were shown to
be implicated in amyloid-beta (Aβ) cell-to-cell spreading and
neurotoxicity (Brites, 2015). In addition, proteins recruited to
exosomes were suggested to be linked to overexpression of
tau and associated to both toxicity and neurofibrillary lesion
spreading in AD (Saman et al., 2014). Lately, it was suggested that
increased incorporation of P-S396-tau, P-T181-tau, and Aβ1–42
in neurally derived blood exosomes predict the occurrence
of AD up to 10 years before clinical onset (Fiandaca et al.,
2015). Most curious tau dysfunction, in addition to the direct
effects of Aβ, may drive alterations in microglial phenotypes
and neuroinflammation (Metcalfe and Figueiredo-Pereira, 2010;

Frontiers in Cellular Neuroscience | www.frontiersin.org December 2015 | Volume 9 | Article 476 | 47

http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Brites and Fernandes Microglia Activation, Microvesicles and miRNAs in Neuroinflammation-Depression

Wes et al., 2014). This may justify why minocycline, an anti-
inflammatory agent, was shown to reduce neuroinflammation
and to restore cognition in an AD mouse model (Parachikova
et al., 2010).

Transfer of toxic proteins by exosomes include α-synuclein
with a concomitant increase in recipient cells factors that
is associated with Parkinson’s disease (PD) pathology and
progression, thus providing a suitable target for therapeutic
intervention (Alvarez-Erviti et al., 2011a; Bellingham et al.,
2012b). Moreover, it was demonstrated that α-synuclein can
induce an increase of microglia secreted exosomes containing a
high level of major histocompatibility complex (MHCs) class II
molecules and membrane TNF-α (Chang et al., 2013). Exosomes
derived from astrocytes and motor neurons also showed a key
role in the amyotrophic lateral sclerosis (ALS) disease based
on studies demonstrating the efficient transfer of mutant and
misfolded copper-zinc superoxide dismutase 1 (SOD1) to other
cells, reason why exosomes are now suggested as targets to
modulate ALS disease (Basso et al., 2013; Grad et al., 2014).

Aberrantly expressed cellular miRNAs, selectively packaged
and transported in exosomes, can lead to dysregulated gene
expression in the recipient cell (Gupta and Pulliam, 2014).
Exosomes released by prion-infected neuronal cells showed
increased let-7b, let-7i, miR-128a, miR-21, miR-222, miR-29b,
miR-342-3p and miR-424 levels, together with reduced miR-
146a levels as compared to non-infected exosomes (Bellingham
et al., 2012a). Exosomes were associated to the pathogenesis of
infectious CNS diseases, prion disease, AD, PD and ALS (Brites
and Vaz, 2014; Gupta and Pulliam, 2014; Brites, 2015).

BIOGENESIS OF EXOSOMES AND
ECTOSOMES

Cells release into the extracellular environment several types
of membrane vesicles from endosomal and plasma membrane
origin designated by exosomes and MVs or ectosomes,
respectively (Raposo and Stoorvogel, 2013). These EVs, a
designation that was recommended for the two classes of vesicles
(Cocucci and Meldolesi, 2015), represent an important mode of
intercellular communication by serving as vehicles for transfer
and delivery of membrane and cytosolic proteins, lipids, mRNAs,
and microRNAs (miRNAs) between cells (Lin et al., 2015). EVs
are present in many if not all bodily fluids, including blood,
urine, saliva, amniotic fluid, breast milk and culture medium
of cell cultures (Théry et al., 2002, 2006). Since they contain
biologically active proteins and regulatory RNAs, they are
suggested to be associated with the propagation of a disease and
to create a microenvironment that may favor disease progression
(Vingtdeux et al., 2012; Kahlert and Kalluri, 2013).

EVs also include other denominations besides exosomes and
ectosomes, as shedding vesicles, nanoparticles, microparticles
and oncomes among others (Cocucci and Meldolesi, 2015).
Exosomes are endocytic membrane-derived vesicles of small size
(30–100 nm) that are contained in multivesicular bodies (MVBs)
in the endosomal system and secreted upon MVB fusion with
the plasma membrane (Prada et al., 2013; see Figure 1). MVs
observed by transmission electron microscopy pictures exhibit

characteristic cup-shaped or ellipsoid morphology (Momen-
Heravi et al., 2012; Fertig et al., 2014). Secretion of exosomes
derived from motor neuron-like NSC-34 cells overexpressing
mutant hSOD1G93A was proposed as a mechanism of cell-to-
cell transfer of mutant SOD1 toxicity (Gomes et al., 2007). These
cells indeed release with the characteristic cup-shape morphology
by transmission electron microscopy.

Although little is known about MVB fusion with the
plasma membrane, several Rab GTPases, including Rab5,
Rab27, and Rab35, were suggested to be involved (Shifrin
et al., 2013). Exosomal membranes are enriched in cholesterol
and sphingomyelin and certain membrane proteins, such
as tetraspanins and integrins (Frühbeis et al., 2012).
Exosome production may be inhibited by targeting neutral
sphingomyelinase-2 with GW4869 (Yuyama et al., 2012) or
manumycin-A that also showed to impair transfer of miRNAs
to other cells (Mittelbrunn et al., 2011). MVs/ectosomes are
quite large vesicles (100–1000 nm) that bud directly from the
plasma membrane (Turola et al., 2012; see Figure 1). The rate
of ectosome shedding is variable, with cells showing elevated
formation and release, and others a low rate of ectosome
formation (Cocucci and Meldolesi, 2011). Although there are
differences on the biogenesis of exosomes and ectosomes, the
two EVs display a similar function when released (Cocucci and
Meldolesi, 2015). CD63 and CD61 are indicated as markers
of exosomes and TyA and C1q of ectosomes, considering the
uncertainty of many others that have been appointed. The
time of release varies from delayed in exosomes to seconds in
ectosomes. Moreover, only 5% of exosomes have externalized
phosphatidylserine while MVs/ectosomes evidence a major
representation (Prada et al., 2013). The removal of plasma
membrane by ectocytosis is compensated by the fusion of MVBs
as a compensatory exocytic process of preformed intracellular
vesicles (Sadallah et al., 2011; Cocucci and Meldolesi, 2015).

ROLE OF VESICLES IN NEURON—GLIA
COMMUNICATION

Brain function depends on coordinated interactions between
neurons and glial cells that include microglia, astrocytes, and
oligodendrocytes. These cells release vesicles in a way regulated
by glutamate (Chivet et al., 2014), which participate in the
communication between those cells. EVs released from primary
cortical astrocytes and microglial cells appear to be triggered by
ATP-mediated activation of P2X7 receptors, after exposure of
phosphatidylserine at the cell surface, followed by downstream
stimulation of acid sphingomyelinase (Bianco et al., 2009).

Immature and reactive astrocytes in primary cultures were
shown to release large vesicles (up to 8 µm) from the cell
surface containing functional mitochondria and lipid droplets,
probably as a consequence of repetitive ATP stimulation
(Falchi et al., 2013). Vesicle delivery to the plasma membrane
involves interaction with the cytoskeletal microtubules and
actin filaments (Kreft et al., 2009). Astrocytes also release
smaller EVs with approximately 100 nm in size (exosomes;
Gosselin et al., 2013) containing both neuroprotective and
neurotoxic molecules. Astrocyte-derived MVs and exosomes
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were described to present neuroprotective proteins including
synapsin 1 (Wang et al., 2011), molecules implicated in
angiogenesis such as VEGF (Proia et al., 2008), and matrix
metalloproteinases involved in extracellular matrix proteolysis
(Sbai et al., 2010). Stressful events in astrocytes, like heat or
oxidative stress, were shown to induce the release of exosomes
carrying the heat shock protein 70 (Hsp70) and synapsin 1
with a pro-survival effect on neurons (Taylor et al., 2007).
Upon pathological conditions it has been suggested a detrimental
role of astrocyte-derived EVs in the propagation of pathogenic
proteins in the course of neurodegenerative disorders. Astrocytes
expressing SOD1 mutant, involved in familiar ALS, release
a higher amount of exosomes carrying this mutant protein,
which were shown to promote in vitro motor neuron death
following SOD1 efficient transfer (Basso et al., 2013). Further,
astrocytes exposed to Aβ species evidenced to secrete pro-
apoptotic exosomes which may be taken up by astrocytes
themselves or by other neighboring cells contributing to AD
neurodegeneration (Wang et al., 2012). Most attractive, it
was recently showed that the functional astrocytic excitatory
amino-acid transporter (EAAT)-1 is present in secreted EVs,
increasing its concentration upon astrocyte activation (Gosselin
et al., 2013), suggesting a possible role of this microvesicular
transporters in reducing excitotoxicity at an extracellular
level.

Oligodendrocyte-axon interaction constitutes a functional
unit allowing neuronal integrity (Nave, 2010). Oligodendrocytes
secrete exosomes in a calcium-dependent fashion containing
myelin proteins and lipids (Frühbeis et al., 2012). These
exosomes seem to convey autocrine signals (Bakhti et al., 2011),
but can also be internalized by microglia by micropinocytosis to
be degraded, thus avoiding an immune reaction (Fitzner et al.,
2011). Early studies suggest that oligodendrocyte exosomes may
play a crucial role in allowing the supply of myelin proteins (i.e.,
proteolipid protein and myelin oligodendrocyte glycoprotein),
heat-shock proteins, glycolytic enzymes and more recently
glycolytic substrates including lactate (Krämer-Albers et al.,
2007; Lee et al., 2012). Oligodendroglial exosomes may be
also internalized by neurons through endocytosis and their
cargo may contribute to neuroprotection and long-term axonal
maintenance (Frühbeis et al., 2012). Moreover, the release of
oligodendrocyte-derived exosomes seems to be modulated
through neuronal signaling (Frühbeis et al., 2013). Glutamate
release from neurons activates oligodendrocytes through
N-methyl-D-aspartate receptor (NMDA) engagement leading
to an increase of intracellular calcium and exosome secretion.
These exosomes are then internalized specifically by neurons,
and increased firing rate and altered gene expression upon
oligodendroglial exosome exposure was observed (Frohlich
et al., 2014), confirming that oligodendrocytes influence
neuronal physiology, either by induction of signaling cascades
or by transfer of mRNAs and miRNAs. Oligodendrocyte-
derived MVs have also been described to inhibit both
the morphological differentiation of oligodendrocytes and
myelin formation through neuronal modulation (Bakhti
et al., 2011), suggesting a sophisticated control of myelin
membrane biogenesis via MVs. As a physiological degradation

of oligodendroglial membrane, part of oligodendrocyte-derived
exosomes may be internalized by MHC class II negative
microglia through macropinocytosis being subsequently cleared
via the lysosomal pathway with no inflammatory response
(Fitzner et al., 2011). However, in pathological situations
such as AD, where activated microglia are associated with an
intense inflammatory milieu, oligodendrocytes were reported
to secrete EVs containing degraded myelin proteins (Zhan
et al., 2014). Upon stressful conditions, oligodendrocytes
may also release immune mediators and express known
chemoattractants, signifying an active role on microglia
activation and recruitment to the injured area (Peferoen et al.,
2014). Microglia activation and MV release will be the subject of
the next section.

Recent evidences indicate that exosomes from neuroblastoma
cells bind to neurons and glial cells, despite being preferentially
endocytosed by glia, while those released upon synaptic
activation bind selectively to other neurons (Chivet et al., 2014).
On the other hand, the release of serotonin from neurons was
evidenced to regulate microglia-derived exosomes involving the
elevation of intracellular calcium, at least under physiological
conditions, what suggests a neurotransmitter dependent release
(Glebov et al., 2015). Most curious, it was also demonstrated
that exosomes secreted by Schwann cells, the peripheral glial
cell type, are internalized by neurons increasing neurite growth
substantially and axonal regeneration (Lopez-Verrilli et al.,
2013). Most relevant, intercellular chaperone transmission
mediated by exosomes was demonstrated to contribute to
maintenance of protein homeostasis (proteostasis; Takeuchi
et al., 2015). Moreover, the secretion of harmful or unwanted
material in exosomes together with the autophagy-lysosomal
pathway also contribute to preserve intracellular protein and
RNA homeostasis (Baixauli et al., 2014).

Besides the biological roles of EVs in the CNS, these EVs
are also correlated with several neurological diseases, as already
indicated. To be noted that alterations in exosome composition
in some pathological conditions may switch the immunologically
inert exosomes into active ones triggering inflammatory
reactions in the CNS. EVs from oligodendroglioma cells
revealed to induce astrocyte cell death in primary cultures,
which was suggested to be mediated by the pro-apoptotic
effects of Fas ligand (FAS-L) and TNF-related apoptosis-
inducing ligand (TRAIL; Lo Cicero et al., 2011). Moreover,
it was mentioned that exosome-associated amyloids can act
as seeds for plaque formation contributing to AD (Rajendran
et al., 2014). Intriguingly, the transfer of miR-1 in EVs
from the glioblastoma cells was shown to induce multiple
changes in the glioblastoma multiform (GBM) surrounding
cells (Bronisz et al., 2014). Involvement of exosomes in
pathological processes is also associated with their role as
potential carriers of misfolded proteins (Bellingham et al.,
2012b; Russo et al., 2012; Schneider and Simons, 2013). Cell-
to-cell communication by exosomes has been related to the
PD progression. Neuronal exosomes containing α-synuclein
were suggested to be transmitted from neuron-to-neuron and
from neuron-to-glia, while those from activated glial cells to be
transferred in a glia-to-glia process, leading to disease spread and
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propagation of the inflammatory response, respectively (Russo
et al., 2012).

EXOSOMAL microRNA SIGNATURE

Cumulating data suggest that miRNAs are potential biomarkers
for the diagnosis and prognosis of a variety of diseases such as
cancer and neurological diseases (Mishra, 2014; Warnecke-Eberz
et al., 2015). Although no references associate exosomes with
depression syndromes, several reports highlight the involvement
of miRNAs and posttranscriptional dysregulation in psychiatric
disorders (see Table 1). One of the first association of depression
with altered miRNAs was described for P2RX7 (purinergic
receptor P2x, ligand-gated ion channel 7) gene, where single
nucleotide polymorphisms (SNPs) were identified in putative
miRNA target sites of miR-1302 and miR-625 within the P2RX7
3′-untranslated region (Rahman et al., 2010). P2RX7 channel is
involved in synaptic neurotransmitter regulation (Sperlágh et al.,
2006) and is present in microglia acting as a scavenger receptor
in the absence of its ligand ATP, mediating phagocytosis of
apoptotic cells and insoluble debris (Gu et al., 2011).

Recently, mRNAs and miRNAs were identified in exosomes
and showed to derive from an active sorting mechanism since
the miRNA profiling revealed that it may differ from that of
the cells of origin (Zhang et al., 2015). The latest exosome
content database identified 4563 proteins, 194 lipids, 1639
mRNAs, and 764 miRNAs in exosomes from multiple organisms
(Mathivanan et al., 2012). Electron microscopic analysis revealed
that microglia release exosomes with proteins already identified
in B cell- and dendritic cell (DC)3-derived exosomes, but with
unique proteins such as the aminopeptidase CD13 and the
lactate transporter MCT1, which may supply supplementary
energy substrate to neurons during synaptic activity (Potolicchio
et al., 2005; see Figure 2 for the typical protein composition
of exosomes derived from microglia). The Authors used the
N9 microglial cell line and analysis by mass spectroscopic
peptide mapping, Western blotting, and enzymatic analysis. They
found that N9-derived exosomes express specific markers of
late endosomes corroborating their organelle origin, as well as
MHC class II molecules and cathepsin S indicative of their
function as antigen presenting cells. Integrins involved in antigen
presentation and pattern recognition receptors important for
innate immunity were also detected.

Recent evidence suggests that miRNAs are transferred by
exosomes to recipient cells, while altering gene expression and
mediating functional properties (Valadi et al., 2007; Mittelbrunn
et al., 2011; Turchinovich et al., 2013; Weber, 2013). Exosomal
miRNA was indicated to be released via ceramide-dependent
secretory pathways controled by neutral sphingomyelinase that is
crucial for budding of intracellular vesicles into MVBs (Trajkovic
et al., 2008; Kosaka et al., 2010b; Kogure et al., 2011; Mittelbrunn
et al., 2011). However, the precise mechanisms of vesicular
miRNAs sorting and secretion are still to be clarified.

Since the majority of current reports describing isolation
of MVs-associated extracellular miRNA only rely on
ultracentrifugation, one should understand that such
experiments inevitably characterize miRNAs in a mixed

FIGURE 2 | Composition of typical microglial exosomes. Exosomes are
packed with several cellular components including messenger RNAs (mRNAs,
curved symbols), microRNAs (miRNAs, black symbols) and proteins.
Microglia-derived exosomes express specific markers of late endosomes
corroborating their organelle origin, as well as major histocompatibility
complexes (MHCs) class II molecules and enzymes (i.e., cathepsin S)
indicative of their function as antigen presenting cells, and integrins involved in
antigen presentation and pattern recognition receptors important for innate
immunity. Flotillin 1 is a membrane-associated protein that is enriched in
exosomes and thus commonly used as an exosomal marker. Tetraspanins are
a family of transmembrane proteins that become integrated in the membrane
of EVs and among them are CD9, CD63 and CD81, which are particularly
enriched in microglia-derived exosome. The surface-bound aminopeptidase
CD13 that degrades enkephalins and the lactate transporter monocarboxylate
transporter 1MCT-1 are also highly expressed in exosomes released from
microglial cells. CD14 is a monocyte/macrophage marker, regularly used to
characterize exosomal preparations. Extrusion of Na, K-ATPase is likewise
frequent in different populations of exosomes. Microvesicles also carry the
proinflammatory cytokine interleukin (IL-1β) that is shed from the plasma
membrane of the microglial cell upon ATP stimulation. In addition, exosomes
may additionally contain a distinct set of proteins, such as cytoskeletal proteins
and the glycolytic protein glyceraldehyde 3-phosphate dehydrogenase
(GAPDH). The illustration is based on proteomic analysis of exosome
preparations derived from N9 microglial cells (Potolicchio et al., 2005).

population of MVs and exosomes (Turchinovich et al., 2013).
This is the case of a recent study identifying the presence
of miR-155 and miR-146a, two critical inflammation-related
miRNAs that showed to modulate microglia phenotype
(Cardoso et al., 2015), in exosomes that are released from
and taken up by dendritic cells (Alexander et al., 2015). The
Authors demonstrated that injection of miR-146a-containig
exosomes inhibited, while that of miR-155 promoted, the
endotoxin-induced inflammation in mice. Moreover, they
showed that one dendritic cell produces near 500 exosomes after
24 h of culture and that each one contains about one copy of
miR-146a.

It is presently considered that there are four main
processes for sorting miRNAs into exosomes: (i) The neural
sphingomyelinase 2-dependent pathway; (ii) The miRNA motif
and sumoylated heterogeneous nuclear ribonucleoproteins-
dependent pathway; (iii) The 3′-end of the miRNA sequence-
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dependent pathway; and (iv) The miRNA induced silencing
complex-related pathway (Zhang et al., 2015). It should be
considered that besides the involvement of specific sequences in
certain miRNAs in guiding their incorporation into exosomes,
sorting of exosomal miRNAs may be processed under the control
of enzymes or other proteins in a miRNA sequence-independent
manner (Khalyfa and Gozal, 2014).

Exosomal miRNAs have been indicated as a promising
platform for compartment biomarker and early detection of
diseases, including brain disorders (Cheng et al., 2014; Khalyfa
and Gozal, 2014; Hornick et al., 2015; Lin et al., 2015;
Schwarzenbach, 2015). Recent advances in the research of
exosomal biomarkers and their potential application in clinical
diagnostics will be addressed in the last section of this review.

MICROGLIA ACTIVATION AND
MICROVESICLE RELEASE

Emerging data indicate that activation of microglia is associated
to both secretion of soluble molecules and release of EVs into
the pericellular space. In the healthy CNS, microglia have highly
ramified morphology with thin processes, which dynamically
monitor the neural cell microenvironment for surveillance in
efforts to maintain homeostasis (Nimmerjahn et al., 2005;
Kettenmann et al., 2011; see Figure 1). Reactive or activated
microglia acquire several altered morphologies, including a
hypertrophic cell with enlarged processes, or an amoeboid shape
(reviewed in Gemma and Bachstetter, 2013). Depending on the
stimuli and on the extent of activation, microglia acquire several
phenotypes, being the M1 (inflammatory cell) and M2 subtypes
(pro-regenerative cells) the most commonly indicated (Brites and
Vaz, 2014).

The proinflammatory phenotype intends to protect and
repair the CNS from being damaged (Czeh et al., 2011; Chhor
et al., 2013; Brites and Vaz, 2014). However, excessive and
prolonged neuroinflammation can be cytotoxic and harmful (for
review, see Cherry et al., 2014). The M2 phenotype, or the
alternatively activated state, inhibits inflammation and works
to restore homeostasis. This phenotype may include different
subtypes: (i) M2a associated with the production of anti-
inflammatory cytokines and trophic factors (Colton, 2009); (ii)
M2b considered to be a combined M1/M2a subtypes (Brites
et al., 2015); and (iii) M2c associated with phagocytosis and
suppression of the innate immune system (Brites and Vaz,
2014). However, one should be cautious when considering
that M2 microglia is always advantageous, once it was
suggested to correspond to a deactivated, irresponsive population
(Chakrabarty et al., 2012), and M2a together with M2c cells
were shown to be implicated in AD progression in the APP/PS1
transgenic mice (Weekman et al., 2014). Actually, the notion
of microglia as either ‘‘good’’ or ‘‘bad’’ is believed to be too
simplistic because microglia switch between these phenotypes
and may exist in many intermediate states. Today it is also
believed that surveillant microglia is able to phagocytose spines
and apoptotic cells (Sierra et al., 2013). Further studies are
required to decipher the participation of microglia subtypes

in cell homeostasis and neuroinflammation under normal and
pathological circumstances.

Non-vesicular mechanisms of microglial secretion mediated
by connexin (Cx)43, Cx36, and P2X7 ATP channels are increased
in M1 microglia (Eugenín et al., 2003; Dobrenis et al., 2005;
Choi et al., 2007). Recent data have shown that reactive microglia
release EVs, which are implicated in communication with the
brain microenvironment (for review, see Prada et al., 2013).
MVs, but not exosomes, seem to contain the cytokine IL-1β

and its proform, together with pro-caspase-1, the inflammasome-
associated enzyme responsible for IL-1β maturation, when
microglia is stimulated by LPS (Bianco et al., 2005). Most
interesting, MVs derived from either M1 or surveillant microglia
were shown to modulate synaptic activity (Prada et al., 2013).
Recent studies evidenced that active synapses promote the
pruning of inactive ones by stimulating microglial phagocytosis
with exosomes (Bahrini et al., 2015).

Through these processes, microglia influence brain cell
functions, either by propagating inflammation and causing
neurodegeneration or by playing a neuroprotective role. Indeed,
it was demonstrated that MVs from reactive microglia induce an
inflammatory reaction in target cells (Verderio et al., 2012a) and
that α-synuclein treated microglia release activated exosomes,
triggering increased apoptosis and with a suggestive role in
the progression of PD (Chang et al., 2013). Microglia-derived
MVs were also shown to participate in AD neurodegeneration
by promoting the formation of soluble Aβ species and the
propagation of such toxic forms (Joshi et al., 2014). On
the other way, it was demonstrated that interferon (IFN)-γ
stimulated microglia release nutritive exosomes that conferred
protection to the neighboring cells (Pusic and Kraig, 2015).
The release of MVs, at least from macrophages, was shown
to be enhanced when cells are treated with ATP and when
polarized either in M1 or in M2 phenotypes. The content
of such MVS seems to be determined by the polarization
state in that nucleic acid content was shown to be specific
(Garzetti et al., 2013). Moreover, different stimuli may trigger
the release of MVs with distinct properties, as observed
with monocytes (Bernimoulin et al., 2009). Some studies
also evidence that induced and proliferative senescence is
associated with increased release of MVs, mainly exosomes
(Lehmann et al., 2008). Actually, exosome production and
secretion are altered during in vivo aging and in cancer,
and their cargo in miRNAs was suggested to contribute to
aging (Xu and Tahara, 2013). One may then assume that
activation lead to an increased release of MVs that may differ
on their cargo and be associated with several physiological
and pathological processes in which neuroinflammation play
a pivotal role. Moreover, microglial decline and senescence
was suggested to also be implicated in depression-associated
impairments such as neuroplasticity and neurogenesis (Yirmiya
et al., 2015). Recently, it was demonstrated two principal
mechanisms of transmembrane protein release from senescent
cells, one related with tumour necrosis factor receptor 1
(TNFR1) by ectodomain shedding and the other of the full-
length intercellular adhesion molecule 1 (ICAM1) through
MVs, probably exosomes (Effenberger et al., 2014). Interestingly
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while autophagy was shown to decrease with age, the release
of exosomes seems to be enhanced in senescent cells (Brites,
2015).

EXTRACELLULAR VESICLES
IN ADVANCED MEDICINE

EVs have been investigated in neurodegenerative diseases
as potential biomarkers, improving diagnosis and disease
monitoring, as well as vehicles for targeted delivery of
pharmacological compounds and gene therapies. Most attractive
is that each EV relies on its source cell. They share expression
level, presence, absence, mutation, copy number variation,
truncation, duplication, insertion, modification, sequence
variation, or molecular association of a given molecule being
defined as a bio-signature. According with this concept of EVs
bio-signature, analysis of EVs in circulating fluids may allow the
identification of their cellular source and constitute important
disease biomarkers, either in diagnosis or prognosis.

It has been proposed that serotonin dysfunctions are
implicated in the pathophysiology of MDD and decreased levels
were found in MDD patients (Paul-Savoie et al., 2011). Thus,
serotonin remains at the core of recent advances to elucidate
the underlying mechanisms of depression (Albert et al., 2012).
Most interesting serotonin was demonstrated to stimulate the
secretion of exosomes from microglia cells (Glebov et al., 2015).
We may speculate that low levels of serotonin in MDD patients
may influence the microglia release of exosomes and be related
with the pathology. Indeed, decreased exosome formation was
demonstrated to trigger Aβ aggregation for instance, reason
why exosome administration or enhancement of exosome
generation was suggested as a novel therapeutic approach to
AD (Yuyama et al., 2014). In the future, development of
engineered nanovesicles might be a valuable tool for the therapy
of pathologies associated with inflammation and oxidative stress,
including MDD. Future work on the role of exosomes in MDD is
required.

As previously noted exosomes may be used as delivery
platforms, encapsulating agents or siRNAs, but also as a
diagnostic tool due to their content in miRNAs and misfolded
proteins. The potential of miRNAs to serve as biomarkers in
a noninvasive manner for psychiatric and neurodegenerative
diseases and to monitor antidepressant response has been
progressing (Dwivedi, 2011, 2014; Serafini et al., 2012; Chana
et al., 2013; Dorval et al., 2013). Based on studies demonstrating
the role of miRNAs in neural plasticity, neurogenesis and
stress response, it is believed that they may contribute to the
pathogenesis and progression of MDD. For example, acute stress
and chronic stress induce an increase in the expression of selected
miRNAs, including miR-134, miR-183, miR-132, Let-7a-l, miR-
9–1, and miR-124a-l in the brain (for review, see Dwivedi, 2014).
Dysregulated miRNAs were observed in PBMCs from patients
with MDD and consistent overexpression along 8-weeks interval
was obtained for miR-941 and miR-589 (Belzeaux et al., 2012).
As already mentioned, actively secreted miRNAs are enclosed
in exosomes, which are excreted in response to stress signaling
(Mendell and Olson, 2012) and thus considered as potential

biomarkers in depression and antidepressant response (Dwivedi,
2014).

Exosomal miRNAs may constitute biomarkers of a specific
disease, as their serum levels are altered in a variety of
pathological conditions (Kosaka et al., 2010a; Etheridge et al.,
2011; Mo et al., 2012). Indeed, serum enrichment of exosomal
miR-21 was positively correlated with tumour progression
and aggressiveness in patients with oesophageal squamous cell
carcinoma (Tanaka et al., 2013), miR-19a with the recurrence in
human colorectal cancer (Matsumura et al., 2015) and miR-141
with metastatic prostate cancer (Kim and Kim, 2013). Increased
levels of serum exosomal miR-150, -155, miR-342 and -1246
may differentiate patients with acute myeloid leukemia (Fayyad-
Kazan et al., 2013; Hornick et al., 2015) and miR-122 can be an
indicator of liver injury and portal hypertension (Jansen et al.,
2015).

Brain exosomal miRNAs were shown to distinguish patients
with schizophrenia (increased expression of miR-497) from those
with bipolar disorder (increased expression of miR-29c; Banigan
et al., 2013). Brain-derived EVs can travel and be detected in
CSF (Verderio et al., 2012b) and based on the fact that they
cross the blood-brain barrier (BBB) from the periphery into the
brain (Gupta and Pulliam, 2014) we may hypothesize that the
opposite is also true. Therefore, a significant body of literature
indicate exosomes as novel biomarkers in clinical diagnosis
with high specificity and sensitivity derived from their excellent
stability, although their potential value in clinical diagnostics
still needs to be fully explored. Recent studies in PD provided
evidence on the existence of a circulating subpopulation of MVs
showing exosomal properties and enriched Integrin β1 content
(Tomlinson et al., 2015).

Nowadays it is considered that by engineering microglia
it will be possible to modulate derived EVs and redirect
microglia towards a neuroprotective phenotype able to
promote tissue repair and with promising therapeutic effects
in neurodegenerative diseases associated to inflammatory
processes. In particular, short interfering RNAs (siRNAs) are
now recognized as therapeutic tools that despite their poor
bioavailability can cross the BBB when administered by systemic
injection of target exosomes (Alvarez-Erviti et al., 2011b; El
Andaloussi et al., 2013). When purified exosomes were loaded
with exogenous siRNA by electroporation, strong mRNA and
BACE1 protein knockdown, a therapeutic target in AD, was
observed in wild-type mice (Alvarez-Erviti et al., 2011b). This
was the first demonstration of an exosome-based drug delivery
system. Furthermore, intracerebrally administered exosomes
revealed to act as potent scavengers for Aβ by carrying it on
the exosome surface, thus improving Aβ clearance what may
have potential benefits in AD (Yuyama et al., 2014). It was
additionally demonstrated that exosomes are able to transfer
siRNA to monocytes and lymphocytes triggering the silencing
of the target gene MAPK (Wahlgren et al., 2012) or knocking
down the target gene RAD51 in recipient cancer cells (Shtam
et al., 2013). It was shown that exosomes can also be loaded
with interference RNA (iRNA) and most curious, when injected
intravenously in mice they were identified only in the target cells
(Alvarez-Erviti et al., 2011b).

Frontiers in Cellular Neuroscience | www.frontiersin.org December 2015 | Volume 9 | Article 476 | 52

http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Brites and Fernandes Microglia Activation, Microvesicles and miRNAs in Neuroinflammation-Depression

There is a growing interest in exploring exosomes and their
cargo as a tool to monitor disease and as having therapeutic
potential as delivery vehicles for specific miRNAs and/or their
inhibitors (Kim et al., 2006; Bhatnagar et al., 2007; Lai et al.,
2011; Yang et al., 2011; Hu et al., 2012; Ohno et al., 2013). The
modulation of miRNA functioning may be achieved through
overexpression or by knocking down in EVs. As an example,
transfer of anti-miR-9 from mesenchymal stem cells (MSCs)
into GBM cells was able to reverse the chemoresistance by
blocking the expression of P-glycoprotein in GMB cells and
was mediated by the release of MVs (Munoz et al., 2013).
Exosomes are considered ideal for drug delivery due to the
low immunogenicity, capacity to transport molecules, ability
to interact with target cells and willingness to be manipulated
for personalized medicine (Gupta and Pulliam, 2014). Such
approach is of particular significance once the utilization of
miRNAs as therapeutics using a systemic approach needs to
overcome the gastrointestinal system, cross the BBB and produce
the desired effect in a specific part of the brain (O’Connor et al.,
2012).

There is a large body of information showing that
soluble factors and EVs within the secretome provide a
major contribution to paracrine activity generating a tissue
microenvironment that may be neurotoxic or beneficial to
regeneration. Secretome from NSCs and MSCs was shown to
contain NGF, glial derived neurotrophic factor (GDNF), and
BDNF, among others, and suggested to modulate the neurogenic
niche (Salgado et al., 2015). As the neurogenic process in the
adult brain constitutes a new dimension of plasticity, ways
to repair impairments in neuroplasticity may turn useful to
treat depression (Bessa et al., 2009; Mateus-Pinheiro et al.,
2013a,b). Other studies provided data showing that MSCs and
their secretome are able to rescue the AD cell model from
misfolded truncated tau-induced cell death (Zilka et al., 2011).
Therefore, another therapeutic option will be to inject the stem
cell secretome for repair of the damaged tissue, which may even
be improved through the use of gene expression methodologies
or culture preconditioning of modified stem cells increasing the
ability to secrete pro-regenerative factors (Drago et al., 2013).

EVs may be produced from stem cells and their cargo
modified to be enriched in growth factors, cytokines, chemokines
and regulatory miRNAs to achieve a faster and better
regeneration of the injured tissue (Ratajczak et al., 2012;
Drago et al., 2013). Most encouraging, EVs can be generated
from patient’s cells and used for autologous therapies after
modulation of their miRNA cargo. Although requiring a
great deal of future studies to understand how miRNAs are
transferred into exosomes and delivered to target cells, it is
expected that exosomes and/or ectosomes will be soon used in
clinics. Considering the link between neuroinflammation and
depression, we may assume that circulating exosomes from
activated glia may contain increased levels of MDD-related
miRNAs, which if modulated can switch exosomal neurotoxic
effects to neuroprotective activities. This is a field not yet
explored in MDD that deserves to be investigated in the future
inasmuch pathophysiology leading to mood disorders may differ
among patients.

FUTURE PERSPECTIVES

MDD is a disabling condition with impact on well-being and
a leading cause of disease burden in high-income countries.
Treatment of MDD is very challenging since some patients do not
respond to first-line pharmacotherapy. Current guidelines for the
management of MDD recommend selective serotonin receptor
inhibitors or serotonin-norepinephrine receptor inhibitors, but
due to side effects, including potential increased suicidal ideation,
clinicians are considering atypical antipsychotics as alternative
therapies. Augmentation of MDD patients that do not respond
adequately to antipsychotics has increased over the past decade.
Whether exosomes may help in the treatment of MDD deserves
additional research.

The need to target exact cell types with a specific treatment,
without changing the physiology of other cells or tissues, has
been one of the major challenges during the most recent
years. Furthermore, for in vivo application, there is also the
need to develop transport systems that cross major biological
barriers including the BBB. Under this concept, exosomes have
been postulated as potential new delivery vehicles for specific
miRNAs or their inhibitors (Kim et al., 2006; Bhatnagar et al.,
2007; Lai et al., 2011; Yang et al., 2011; Hu et al., 2012;
Ohno et al., 2013). Recent advances have been made to target
the brain using a systemic delivery route and to specifically
target immune cells in order to reduce neuroinflammation and
treat associated disorders as MDD. A link between immune
dysregulation and the pathophysiology of at least some forms
of major affective disorder has long been hypothesized and
abnormalities in peripheral cytokines in depressed patients
have led to propose a primary immunological etiology for
MDD (Eyre and Baune, 2012). While increased IL-6 was
observed to dysregulate genes involved in miRNA machinery,
IL-10 revealed neuroprotective properties in first episode
psychotic patients with depression (Noto et al., 2015). A better
understanding of the pathophysiology of MDD, mainly the
immune mechanisms, may help in selecting more powerful
biomarkers and discovering target effective treatments using
exosomes as delivering vehicles.

Neurons use glial cell exosomes to improve stress tolerance
by their role as multifunctional signal emitters. The low
levels of serotonin found in MDD patients (Jacobsen et al.,
2012) may compromise cell exosome release (Glebov et al.,
2015), establishing a bridge between MDD and the potential
role of exosomes in disease progression, either for not
releasing adequate growth factors and neurotransmitters or by
transporting inflammatory miRNAs. In addition, we should
consider that exosomes represent a mechanism to get rid of
toxic proteins having a neuroprotective action (Joshi et al.,
2015), but can also be mediators of neuroinflammation (Gupta
and Pulliam, 2014) by their cargo in miRNAs. Alvarez-Erviti
et al. (2011b) provided the proof-of-concept that exosomes
are a good delivery system of siRNAs to the mice brain.
The Authors showed that intravenously administered exosomes
derived from autologous murine dendritic cells are able
to knockdown specific proteins in neurons, microglia, and
oligodendrocytes in the brain of treated animals, proving the
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therapeutic potential of autologous exosome-based delivery
system. Most attractive, Bryniarski et al. (2013) recently showed
that exosomes can deliver their cargo into precise cell types in
antigen-specific manner by expressing on their surface specific
antibodies.

One preferential route of exosome administration into brain
tissue is intranasal delivery. An initial study showed that
exosomes derived from activated dendritic cells are efficiently
delivered by intranasal administration. They showed to be
preferentially taken up by oligodendrocytes and to improve
baseline myelination (Pusic et al., 2014), thus suggesting to be
a promising strategy for myelin-impaired disorders as MDD
(Rajkowska et al., 2015). Interestingly, modified exosomes
containing the signal transducer and activator of transcription
3 (Stat3) inhibitor JSI124, have previously been shown to
be specifically delivered to microglia cells via the intranasal
route, showing a significant protection from LPS-induced brain
inflammation (Zhuang et al., 2011).

Most attractively, recent studies showed that intraperitoneal
injection of the microglia inhibitor minocycline in adult mice
partially prevents LPS (Henry et al., 2008) or Interferon-α-
induced (Zheng et al., 2015) depressive-like symptoms. However,
studies on the use of non-steroid anti-inflammatory drugs
(NSAIDs; Jiang and Chang, 1999) or COX-1 inhibitor (Choi
et al., 2009), being COX-1 mainly activated in microglial cells,
reported an increase of depressive episodes in psychiatrically
healthy individuals. Moreover, a single administration of LPS
to severely depressed patients led to a short-term elevation
of first-line cytokines improving the depressed state in
the first 24 h (Bauer et al., 1995). This finding suggests
that the loss of microglia proper function, which may be
induced by a strong proinflammatory stimulus as LPS, may
also be in the basis of depression-like symptoms. So, it
may be hypothesized that deliver of microglia inhibitors or

microglia inducers (depending on the immune activation
state of the depressed patient) within vesicles targeting
microglia may result in promising therapeutic strategies for
MDD.

Overall, the production of EVs from patients’ own cells that
may be engineered to load specific miRNAs cargos and express at
cell surface known proteins to be recognized by specific cell types,
may in the future be an ideal strategy for personalized autologous
therapies. In addition, the induction of exosome release and cell-
to-cell communication for transmission of cytoprotective signals
may have additional benefits in some specific circumstances. One
could imagine combined therapy content in EVs targeting many
different sorts of natural MDD resistances at once. However, we
must not forget that a great deal of work must be performed
before such therapeutic approaches may become feasible in the
clinic for neurodegenerative and psychiatric disorders, including
MDD.
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Morphological alterations in astrocytes are characteristic for post mortem brains of
patients affected by major depressive disorder (MDD). Recently, a significant reduction in
the coverage of blood vessels (BVs) by aquaporin-4 (AQP-4)-positive astrocyte endfeet
has been shown in the prefrontal cortex (PFC) of MDD patients, suggesting that either
alterations in the morphology of endfeet or in AQP-4 distribution might be responsible
for the disease phenotype or constitute a consequence of its progress. Antidepressant
drugs (ADs) regulate the expression of several proteins, including astrocyte-specific
ones. Thus, they may target AQP-4 to induce morphological changes in astrocytes
and restore their proper shape or relocate AQP-4 to endfeet. Using an animal model
of depression, rats selectively bred for high anxiety-like behavior (HAB), we confirmed
a reduced coverage of BVs in the adult PFC by AQP-4-immunoreactive (AQP-4-IR)
astrocyte processes with respect to non-selected Wistar rats (NAB), thereby validating it
for our study. A further evaluation of the morphology of astrocyte in brain slices (ex vivo)
and in vitro using an antibody against the astrocyte-specific cytoskeletal protein glial
fibrillary acidic protein (GFAP) revealed that HAB astrocytes extended less processes
than NAB cells. Furthermore, short-term drug treatment in vitro with the AD fluoxetine
(FLX) was sufficient to increase the plasticity of astrocyte processes, enhancing their
number in NAB-derived cells and recovering their basal number in HAB-derived cells.
This enhanced FLX-dependent plasticity occurred, however, only in the presence of
intact AQP-4, as demonstrated by the lack of effect after the downregulation of AQP-4
with RNAi in both NAB and HAB cells. Nonetheless, a similar short-term treatment did
neither modulate the coverage of BVs with AQP-4-positive astrocyte endfeet in NAB
nor in HAB rats, although dosage and time of treatment were sufficient to fully recover
GFAP expression in HAB brains. Thus, we suggest that longer treatment regimes may
be needed to properly restore the coverage of BVs or to relocate AQP-4 to astrocyte
endfeet. In conclusion, FLX requires AQP-4 to modulate the plasticity of astrocyte
processes and this effect might be essential to re-establish a functional glia-vasculature
interface necessary for a physiological communication between bloodstream and brain
parenchyma.
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INTRODUCTION

Morphometric examinations of prefrontal cortical (PFC) regions
in post mortem brains of patients with major depressive disorder
(MDD) revealed alterations in the density of astrocytes, in
addition to neurons (Rajkowska et al., 1999; Rajkowska and
Stockmeier, 2013). Moreover, studies in animal models of
stress-induced depressive-like behaviors showed an additional
astrocyte pathology, with morphological differences affecting
specifically this cell type (Czeh et al., 2006). Astrocytes extend
processes that wrap around synapses and blood vessels (BVs),
thereby regulating the functionality of neuronal circuits and
of the blood-brain barrier (BBB; Koehler et al., 2009; Parpura
et al., 2012). Recently, a cerebrovascular pathology has been
demonstrated in older subjects suffering of MDD and patients
who suffered a primary cerebrovascular disease additionally
showed symptoms of mood disorders (Miguel-Hidalgo et al.,
2013), thus suggesting a strong causal link between a vascular
pathology and MDD. Indeed, a recent study revealed a reduced
coverage of BVs by astrocytic endfeet positive for aquaporin-
4 (AQP-4) in the PFC of post mortem brains from MDD
patients (Rajkowska et al., 2013). AQP-4 is a plasma membrane
water-transporting protein which is specifically localized to
the endfeet of astrocyte processes, thereby regulating several
functional properties of such processes. Its regulation of water
permeability is particularly important for the modulation of
astrocyte plasticity, especially for the extension and migration of
astrocyte processes during neuronal activity or activity around
BVs (Papadopoulos and Verkman, 2013) and to maintain the
integrity of the BBB (Zhou et al., 2008). Because of their
localization at the BBB, astrocytes may additionally regulate the
transport of therapeutic drugs in/out of the brain through their
polarized endfeet which interact with BVs (Pardridge, 1999) and
mutations in proteins located to the endfeet can predict a positive
or negative response to antidepressants (ADs; Uhr et al., 2008).
Interestingly, a recent study has shown how ablation of the mouse
gene coding for AQP-4 could disrupt responses to fluoxetine
(FLX) in a chronic stress model of depressive-like behavior
(Kong et al., 2009). Furthermore, aqp-4 knockout mice present
cognitive deficits similar to those implicated in mood disorders
(Skucas et al., 2011) and exhibit an exacerbated depressive-like
behavioral response after corticosterone treatment, accompanied
by impaired astrocytic functions (Kong et al., 2014).

An essential mean to understand the neurobiological
underpinnings of brain pathologies is the use of animal models
which reproduce the main features of human diseases and
several animal models exist, which have been validated to study
MDD. Among them, rats selectively bred for high anxiety-related
behavior (HAB) have shown to be an appropriate tool (with
face, construct and predictive validity) to study molecular risk
factors which may predispose to develop depressive-like behavior
(Wegener et al., 2012). Although they have been extensively
characterized at behavioral and pharmacological levels, it is still
unknown whether they show an astrocyte pathology such as
the one described in MDD patients. Therefore, the first aim of
our study was to determine if HAB rats are a proper animal
model to analyze astrocyte alterations in MDD and the role

of AQP-4 in depressive-like behavior. Then, we followed the
hypothesis that AQP-4 might be either reduced or mislocalized
in a depressive-like pathology, thus being absent from endfeet
and unable to fulfill its functional role(s) around BVs. Moreover,
as ADs target astrocytes (Czeh and Di Benedetto, 2013) and this
targeting might be relevant to treat neuropsychiatric disorders
(Di Benedetto and Rupprecht, 2013), we examined whether FLX
may require AQP-4 to mediate its pharmacological modulatory
effects on morphological changes in astrocytes.

MATERIALS AND METHODS

Drugs
Fluoxetine was purchased from Sigma (Taufkirchen, Germany)
and was dissolved in water for in vitro experiments. For ex vivo
experiments, FLX was dissolved in phosphate buffer saline (PBS,
saline).

Animals and Drug Treatment
Adult male rats (10–12 weeks old, 280–350 g) selectively bred for
HAB onWistar background and weight-matched non-selectively
bred Wistar rats (NAB) were used in this study. Breeding of HAB
andNAB animals occured at the animal facilities of the University
of Regensburg. Animals were housed under standard laboratory
conditions in groups of four [12 hours (hrs) light: dark cycle, 22–
24◦C, lights on at 06:00 am, food and water ad libitum]. For drug
treatment, FLX was dissolved on the day of the injections. Rats
received an i.p. injection of either 0 (saline) or 10 mg/kg FLX
twice a day for 2 days. On day 3, the animals were anesthetized
with CO2 and perfused transcardially with PBS, followed by 4%
paraformaldehyde (PFA, Sigma) in PBS. Brains were removed
and post-fixed O/N at 4◦C, cryoprotected in 25% sucrose in PBS
and cut coronally at 40μmon a cryostat. Sections were preserved
in a solution with 25% ethylene glycol, 25% glycerol in PBS at
−20◦C until further processed for IF–IHC. Animal experiments
were approved by the government of the Oberpfalz, Germany,
and performed in accordance with the Guide for the Care and
Use of Laboratory Animals by the National Institutes of Health,
Bethesda, MD, USA.

Cell Culture
Primary astrocytes (NAB and HAB) were isolated from cerebral
cortices of postnatal day 1 (P1) rat brains. In brief, brains
were isolated and cortices were dissected, cut in small pieces
and digested with 0.25% trypsin containing 1 mM EDTA for
20 min (min) at 37◦C with gentle shaking. The remaining
tissue pieces were triturated with a fire-polished Pasteur-pipette
to yield dissociated cells. Cells were centrifuged at 90 × g
for 5 min, resuspended in DMEM supplemented with 10%
FCS, 2 mM GlutaMAXI, penicillin (100 units/ml), streptomycin
(100 μg/ml) and 0.1 mM MEM Non Essential Amino Acids
(Invitrogen, Darmstadt, Germany) and seeded on poly-d-lysine-
coated 75 cm2 flasks (Bressler et al., 1980; Allen et al., 2001).
When astrocyte cultures reached 80–90% confluency, flasks were
shaked to detach non-astrocytic cells, trypsinized with 0.25%
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trypsin containing 1mMEDTA and seeded on 24-well plates with
glass coverslips at a density of about 1 × 105 cells/well.

RNA Interference (RNAi), Cell
Transfection and Drug Treatment
Short interfering RNAs (siRNAs) complementary to the
rat mRNA sequence coding for AQP4 were synthesized
(Dharmacon Research, Lafayette, CO). Two different siRNAs
(si2, 5′-CGGACUGAUGUUACUGGUUUU-3′ and si3, 5′-
UCAAUUAUACCGGAGCCAGUU-3′) were selected, which
were previously published to be effective in primary rat astrocytes
(Nicchia et al., 2005), together with a scrambled siRNA (scr,
5′- CCUAAGGUUAAGUCGCCCUUU-3′), which was used
as negative control. All sequences were submitted to a BLAST
search to verify their specific targeting of Aqp-4 mRNA (si2
and si3) and the lack of targeting of any sequence for scrRNA.
Transfections were performed using LipofectamineTM 2000
(Invitrogen), following manufacturer’s instructions. In brief,
24 h before transfection, medium was changed to medium
without antibiotics. Afterwards, the appropriate amount of each
siRNA to reach a final working concentration of 50 nM was
diluted in Opti-MEM I Reduced Serum Medium (Invitrogen),
incubated at RT and then mixed with Opti-MEM I containing
the appropriate amount of Lipofectamine. After a 20 min
incubation time, this mixture was distributed on cells. Cells
were then growing for three additional days, before changing the
medium to medium without FCS 24 h before drug treatment.
FLX was administrated at a final concentration of 10 μM for
48 h. Afterwards, cells were washed with PBS, fixed in PFA 4%
for 20 min at room temperature (RT) and then washed again
with PBS and maintained at 4◦C until further processed for
immunofluorescent-immunocytochemistry (IF-ICC).

Immunofluorescent-
Immunohistochemistry and
Immunocytochemistry (IF-IHC and
IF-ICC)
For IF-IHC in rat brains: sections from the prefrontal
cortex (PFC) were selected and washed thoroughly, before
permeabilization and blocking for 2 h in 0.5% Triton-X
100 + 2% Normal Goat Serum (NGS, Vector Labs, Biozol,
Eching, Germany) in PBS. Afterwards, they were incubated with
rabbit anti-AQP4 (1:200, Abcam, Cambridge, UK) together with
mouse anti-collagen IV (1:500, Sigma) antibodies or with mouse
anti-GFAP antibody (1:400, Sigma) in 0.5% TX 100 + 2% NGS
in PBS O/N at 4◦C. Sections were then incubated with the
respective secondary antibodies, the biotinylated anti-rabbit IgG
antibody (1:300, Jackson ImmunoResearch, Hamburg, Germany)
with anti-mouse-Cy3 (1:250, Jackson ImmunoResearch) in 1%
NGS in PBS for 2 h at RT. Afterwards, sections were washed
and further incubated with avidin anti-biotin Alexa Fluor 488
(1:1000, Invitrogen) together with DAPI (1:1000, Sigma) in 1%
NGS in PBS for additional 2 h at RT. Finally, all sections were
then washed and mounted on slides for confocal analysis.

For IF- ICC on primary astrocytes: cells were permeabilized
and blocked in 0.2% Triton-X 100 + 2% NGS in PBS for

1 h at RT. Afterwards, they were incubated O/N at 4◦C with
rabbit anti-AQP4 antibody (1:400, Abcam) together with mouse
anti-GFAP + mouse anti-S100ß (1:400 and 1:1000, respectively,
Sigma) in 1% NGS in PBS. Cells were then washed and
incubated 1 h with biotinylated anti-rabbit IgG antibody (Jackson
Immunoresearch, 1:300) and anti-mouse-Cy3 (1:200) in 1%
NGS in PBS and afterwards 1 h with avidin anti-biotin Alexa
Fluor 488 (1:1000) and DAPI (1:1000) in 1% NGS in PBS.
After washing, coverslips were mounted on slides with anti-
fadingmountingmedium (Aquapolymount, Polysciences Europe
GmbH, Eppelheim, Germany) and analyzed with confocal
microscopy.

Confocal Microscopy
Confocal microscopy was performed with an Olympus confocal
microscope (inverted type IX81, Olympus Europe Holding
GmbH, Hamburg, Germany). For experiments in adult brains
(IF-IHC), mean values for coverage were obtained from an
average of 10 images (20 optical sections, 1 μm Z-step size)
from at least two slices per each brain. For IF-ICC, an average
of 10–25 fields from each treatment condition were acquired
(1μmZ-step size) for morphological examination. The FluoView
FV1000 program (Version 2.1c; Olympus FluoView Resource
Center) was used to convert the images from the proprietary file
format (.oib) into tagged image file format (.tiff) files for further
analysis.

Coverage Analysis
One (.tiff) file was generated for each image which contained
two color channels: a red for BVs labeled with collagen IV
and a green for endfeet immunoreactive (IR) for AQP-4. The
area of co-localized immunolabeling in the region of interest
(ROI) was measured using a Demo version of AutoQuantX3
Program. Afterwards, to calculate the coverage index (area of
co-localization/total area of vessels), the area occupied by the
colocalizing pixels was divided by the total area occupied by the
red pixels (representing the BVs labeled with collagen IV). This
ratio was defined as the “Coverage.”

Analysis of Processes
For morphological analysis: in a first experiment (Figure 2C),
astrocytes were stained with GFAP and S100β to label astrocyte
processes and the program NeuronJ, a plugin of ImageJ (http://
www.imagescience.org/meijering/software/neuronj/) was used to
count the number of processes per cell, after converting images
from the confocal microscope into 8-bit color pictures to be
compatible with the NeuronJ Program. In a second experiment,
AQP-4 staining was used to evaluatewhether observed changes in
morphology correlated with changes in AQP-4 cellular content.
For the analysis, we marked cell boundaries using the “lasso”
tool of Photoshop CS3 and then evaluated AQP-4 signal intensity
using the Histogramm function. Also for the RNAi experiment
we used IF-ICC to identify and choose for the analysis cells
which showed a reduction in AQP-4 signal, indicative of an
efficient downregulation. Only those cells with reduced signal
were further examined for the number of astrocyte processes per
cell.
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Statistical Analysis
To choose the appropriate statistical test, a normality test was
performed for each sample distribution. Data are plotted as
means ± SEM and N refers to the number of independent
experiments. A one-way ANOVA was used, followed by
Tukey HSD post hoc or Dunnett’s post hoc tests for multiple
comparisons. For comparisons between two groups, the unpaired
Student’s t-test was used. Analyses were performed with Prism
GraphPad program (GraphPad Software, Inc., La Jolla, CA,USA).

RESULTS

HAB Rats are a Valid Animal Model to
Study Changes in Coverage of Blood
Vessels by the Endfeet Protein
Aquaporin-4
First, we evaluated whether the HAB rats as the animal model
used for this study, showed a reduced coverage of BVs by
AQP-4-IR endfeet in the PFC, as it was shown in human
post mortem brains of MDD patients (Rajkowska et al., 2013).
Using immunohistochemistry to label brain slices (ex vivo)
with collagen IV, a specific marker of BVs, together with a
specific antibody against AQP-4, which is localized to the endfeet
of astrocytes surrounding BVs (Papadopoulos and Verkman,
2013), we revealed that in the PFC of HAB rats the BVs
showed a 60% reduction in coverage by AQP-4-IR endfeet with
respect to NAB rats, similar to the finding in MDD patients
[Figure 1; NAB, 0.16 ± 0.04, N = 8; HAB, 0.06 ± 0.02,
N = 7; Student’s t-test, t(1,13) = 2.198, ∗p < 0.05]. Thus,
HAB rats were validated as appropriate animal model for our
study.

The Number of Astrocyte Processes is
Reduced in HAB with Respect to NAB
Astrocytes and Fluoxetine Treatment can
Rescue this Deficit
To investigate whether the observed lack of coverage was
dependent on a primary morphological change in astrocyte
processes, causing only secondarily a loss of AQP-4-IR endfeet,
or on a mislocalization of AQP-4 protein from still intact
processes, we first compared ex vivo how GFAP, an astrocyte-
specific cytoskeletal marker, was expressed in HAB and NAB
brains. As previously shown (Rajkowska and Miguel-Hidalgo,
2007), we observed a dramatic reduction in the complexity
of astrocytic arborization (Figure 2A), thereby suggesting that
a main change in the morphology of astrocyte processes
may underlie the reduced coverage of BVs in HAB rats. We
therefore took advantage of our primary cell culture model
using cortical astrocytes derived from both NAB and HAB rats
to deeper examine the observed morphological differences. We
thereby showed in vitro that HAB-derived astrocytes developed
a reduced number of processes with respect to NAB-derived
cells [Figures 2B(1,3),C, NAB C, 9.59 ± 0.75 (22 cells), HAB
C, 3.75 ± 0.75 (20 cells), ANOVA, F(1,3) = 23.91, with Tukey’s

FIGURE 1 | The coverage of blood vessels (BVs) by aquaporin-4
(AQP-4)-immunoreactive astrocytic endfeet is reduced in the PFC of
HAB rats with respect to NAB rats. (A) Representative photomicrographs
show immunofluorescent stainings for AQP-4 (in green) and collagen IV (to
label BVs, in red) in NAB (left) and HAB (right) rats. (B) The scattered plot
shows a reduction of about 60% in the coverage of BVs by AQP-4-positive
endfeet in HAB rats in comparison with NAB rats [NAB (N = 8), HAB (N = 7);
t(1,13) = 2.198, ∗p < 0.05]. Scale bar = 10 μm.

post hoc test, ∗∗∗p < 0.001]. As far as AQP-4 modulates extension
of astrocyte processes (Saadoun et al., 2005) and a lack of AQP-
4 impairs the recovery from a depressive-like phenotype upon
FLX treatment in aqp-4 knockout mice (Kong et al., 2009),
we then examined whether the lack of astrocyte processes in
HAB cells might be linked to an AQP-4 deficiency which might
thereafter disrupt responses to FLX. A short-term (48 h) FLX
administration significantly increased the number of processes
in NAB astrocytes, indicating such a morphological change as
a FLX target. More interestingly, however, we observed that
this short drug treatment was also sufficient to significantly
enhance the number of astrocyte processes in HAB cells,
thereby restoring the basal total number of processes per cell
[Figures 2B(2,4),C, NAB + FLX, 13.57 ± 0.95 (21 cells),
HAB + FLX, 8.94 ± 0.88 (16 cells), ANOVA with Tukey’s
post hoc test, ∗∗p < 0.01, ∗∗∗p < 0.001]. Thus, suggesting
that AQP-4 may not be functionally deficient in HAB cells
to mediate FLX effect, but maybe only transcriptionally or
translationally repressed. To clarify this aspect, since we in fact
observed an apparent reduced AQP-4 expression in HAB brains
(Figure 1A), we used a more quantitative method to estimate
whether AQP-4 could be less expressed in HAB astrocytes with
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FIGURE 2 | Continued
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FIGURE 2 | Continued

Morphological differences in astrocytes are evident in HAB brains and
HAB cells with respect to NAB and FLX can modulate astrocyte
morphology in vitro. (A) Representative photomicrographs for GFAP (red) in
brain slices (ex vivo) show a strong atrophy of astrocytes in the PFC of HAB
rats. DAPI (in blue) labels nuclei of single cells to help identifying cells and BVs.
Scale bar = 30 μm. (B) Representative photomicrographs show NAB (1 and
2) and HAB-derived (3 and 4) astrocytes before and after a 48 h FLX
treatment. Cells were labelled with DAPI (blue) and the astrocyte markers
GFAP and S100ß (red) to examine morphological changes. (C) The graph
shows a reduction of about 60% in the number of astrocyte processes in HAB
astrocytes in comparison with NAB cells and the effect of FLX in increasing
the number of processes in both cell types [ANOVA, F(1,3) = 23.91,
∗∗p < 0.01, ∗∗∗p < 0.001]. (D) Representative photomicrographs of
immunofluorescent stainings show NAB (1 and 2) and HAB-derived (3 and 4)
astrocytes before and after a 48 h FLX treatment. Cells were labelled with
DAPI (blue) and AQP-4 (green) to measure changes in AQP-4 content per cell.
(E) The graph shows a reduction of about 23% in the amount of AQP-4 in
HAB astrocytes in comparison with NAB cells. FLX reversed AQP-4 amount
to basal levels in HAB cells and significantly enhanced AQP-4 expression in
NAB cells. ANOVA, F(1,3) = 6.61, ∗p < 0.05. Scale bar = 10 μm.

respect to NAB ones. Because commercially available antibodies
against AQP-4 are better working in immunochemistry than
for western blot, we performed an immunochemical staining to
compare AQP-4 expression between NAB and HAB astrocytes
and to evaluate how such expression was modulated upon drug
administration. We thereby showed that indeed the expression of
AQP-4 in HAB astrocytes was 23% less intense in average than
in NAB cells, although the difference did not reach statistical
significance (Figure 2E). More importantly, however, AQP-4
expression was significantly increased by FLX treatment in NAB
astrocytes [Figures 2D(1,2),E, NAB C, 47.65 ± 3.17 (14 cells),
NAB + FLX, 67.06 ± 7.29 (14 cells), ANOVA, F(1,3) = 6.61,
with Tukey’s post hoc test, ∗p < 0.05], paralleling the increased
amount of astrocyte processes (Figure 2C). In addition, AQP-
4 expression was normalized in HAB cells after FLX treatment
[Figures 2D(3,4),E, HAB C, 36.71 ± 3.17 (14 cells), HAB + FLX,
49.46 ± 4.71 (14 cells)], corresponding to the rescued effect on
numbers of processes.

Downregulation of AQP-4 Induces a
Reduction in Number of Astrocyte
Processes in NAB Cells and Hampers
both the Effect of FLX in NAB Cells and
its Rescue Effect in HAB Cells
To then evaluate whether AQP-4 might be responsible for the
altered morphology observed in HAB cells and whether it is
required for the rescue effect upon FLX treatment in these cells,
we used RNAi to downregulate AQP-4 in primary astrocyte
from both NAB and HAB rats. For these experiments we used
siRNA sequences which already showed their AQP-4 knockdown
efficacy in rat astrocytes (Nicchia et al., 2005). We thereby
revealed that AQP-4 was indeed necessary for NAB astrocytes
to form their processes, since its knockdown caused a reduction
in the total number of processes per cell. Moreover, AQP-4
knockdown caused a loss of response to FLX treatment [Figure 3,

NAB C, 9.33 ± 0.62 (15 cells), NAB scr, 12.6 ± 0.71 (15 cells),
NAB si2, 4.13 ± 0.72 (15 cells), NAB si3, 4.00 ± 0.46 (15 cells),
NAB+ FLX, 21.86± 1.35 (14 cells), NAB scr+ FLX, 19.36± 0.94
(14 cells), NAB si2 + FLX, 4.38 ± 0.75 (13 cells), NAB si3 + FLX,
4.5 ± 0.43 (12 cells), ANOVA, F(1,7) = 81.21, with Tukey’s post
hoc test, ∗∗p < 0.01, ∗∗∗p < 0.001 with respect to NAB C and
### p < 0.001 with respect to NAB scr]. In this experiment we
could observe a higher number of astrocyte processes in response
to FLX treatment than those measured in the first experiment
(Figure 2C). However, baseline number of processes per cell
were very consistent, thereby suggesting that drug effects may
vary among experiments. Therefore, we focused our analysis on
relative changes after FLX treatment and did not make specific
claims about absolute numbers.

Furthermore, because we measured a reduced amount of
AQP-4 in HAB cells, which correlated to the lowered number of
processes (Figure 2E), we additionally performed a knockdown
experiment in HAB astrocytes to verify whether such variations
in AQP-4 content might affect the functional role of AQP-4 in
HAB cells too. We confirmed that a partially reduced amount of
AQP-4 could indeed be quantified in control HAB cells (HAB
C) with respect to NAB C cells (Supplementary Figure S1),
which might have caused the reduced amount of processes per
cell in HAB astrocytes. However, a dysfunctional AQP-4 in HAB
astrocytes could be ruled out because FLX was still able to restore
the basal number of processes in these cells, whereas the effect
of FLX was blunted in AQP-4 knockdown HAB astrocytes in
which FLX could not reactivate AQP-4 expression (Figure 2E).
Thus, further supporting the essential role of AQP-4 to mediate
the growth of processes upon FLX administration [Figure 4,
HAB C, 2.20 ± 0.47 (15 cells), HAB scr, 2.67 ± 0.61 (15 cells),
HAB si2, 2.27 ± 0.36 (15 cells), HAB si3, 3.71 ± 0.64 (14
cells), HAB + FLX, 13.79 ± 0.86 (14 cells), HAB scr + FLX,
15.36 ± 0.95 (14 cells), HAB si2 + FLX, 3.80 ± 0.66 (10 cells),
HAB si3 + FLX, 2.87 ± 0.38 (15 cells), ANOVA, F(1,7) = 73.00,
with Tukey’s post hoc test, ∗∗∗p < 0.001 with respect to HAB C
and ###p < 0.001 with respect to HAB scr]. In this experiment
we found that the siRNA si3 showed lower efficiency than si2 in
downregulating AQP-4, as it was already evident in NAB cells
(Supplementary Figure S1A). This lower efficacy of si3 gave
the impression of an apparent lack of effect on AQP-4 in HAB
cells (Supplementary Figure S1B), because in these cells the
basal AQP-4 content was already quite low. However, we could
still observe its functional efficacy to block the effect of FLX on
astrocyte processes. This finding further supported that only in
case of a genetic blockade of the drug-dependent increase of
AQP-4 expression in HAB cells, which hinders the normalization
of its expression (Figure 2E), the effect of FLX on the extension
of processes was inhibited.

Short Term FLX Treatment Modulates
GFAP Expression but it is not Sufficient
to Affect Coverage of BVs by Astrocytic
Endfeet Neither in NAB Nor in HAB Rats
To verify in vivo whether the short-term treatment with FLX
was sufficient to modulate the coverage of BVs by AQP-4-IR
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FIGURE 3 | Knockdown of AQP-4 in NAB astrocytes induces a lack of processes per cell. (A,B) Photomicrographs show representative immunofluorescent
stainings for GFAP/S100ß (to label astrocytes, in red) and AQP-4 (in green). (C) The graph shows that FLX can induce an increased amount of astrocyte processes
in NAB C (control) and NAB scr (transfected with a scrambled siRNA) astrocytes, but not in cells transfected with siRNAs against the mRNA coding for AQP-4 (si2
and si3; ANOVA with Tukey HSD post hoc test, ∗∗p < 0.01, ∗∗∗p < 0.001 with respect to NAB C and ### p < 0.001 with respect to NAB scr). Scale bar = 20 μm.
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FIGURE 4 | Knockdown of AQP-4 in HAB astrocytes. (A,B) Photomicrographs show representative immunofluorescent stainings for GFAP/S100ß (to label
astrocytes, in red) and AQP-4 (in green). (C) The graph shows that FLX could still induce an increased amount of astrocyte processes in HAB C (control) and HAB
scr astrocytes, thereby suggesting the presence of a still functional AQP-4 to mediate such an effect. However, cells transfected with si2 and si3 did not show the
rescue effect after FLX treatment, as they remained lower than NAB (ANOVA with Tukey HSD post hoc test, ∗∗∗p < 0.001 with respect to HAB C and ### p < 0.001
with respect to HAB scr). Scale bar = 20 μm.
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endfeet, we initially injected a small group of NAB and HAB
rats with FLX for 48 h. Using IF-IHC on brain slices from the
PFC we could show that indeed 48 h were sufficient to modulate
the cytoskeletal protein GFAP, with a consequent full recover
of its reduced expression in HAB brains [Figure 5A(3’,4’), yet
suggesting that a drug effect indeed occurred after the short-term
treatment. However, we observed that FLX did not induce any
significant change in the coverage of BVs by AQP4-IR endfeet in
neither group of rats, although in NAB rats we found a higher
degree of variability in response to FLX with respect to HAB rats
[Figures 5B(1–4),C; NAB, 0.294 ± 0.017, N = 4; NAB + FLX,
0.379 ± 0.08, N = 4; HAB, 0.012 ± 0.004, N = 3; HAB + FLX,
0.008 ± 0.001, N = 3; ANOVA, F(1,3) = 15.44, with Tukey’s post
hoc test, ∗p < 0.05].

DISCUSSION

Several reports in the last years have suggested AQP-4 as an
essential brain protein for a variety of astrocytic functions,
among which water balance and K+ buffering are the mostly
known (Papadopoulos and Verkman, 2013). In addition to
that, more recent studies have evidenced a role of AQP-4 as
mediator of AD efficacy (Kong et al., 2009) and as a “protective”
factor against corticosterone-induced depressive-like phenotype
accompanied by an astrocytic pathology (Kong et al., 2014),
proposing AQP-4 as a novel putative molecule affected in the
etiopathogenesis of MDD. In accordance with these studies, the
examination of post mortem brains of MDD patients revealed
a lack of coverage of BVs with AQP-4-IR endfeet of astrocytes,
further supporting a role for AQP-4 in MDD (Rajkowska et al.,
2013). Morphological changes in astrocytes strongly correlate
with their functionality and it has been already shown that a
reduction in the soma size of hippocampal astrocytes characterize
the hippocampus of tree shrews after long-term psychosocial
stress, which induces depressive-like behavior (Czeh et al., 2006).
However, to identify risk factors which might predispose an
individual to develop a depressive disorder, we would need
an animal model which displays a depressive-like phenotype
with a strong genetic component. We therefore decided to
examine the morphology of astrocyte in HAB rats (Neumann
et al., 2011; Wegener et al., 2012). Using IF-IHC we could
indeed show that HAB rats show a similar reduction in the
coverage of BVs by AQP-4-IR endfeet in the PFC as described
in the human study by Rajkowska et al. (2013). Our results
demonstrate the validity of this animal model to study the
importance of an astrocyte pathology for MDD, in addition
to the Wistar-Kyoto rat strain (Gosselin et al., 2009), thereby
offering an alternative animal model to examine the role of
astrocytes in MDD with a particular focus on glia-vasculature
dysfunctions.

Furthermore, the lack of AQP-4 positive endfeet observed in
the PFC of post mortem brains from MDD patients prompted us
to hypothesize that either the endfeet of astrocytes were primarily
morphologically affected, becoming only secondarily devoid of
AQP-4 expression, or AQP-4 was dyslocalized, although astrocyte
processes remained unaffected. Using a staining for GFAP both

FIGURE 5 | Short-term treatment of NAB and HAB rats with FLX can
reverse the reduced GFAP expression in HAB rats, but it is not
sufficient to neither modulate coverage of BVs by AQP-4-IR endfeet in
NAB brains nor rescue the lack of coverage in HAB brains.
(A) Representative photomicrographs show immunofluorescent stainings for
GFAP (in green) and DAPI (in blue) in NAB (1,1’) and HAB (3,3’) brains, where
it is evident the atrophy of astrocyte processes shown by the reduced GFAP
staining in HAB brains (3’). Such a reduced GFAP expression could be
rescued by the short-term treatment with FLX (HAB + FLX, 4,4’). Scale
bar = 20 μm. (B) Representative photomicrographs shows that FLX did not
change the coverage of BVs by AQP-4-positive endfeet neither in NAB (1,2)
nor in HAB (3,4) treated rats. (C) The scattered plot shows that FLX did not
change the coverage of BVs by AQP-4-positive endfeet neither in NAB (1,2)
nor in HAB (3,4) treated rats after the short-term drug treatment [NAB,
0.294 ± 0.017, N = 4; NAB + FLX, 0.379 ± 0.08, N = 4; HAB,
0.012 ± 0.004, N = 3; HAB + FLX, 0.008 ± 0.001, N = 3; ANOVA,
F(1,3) = 15.44, with Tukey’s post hoc test, ∗p < 0.05]. Scale bar = 5 μm.

in brain slices and in our cell culture model, we showed that in
fact HAB cells did not show the same morphological complexity
in slices ex vivo and did not possess the same amount of
processes in vitro as NAB cells did, thus suggesting that astrocytes
from this animal model were primarily morphologically affected.
Astrocyte endfeet are essential to maintain the integrity of the
BBB (Zhou et al., 2008), but also to mediate the uptake of several
substances from the bloodstream. We might speculate that their
impairment may explain the slow onset of AD action, as far as
the recovery of a properly functional BBB is first necessary before
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ADs can be efficiently transported into the brain parenchyma.
Therefore, we examined how NAB and HAB astrocytes were
reacting to the AD FLX in terms of process extension. To our
surprise, however, FLX induced an increased number of astrocyte
processes in both cells, suggesting that a lack of AQP-4 on the
BVs might not be a primary cause of disease, but may only
affect the response to drug treatments. To better understand this
aspect, we used RNAi to downregulate AQP-4 and examined
how its knockdown was affecting the response to FLX. We
thereby showed that, although control HAB astrocytes were still
able to protrude an increased number of astrocyte processes in
response to drug administration, both NAB and HAB transfected
with siRNA targeting the mRNA coding for AQP-4 were not
only becoming unable to protrude new astrocyte processes in
response to FLX treatment, but they were also losing pre-existing
ones (in NAB cells). Thus, suggesting that AQP-4 might exert
multiple roles: on the one hand, it is necessary to somehow
maintain astrocyte processes in shape, maybe through actin-
(Nicchia et al., 2008) or GFAP-mediated mechanisms, as far as
both these proteins may be important regulators of structural
changes; on the other hand, AQP-4 is necessary to mediate AD
efficacy. The latter is actually in line with reports showing that
the mouse knockout for aqp-4 cannot recover from the stress-
induced depressive-like behavior after FLX treatment (Kong
et al., 2009). Our results from the RNAi experiments actually
suggest that the observed lack of response to FLX in aqp-4
knockouts may depend on a reduced number of processes in
astrocytes due to AQP-4 deficiency, which consequently hinders
a FLX-induced process extension necessary to recover a proper
astrocytic functionality. Although interesting, our results can
only provide limited evidence for either temporary or persistent
FLX effects on astrocyte processes after the short-term treatment
used here. To clarify this point, washout experiment in cell
culture would be needed and, if resulting effects turned out to be
stable enough, then cell culture of astrocytes from adult animals
treated with FLX might be important to further confirm these
in vitro findings.

Our ex vivo results after short term treatment of NAB and
HAB animals with FLX did not show the rescue of coverage of
BVs by AQP-4-IR astrocyte processes, probably due to a delay in
the uptake of FLX in vivo or to an insufficient time to relocate
AQP-4 to the endfeet, which might require longer treatment
exposures or the supportive role of other cell types, such as
endothelial cells, necessary to induce the localization of AQP-
4 to endfeet (Camassa et al., 2015). In fact, endothelial cells
would be the first cells exposed to FLX, strongly suggesting future
studies to analyze their response to FLX and ADs in more details,
specifically to dissect the potential contribution of endothelial
cells to the polarized distribution of AQP-4 in response to drug
administration. Indeed, such studies should help to understand
the molecular motors which regulate AQP-4 distribution and
function. A better understanding of the mechanism(s) which
drive AQP-4 in its appropriate localization may be of help to
identify novel target molecules which could fasten the restoration
of coverage of BVs by endfeet of astrocytes enriched in AQP-4 to
favor the recovery of a functional BBB and substance exchange
between bloodstream and brain parenchyma.

Another possibility to explain the lack of rescue effect that
we observed in HAB rats treated with FLX might rely on a
difference in the type of processes that might form after drug
administration. We indeed observed that HAB cells treated with
FLX are enriched in processes which appeared to be shorter than
those induced in NAB cells, suggesting that longer treatment
times may be necessary to fully recover an amount of astrocyte
processes with proper functionality, i.e., long enough to reach
and completely surround again BVs with their AQP-4-IR endfeet.
A similar study has been recently published, which showed that
the AD naltrexone could reverse an astrocytic atrophy revealed in
macaques with behavioral disorders (Lee et al., 2015).

Although Nicchia et al. (2008) have shown that stellation of
astrocytes does not directly depend on the presence of AQP-4,
we noticed that AQP-4 knockdown resulted in a lack of stellate
morphology and FLX was no longer able to induce such a stellate
phenotype in AQP-4 knockdown astrocytes. We cannot rule out
that such a phenotype is due to a primary disrupted actin or GFAP
cytoskeleton in HAB astrocytes, since we observed that GFAP is
strongly impaired in HAB brains. More studies are needed to
identify the specific molecular mechanisms behind the lack of
stellate morphology in HAB cells.

CONCLUSION

Our results show that AQP-4 might be necessary in order to
maintain astrocyte processes, which are the functional unit of
astrocytes at the BBB and around synapses (Kimelberg, 2010).
Moreover, we could show that the lack of AQP-4 impairs
the effect of FLX in restoring basal amounts of processes per
cell. We think that a better understanding of the mechanisms
which drive AQP-4 to the endfeet and around BVs might
help to develop pharmacological compounds which could
reverse disease phenotypes with an astrocytic pathology, such as
MDD.
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Clinical and preclinical studies have implicated glial anomalies in major depression.
Conversely, evidence suggests that the activity of antidepressant drugs is based, at
least in part, on their ability to stimulate density and/or activity of astrocytes, a major
glial cell population. Despite this recent evidence, little is known about the mechanism(s)
by which astrocytes regulate emotionality. Glial cells communicate with each other
through gap junction channels (GJCs), while they can also directly interact with neurons
by releasing gliotransmitters in the extracellular compartment via an hemichannels
(HCs)-dependent process. Both GJCs and HCs are formed by two main protein
subunits: connexins (Cx) 30 and 43 (Cx30 and Cx43). Here we investigate the role
of hippocampal Cx43 in the regulation of depression-like symptoms using genetic and
pharmacological approaches. The first aim of this study was to evaluate the impact
of the constitutive knock-down of Cx43 on a set of behaviors known to be affected
in depression. Conversely, the expression of Cx43 was assessed in the hippocampus
of mice subjected to prolonged corticosterone (CORT) exposure, given either alone or
in combination with an antidepressant drug, the selective serotonin reuptake inhibitor
fluoxetine. Our results indicate that the constitutive deficiency of Cx43 resulted in the
expression of some characteristic hallmarks of antidepressant-/anxiolytic-like behavioral
activities along with an improvement of cognitive performances. Moreover, in a new
cohort of wild-type mice, we showed that CORT exposure elicited anxiety and
depression-like abnormalities that were reversed by chronic administration of fluoxetine.
Remarkably, CORT also increased hippocampal amounts of phosphorylated form of
Cx43 whereas fluoxetine treatment normalized this parameter. From these results, we
envision that antidepressant drugs may exert their therapeutic activity by decreasing the
expression and/or activity of Cx43 resulting from a lower level of phosphorylation in the
hippocampus.
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INTRODUCTION

Major depression (MD) is one of the most common mental
disorders, affecting 350 million people worldwide and is
a leading cause of disability (Milanovic et al., 2015). MD
imposes substantial economic costs and its impact on disability,
productivity, and quality of life further accentuates these costs
(Lecrubier, 2001). Evidence indicates that stressful life events
increase the risk for MD (Binder and Nemeroff, 2010). As a
consequence, classically used animalmodels of depression rely on
the activation of the hypothalamus-pituitary-adrenal (HPA) axis
in order to reproduce part of the physiological, neurochemical
and morphological maladaptive changes detected in depressed
patients (Dalvi and Lucki, 1999). Selective serotonin reuptake
inhibitors (SSRIs) represent the most widely prescribed class
of antidepressant drugs, but approximately 50% of depressed
patients do not respond adequately to SSRI. Moreover even in
responders, the onset of therapeutic action is of 2–4 weeks (Blier,
2001). Considering the prevalence of MD and its consequences
on life’s quality, a better knowledge of its pathophysiology is
required to envision the identification of new therapeutic targets.

Opening the way for a promising area of pharmacological
interventions, recent data suggest that glia plays an important
role in MD and in antidepressant drugs response (Quesseveur
et al., 2013a). Indeed, reduced expression of the glial fibrillary
acidic protein (GFAP) has been observed in the brain of
depressed patients (Miguel-Hidalgo et al., 2000; Webster et al.,
2001; Si et al., 2004; Nagy et al., 2015). This glial anomaly,
specifically identified in limbic regions (Torres-Platas et al.,
2015), is not restricted toGFAP since a decrease in cortical mRNA
expression of astrocyte-enriched genes including ALDH1L1,
SOX9, GLUL, SCL1A3 has been reported in a large cohort of
depressed patients (Nagy et al., 2015). In agreement with the
latter findings, subjecting animals to unpredictable chronic mild
stress (UCMS) or prolonged social defeat, two animal models
of depression, also elicits an attenuation of GFAP (mRNA or
protein) in the cortex (Banasr et al., 2010) or the hippocampus
of rats (Czeh et al., 2006; Araya-Callis et al., 2012). An elevation
in stress-induced glucocorticoids might have contributed to this
effect as studies indicated that corticosterone (CORT) can lower
GFAP levels in the rat brain (Nichols et al., 1990). Despite
this evidence, little is known about the mechanism(s) by which
astrocytic activity may regulate emotionality and its related brain
circuits.

Astrocytes have the ability to communicate with each other
through GJCs, while they can also communicate directly
with neurons by releasing gliotransmitters in the extracellular
compartment via hemichannels (HCs). In astrocytes, both GJCs
and HCs are formed by two main subunits: connexins 30 and
43 (Cx30 and Cx43; Rouach and Giaume, 2001). A few months
ago, a post-mortem study correlated MD with decreased levels
of Cx43 immunoreactivity in the prefrontal cortex (Miguel-
Hidalgo et al., 2014). Similarly, rats subjected to UCMS exhibit
a significantly decreased expression and function of cortical and
hippocampal Cx43 GJCs whereas typical antidepressant drugs
such as fluoxetine, duloxetine, or the tricyclic amitriptyline
increased astroglial Cx43 protein levels (Li et al., 2010; Sun et al.,

2012; Morioka et al., 2014; Mostafavi et al., 2014). Although
the latter studies focused their attention on Cx43 without
providing information about Cx30, these clinical and preclinical
observations raise the possibility that the down-regulation and/or
functional inactivation of astroglial Cx GJCs could produce
deleterious effects on mood. Conversely, the over-expression
and/or activation of astroglial Cxs GJCs might underlie, at least
in part, antidepressant drugs response. However, the role of
astroglial Cxs in the regulation of emotional states could be
more complicated than expected. Indeed, it was recently reported
that restraint stress increases the opening of Cx43 HCs in the
hippocampus, thereby promoting the release of glutamate in a
neurotoxic concentration for neighboring cells (Orellana et al.,
2015). Connexin 43 HCs activity may thus constitute a pre-
requisite condition for the damaging effects of chronic stress
on neuronal activity and related functions. Consequently and
given the importance of adult hippocampal neurogenesis in
antidepressant drug response (Santarelli et al., 2001; Surget et al.,
2008; David et al., 2009), the latter results suggest, that the
inactivation of Cx43HCsmight positively influence emotionality.

Here, we questioned the role of hippocampal Cx43 in the
regulation of emotion-related behaviors using complementary
genetic and pharmacological approaches. In the first part of this
study, we evaluated the impact of the constitutive knock-down
of Cx43 on a set of well-defined behavioral paradigms known
to recapitulate several symptoms of depression. The second part
of this work was designed to investigate the putative changes in
hippocampal Cx43 expression in mice chronically exposed to the
stress hormone CORT, either alone or in combination with the
SSRI fluoxetine. The choice of the hippocampus was based on
the fact that this brain region is subjected to intense structural
changes and remodeling in MD while an important part of the
therapeutic activity of antidepressant drugs relies on their ability
to block or reverse impairments of plasticity caused by stress or
related pathologies (Warner-Schmidt and Duman, 2006).

MATERIALS AND METHODS

Animals
For experiment 1, 7 week-old male transgenic Cx43fl/fl mice were
used and wild-type littermates (Cx43wt/wt) with a similar mixed
129P2-C57BL/6 background served as controls (Theis et al.,
2001). For experiments 2 and 3, 7 week-old wild-type C57BL/6J
mice were used. All mice weighed between 25 and 35 g at the
time of behavioral assessment. Mice were housed by 4–5 per cage
under standard conditions (12:12 h light-dark cycle, light on at
7 am, 22 ± 1◦C ambient temperature, 60% relative humidity).
The “Centre de Recherches sur la Cognition Animale (CRCA)”
has received French legal approval for experiments on living
vertebrate animals (Arrêté Préfectoral: 9-02-2011). This work
was carried out in accordance with the Policies of the French
Committee of Ethics. Animal surgery and experimentations
conducted in this study were authorized by the French Direction
of Veterinary Services to CR (#31-11555521, 2002) and all efforts
were made to improve animals’ welfare and minimize animals
suffering.
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Drugs and Surgery
Corticosterone (from Sigma–Aldrich, Saint-Quentin Fallavier,
France) was dissolved in vehicle (beta-cyclodextrin 0.45%) as
previously described (David et al., 2009). CORT (35 μg/ml,
equivalent 5 mg/kg/day) was delivered alone or in presence of
the antidepressant drug fluoxetine in opaque bottles to protect it
from light, available ad libitum in the drinking water. Fluoxetine
hydrochloride (18 mg/kg per day for 1 month) was purchased
from Anawa Trading (Wangen, Switzerland) and was used at a
dose that reversed CORT-induced behavioral anomalies (David
et al., 2009). In this study, we also used the non-selective
Cx blocker carbenoxolone (CBX; Rouach et al., 2003) at a
concentration of 10 mM based on a previous report showing its
ability to modulatememory (Bissiere et al., 2011; Sun et al., 2012).
One week before the tests, wild-type mice were anesthetized
with chloral hydrate (400 mg/kg; i.p.). They were then placed
on a stereotaxic frame and bilaterally implanted with 29 gage
guide cannulae (Cooper’s needle works LTD) in the ventral
hippocampus using the following coordinates: −2.5 posterior
from bregma, ±2.8 mm lateral to midline and 2.0 ventral from
the dura. The implants were secured to the skull with dental
acrylic. Dummy cannulae were inserted from the end of surgery
until the infusion day to prevent clogging of the guides. For its
bilateral micro-infusion in the ventral hippocampus (0.3 μl per
side at a constant rate of 0.1 μl/min), CBX was dissolved in
0.1 M sterile PBS. 33 gage internal injection cannulae, extending
0.5 mm beyond the guide cannulae, were inserted and connected
to a microsyringe driven by a microinfusion pump. The cannulae
were left in place for an additional 2 min before being withdrawn
and the animals were allowed an additional 15 min before
the beginning of experimentation. Vehicle animals were also
cannulated and received similar volumes of 0.1 M sterile PBS.

Behavioral Tests
All behavioral tests were performed in the morning to avoid
differences in locomotor activity and other variables affected by
circadian rhythm. Previous studies have indicated that certain
test variables are sensitive, whereas others are resistant, to test
order (McIlwain et al., 2001). Bearing this in mind, performance
was then evaluated from the least to the most stressful test,
thereby decreasing the chance that one test might impact the
behavior evaluated in the subsequent paradigm. Importantly,
since prior handling and testing have been described to reduce
exploratory activity and emotionality in mice (Võikar et al.,
2004), animals were tested only once in each paradigm. Finally,
given that it has been demonstrated that the interval between
behavioral tests could be as short as 1 day, with a weak effect on
overall performance (Paylor et al., 2006), in the present study,
a 2-day recovery period between tests was provided. It is also
important to state that by reducing the inter-test interval, we
reduced the possible effects of time on drug administration on
tests.

The Sucrose preference test (SPT) was performed in singled-
house mice habituated for 48 h to drink water from two bottles.
On the following 3 days, the mice could choose between a water
bottle and a 1% sucrose solution bottle, switched daily. Sucrose
solution intake for 24 h was measured during the last day and

expressed as a percentage of the total amount of liquid ingested
and normalized to the mouse body weight.

The splash test (ST) was performed for a 5-min period as
previously described (David et al., 2009). After squirting 200 μl
of a 10% sucrose solution on the mouse’s snout, grooming time
was scored by a single experimenter as an index of self-care.

The tail suspension test (TST) was performed using the
BIOSEB’s Tail Suspension Test system (Bioseb) during a 6-
min session period. Immobility time was scored as an index of
resignation. Movements in terms of energy and power in motion
were measured to ensure the absence of any locomotor bias.

The Elevated plus maze (EPM) was performed by placing
animals into the central area facing one closed arm and were
allowed to explore the maze for 5 min. Testing took place in
bright dimmed light conditions (800–900 lux). Automated
scoring was done using ANY-maze(tm) behavioral video-
tracking software from Stoelting Co (Bioseb, Vitrolles, France).
Total number of entries and time spent in the open arms were
measured.

The Open field (OF) was performed in 40 cm × 40 cm
Plexiglas boxes (Mouse Open Field Arena ENV-510; Med
Associates Inc.) during a 30-min session period. Activity
chambers were computer interfaced for data analysis (SOF-811;
Med associates Inc.), and two regions were defined by grid lines
that divided each box into center and periphery areas, with each
of the four lines located 11 cm away from each wall. The total
number of entries, the ambulatory distance and the time spent in
each compartment were measured.

The Novelty suppressed feeding (NSF) was performed in a
white plastic box (30 cm × 60 cm). Mice were food deprived for
24 h before testing and then placed in the corner of the box with
their respective food pellet on a white square filter paper at the
center of the arena under a bright light (∼60W) placed about 60–
80 cm above the food pellet. Latency to begin eating was scored by
a single experimenter, with a cut-off time of 10 min. Upon return
to their home-cage, the total amount of food intake was measured
for each animal and for a 5-min period to ensure the absence of
differences in hunger/motivation to eat.

The Object location test (OLT) and the Object recognition test
(ORT) started with an habituation to the open-field by exposing
the mice to the apparatus for 10 min 1 day before starting the
trials (day 1). During the training session, two identical objects
were placed 15 cm away from the two opposite corners (day 2).
Each mouse was placed in the center of the open-field, facing the
objects and was allowed to freely explore the objects for 10 min.
During the retention session held 24 h later (day 3), one object
was displaced to a new position (in the OLT), or replaced by
another one (in the ORT). Then, each mouse was placed in the
center of the open-field facing the objects and was allowed to
freely move for 10 min. Time spent exploring the different objects
was recorded using Noldus Ethovision software.

The Fear conditioning (FC) consisted of a single conditioning
session. During conditioning, each mouse was introduced into
the conditioning chamber for a total of 4 min 30 s. After a
2-min exploration period, a sound (CS) was emitted for 30 s,
and a foot-shock (US) was superposed to the tone during
the last 2 s. The mice were then maintained in the chamber
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for two additional min. After this procedure, the mouse was
gently removed from the chamber. 24 h after the conditioning
session, freezing to the context was assessed by again placing
each mouse in the conditioning chamber. The level of freezing
was measured during 4 min, no tone or foot-shock being
presented to the animal. Two hours later, mice were tested for
freezing to the tone in a modified context. Two minutes after
introduction in the modified chamber, freezing was recorded
during a 2-min tone presentation. Freezing behavior was both
automatically recorded and scored by an experimenter blind to
the experimental conditions. Data was calculated for the 4-min
context recall test, the 2-min pre-tone, and the 2-min tone tests.

Emotionality z-Score
Z-normalization across complementary measures of
emotionality-related behaviors assessed from different
paradigms was applied after each experimental protocol.
Simple mathematical tools were used to normalize data from
each individual raw behavioral data to the mean of the control
groups within each experimental cohort. Data were then
integrated into a single value, named emotionality z-scores.
Values were obtained by subtracting the average of observations
in a population from an individual raw value and then dividing
this difference by the population standard deviation as described
previously (Guilloux et al., 2011; Petit et al., 2014). This type of
normalization allows data on different scales to be compared.
The emotionality z-score included the parameters measured
in the ST (grooming time), the TST (immobility time), the
elevated plus maze (open arms entries and open arms times),
the open-field (center entries, center time, and center to total
distance ratio) and the NSF (latency to feed). It is noteworthy
that several parameters were calculated in the OF and EPM to
evaluate anxiety. In order to have a same impact of each test on
the emotionality z-score, we averaged the normalized parameters
evaluated in the OF and EPM to obtain a single value per mouse
and per behavioral test. More details about the mathematical
method for emotionality z-score calculation are provided in
Supplementary Table S1.

Western-Blot
Expression of Cx30 and Cx43 were analyzed by western blot
as previously described (Ezan et al., 2012). Briefly, frozen
hippocampi or hypothalamus were pulverized on dry ice,
resuspended in boiling 2% SDS containing protease inhibitors
(Roche), β-glycerophosphate (10 mM) and orthovanadate
(1 mM), and sonicated on ice. Lysates were centrifugated at
13,000 rpm at 4◦C and supernatants were diluted with 5x
Laemmli buffer, and boiled 5 min. After quantification using
the BCA protein assay kit (Pierce), protein samples (20 μg/lane)
were separated by electrophoresis on 10% polyacrylamide gels
(Gel Nupage 4–12%, Bis-Tris) and transferred onto nitrocellulose
membranes. Membranes were blocked for 1 h with 5% fat-
free dried milk/TBS1x-0.1% Tween and incubated overnight at
4◦C either with anti-Cx30 (rabbit polyclonal, Invitrogen 71-
2200, 1/500) or anti-Cx43 (mouse monoclonal, BD Biosciences
610062, 1/500). The next day membranes were washed and
incubated with peroxydase-conjugated goat anti-rabbit or goat

anti-mouse (HRP-IgG, Santa Cruz, respectively, sc-2004 or sc-
2005, 1/2500), for 2 h at room temperature. Chemiluminescent
signal was obtained using Western Lighting Plus ECL detection
kit (Perkin-Elmer NEL104001EA). Blots were reprobed with anti-
tubulin or anti-actin (mouse monoclonal, Sigma, 1/10,000 and
1/30,000; respectively, T6199, A3853) to check protein load.
Semi-quantitative densitometric analysis was performed using
ImageJ software. The analysis of Cx43 activity was assessed
through its level of phosphorylation.

Experimental Design
In the experiment 1 (Supplementary Figure S1A), control
Cx43wt/wt and Cx43fl/fl mice were subjected to a full
comprehensive battery of behavioral tests to evaluate their
phenotype. Separate cohorts were used to assess putative changes
in depressive, anxious and cognitive symptoms.

In the experiment 2 (Supplementary Figure S1B), wild-type
mice were subjected to CORT or its vehicle for 1 month and
then administered with vehicle or fluoxetine for one additional
month. The efficacy of CORT or antidepressants on behavioral
performances were assessed in different paradigms. At the end of
this procedure, mice brains were removed for the analysis of Cx43
activity through its level of phosphorylation.

Statistical Analysis
For all experiments, statistical data analysis (StatView 5.0 Abacus
Concepts, Berkeley, CA, USA) used means ± SEM. Student
t-tests and one-way ANOVA followed on treatment factor by
Fisher Protected Least Significance Difference post hoc test were
used. The linear relationship between emotionality z-scores and
the level of expression of non-phosphorylated Cx43 was analyzed
by the Pearson’s correlation coefficient after a Shapiro-Wik
normality test. Significant level was set at p < 0.05.

RESULTS

Cx43 Controls Behavioral Symptoms
Related to Depression and Anxiety
Given the distribution of Cx43 in astroglial and stem cells in
the central nervous system (Dermietzel et al., 1989; Kunze et al.,
2009), we proposed to generate mice with a specific inactivation
of astroglial Cx43 in the hippocampus. To this end, we generated
a pseudotypedMOKOLA lentiviral vectors to selectively drive the
in vivo expression of the Cre-recombinase within hippocampal
astrocytes of Cx43fl/fl mice. The envelope confers to the virus a
tropism toward these glial cells (Colin et al., 2009; Quesseveur
et al., 2013b) and coupling with a detargeting strategy using
miRNA9T and miRNA124T eliminates the putative residual
expression of this Cre-recombinase in hippocampal stem cells
and neurons, respectively, thus providing a selective astrocytic
targeting. However, and as previously shown (Theis et al., 2003;
Unger et al., 2012), we observed that Cx43fl/fl mice themselves
displayed a dramatic decrease in the expression of Cx43 relative
to control Cx43wt/wt mice in various brain regions including
the hippocampus (∼−95%; t1,11 < 0.001) and the hypothalamus
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(∼−85%; t1,6 < 0.05; Figures 1A–D). On this background, the
relevance and the interest of our strategy consisting in over-
expressing the Cre-recombinase within hippocampal astrocytes
was limited. However, we took advantage of the knock-down
of this protein to assess the consequences of constitutive
Cx43 deficiency in a set of behavioral aspects known to be
affected in depression: hedonic state, behavioral despair, self-care,
anxiety, and cognition/memory by comparing Cx43fl/fl mice and
Cx43wt/wt mice maintained on the same genetic background.

With respect to hedonic state, no differences in sucrose
preference was detected between control Cx43wt/wt and Cx43fl/fl
mice (t1,16 = 0.34; Figure 2A) suggesting that the loss of Cx43
did not interfere with mice’s ability to experience pleasure. In the
ST evaluating self-care, no difference in the time of grooming
was noticed between Cx43wt/wt and Cx43fl/fl mice (t1,16 = 0.8;
Figure 2B). We also assessed immobility during exposure to
inescapable stress using the TST. Cx43fl/fl mice showed a marked
decrease in the immobility time compared to Cx43wt/wt mice,
indicative of a low level of despair (t1,16 < 0.001; Figure 2C).

Mice were then tested in behavioral paradigms assessing
anxiety. In the elevated plus maze, no difference was observed
between Cx43wt/wt and Cx43fl/fl mice in the time spent in the
open arms (t1,15 = 0.3; Figure 2D) nor in the number of entries
in these arms (t1,15 = 0.4, data not shown). In the OF, which
evaluates locomotor activity in a novel environment as well as
the level of anxiety, an increase, albeit not statistically significant,
in the time spent (t1,12 = 0.07; Figure 2E) and the number
of entries in the center area (t1,12 = 0.09; data not shown)
was observed in Cx43fl/fl mice. To eliminate a putative bias, we

FIGURE 1 | Expression of astroglial Cx43 in Cx43fl/fl mice. Immunoblot
analysis (A–C) and quantification (B–D) of Cx43 levels in the hippocampus (B)
and the hypothalamus (D) of Cx43fl/fl mice relative to control Cx43wt/wt mice.
β-actin was used as a loading control. ∗p < 0.05 and ∗∗∗p < 0.001:
significantly different from Cx43wt/wt (n = 6–7 mice/group for the
hippocampus et n = 4 for the hypothalamus).

verified that the loss of Cx43 did not affect the total distance
traveled (Cx43wt/wt: 8595 ± 575 vs. Cx43fl/fl: 7679 ± 598 cm;
t1,12 = 0.3). In the NSF, which evaluates animal’s latency to
consume food in a novel aversive environment, Cx43fl/fl mice
exhibited a decreased latency to feed compared to Cx43wt/wt
mice (t1,16 < 0.05; Figure 2F and Supplementary Figure S2A
for survival curve). Importantly, body weight loss and food
consumption in the home-cage were similar in both genotypes
(Supplementary Figures S2B,C).

Finally, cognitive/memory functions were assessed by the
measure of performances in the OLT (spatial memory), in the
ORT (non-spatial working memory) and in the fear conditioning
(contextual memory) successively. In the OLT, we found that
Cx43fl/fl mice did not displayed notable spatial memory deficits
compared to control Cx43wt/wt mice. Indeed, during memory
testing 24 h after the acquisition phase, exploratory preference for
mice of both groups were significantly higher than chance value
(50%), indicating that animals from both genotypes remembered
the initial position of the objects (Cx43wt/wt mice: p < 0.01 and
Cx43fl/fl mice: p < 0.05; Figure 2G). Moreover, Cx43fl/fl and
control Cx43wt/wt mice similarly explored the displaced object
(t1,15 = 0.1; Figure 2G) indicating that Cx43 know-down had no
effect on spatial memory in this task.

During memory testing in the ORT, Cx43fl/fl and control
Cx43wt/wt mice also explored to the same extent the novel object
(t1,15 = 0.6) and both values were significantly different from
chance value (Cx43wt/wt mice: p < 0.05 and Cx43fl/fl mice:
p < 0.01; Figure 2H). It is noteworthy that during the acquisition
phase of object location (p= 0.5) and ORT (p = 0.7), both groups
of mice spent the same amount of time exploring the objects
(Supplementary Figures S2D,E). In the fear conditioning,
24 h after the conditioning session, Cx43fl/fl mice exhibited
significantly more freezing than Cx43wt/wt mice (t1,15 < 0.01;
Figure 2I). These data are in favor of an improvement of the
associativememory in Cx43fl/fl mice. Interestingly, freezing to the
tone was also studied in a modified context. As a validation of the
experiment, freezing was measured before the shock on day 1 and
no differences occurred between Cx43fl/fl and control Cx43wt/wt
mice (t1,15 = 0.12; Supplementary Figure S2F).

These results indicate that the genetic loss of Cx43 elicits
a behavioral phenotype which is similar to that observed in
response to the chronic administration of antidepressant drugs.

Stress and the Selective Serotonin
Reuptake Inhibitor Fluoxetine Display
Opposite Effects on the Functional
Activity of Hippocampal Cx43
Wild-type mice were first tested in behavioral paradigms
assessing mood. In the splash and tail suspension tests, the one-
way ANOVA indicated a significant effect of treatment factor
[F(2,29) = 21,4; p< 0.001 and F(2,29) = 3,7; p< 0.05; respectively].
In the ST, chronic CORT exposure induced a significant decrease
in the time of grooming relative to control mice (p < 0.001)
whereas this depressive-like phenotype was reversed by the
chronic administration of fluoxetine (18 mg/kg/day for 1 month;
p.o.; p < 0.001; Figure 3A). In the TST, although CORT failed
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FIGURE 2 | Behavioral phenotype of Cx43fl/fl mice related to mood, anxiety, and memory. Data are expressed as mean ± SEM. (A–C) Mood evaluated by
the sucrose consumption in the sucrose preference test (SPT; A), the time of grooming in the splash test (ST, B) and the time of immobility in the tail suspension test
(TST; C). (D,E) Anxiety evaluated by the time in the open arms of the elevated plus maze (EPM; D), the time in the center of the open field (OF; E) and the latency to
feed in the novelty suppressed feeding (NSF; F). (G–I) cognitive performances evaluated by the time of exploration of the displaced object in the object location test
(OL; G), of exploration of the novel object in the object recognition test (OR; H) and the time of freezing in the contextual fear conditioning (CFC; I). ∗p < 0.05,
∗∗p < 0.01, ∗∗∗p < 0.001: significantly different from Cx43wt/wt (n = 8–10 mice/group).

to decrease the time of immobility (p > 0.05), the addition
of fluoxetine significantly reduced this parameter pointing its
antidepressant-like activity (p < 0.05; Figure 3B).

With respect to anxiety, in the elevated plus maze, the one-way
ANOVA on the time spent in the open arms revealed a significant

effect of treatment factor [F(2,29) = 4,3; p < 0.05]. Indeed, CORT
decreased this parameter (p < 0.05) whereas fluoxetine did not
reverse this effect (p = 0.3; Figure 3C). In the OF, the one-way
ANOVA revealed a significant effect of treatment factor on the
time spent in the center but not on the number of entries in
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FIGURE 3 | Behavioral phenotype of wild-type mice subjected to corticosterone (CORT) given alone or in combination with fluoxetine. Data are
expressed as mean ± SEM in wild-type mice administered with with vehicle (VEH) or CORT(35 μg/ml/day; p.o.) given alone or in combination with fluoxetine (FLX;
18 mg/kg/day; p.o.). (A,B) Mood evaluated by the time of grooming in the ST (A) and the time of immobility in the TST (B). (C–E) Anxiety evaluated by the time in the
open arms in the elevated plus maze (EPM; C), the time in the center of the arena in the (D) and the latency to feed in the (E). ∗p < 0.05, ∗∗∗p < 0.001: significantly
different from the VEH-treated group. ###p < 0.001: significantly different from the CORT/VEH-treated group. (n = 10–11 mice/group).

this compartment [F(2,29) = 8,4; p < 0.01 and F(2,29) = 2,1;
p = 0.14; respectively]. Hence, CORT decreased the time in the
center (p < 0.001) and again, fluoxetine failed to significantly
reverse this effect (p = 0.3; Figure 3D). Finally, in the NSF, the
one way-ANOVA showed a significant effect of treatment factor
[F(2,29) = 14,6; p < 0.001]. CORT induced a significant increase
in the latency to feed (p < 0.001) and this effect was reversed
by fluoxetine (p < 0.001; Figure 3E). To eliminate putative
bias, body weight loss and food consumption in the home cage
were monitored and no differences were observed between the
experimental groups [F(2,29) = 0,1; p = 0.8 and F(2,29) = 0,2;
p = 0.7; respectively] (Supplementary Figures S3A–C).

Because MD is multimodal, quantifiable assessment of
depressive-like state is possible when different behavioral
parameters can be measured in the same animal. Based on
the z-score method, we thus normalized each parameter from
the average of the corresponding values observed in the
control group and integrated these values into a single score
(Supplementary Table S1). We obtained an emotionality z-score
for which the one-way ANOVA showed a significant effect of
treatment factor [F(2,29) = 32,1; p < 0.001]. As expected, CORT
significantly increased the emotionality z-score relative to control

animals (p < 0.001) and this effect was reversed by fluoxetine
(p < 0.001; Figure 4A).

In a subgroup of animal subjected to the behavioral paradigms,
we examined their levels of Cx43 expression in the whole
hippocampus. Although one way-ANOVA revealed no effect of
treatment factor on total Cx43 levels [F(2,14) = 0,6; p = 0.5]
(Supplementary Figure S4A), a significant effect was reported
on its phosphorylated form [F(2,14) = 5,8; p < 0.05]. We
showed that CORT increased the levels of phosphorylated Cx43
(p < 0.05) and this was reversed by fluoxetine (p < 0.01;
Figure 4B). Interestingly, western blot analysis did not reveal
any effect of treatment factor for the expression of total Cx30
in the hippocampus [F(2,14) = 1,2; p = 0.3] (Supplementary
Figure S4B).

A significant positive correlation between emotionality
z-scores and the level of expression of phosphorylated Cx43 was
unveiled (Pearson r = 0.64; p < 0.01; Figure 4C). The higher
the level of phosphorylated Cx43, the higher the emotionality
z-score.

These results demonstrate that the anxiety and depressive-
like symptoms induced by CORT correlate with an increase
in the level of Cx43 phosphorylation in the hippocampus
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FIGURE 4 | Correlation between the phosphorylation state of Connexin
43 and the emotionality-score. (A) emotionality z-score integrating all
behavioral parameters assessed in the ST, test suspension test, elevated plus
maze, OF, and NSF in mice administered with vehicle (VEH) or
CORT(35 μg/ml/day; p.o.) given alone or in combination with fluoxetine (FLX;
18 mg/kg/day; p.o.). Emotionality z-scores used in this correlation analysis
concern the subpopulation of mice for which the expression of hippocampal
Cx43 was examined. (B) Quantification of non-phosphorylated Cx43 levels in
the hippocampus of mice administered with vehicle VEH or CORT given alone
or in combination with FLX. (C) Correlation between emotionality z-scores and
non-phosphorylated Cx43 levels in the hippocampus. Tubulin was used as a
loading control. ∗p < 0.05 and ∗∗∗p < 0.001: significantly different from the
VEH-treated group. ##p < 0.01 and ###p < 0.001: significantly different from
the CORT/VEH-treated group. (n = 10–11 mice/group for z-scores and
n = 5–6 for western-blot).

whereas chronic administration with fluoxetine normalizes this
parameter.

DISCUSSION

In the present study, we provide evidence that the constitutive
knock-down of astroglial Cx43 in mice leads to behavioral
changes reminiscent of antidepressant-/anxiolytic-like activities
specifically in paradigms producing a high level of stress. In
parallel of these experiments and in a mouse model of depression,
we also report that the antidepressant-/anxiolytic-like activities
of the SSRI fluoxetine is associated with a decrease in the
phosphorylation level of Cx43 in the hippocampus.

To examine the role of Cx43 on emotion-related behaviors,
our initial strategy was to selectively drive the inactivation of
Cx43 within hippocampal astrocytes through a local injection of
pseudotyped lentivirus containing the Cre-recombinase (Colin
et al., 2009). However, the observation that the expression
of Cx43 in Cx43fl/fl mice was dramatically decreased led
us to abandon this strategy and challenge the relevance of

comparing these floxed mice with their counterparts injected
with the Cre-recombinase in discrete brain regions. Although the
reason of such a constitutive deletion in Cx43fl/fl mice remains
unknown, we decided to compare the behavior of Cx43fl/fl mice
having a constitutive decrease in Cx43 expression as previously
reported (Theis et al., 2003; Unger et al., 2012) with Cx43wt/wt
mice. Our results demonstrate that Cx43fl/fl mice displayed an
antidepressant- and anxiolytic-like phenotype in the TST and
the NSF but not in the ST, the elevated plus maze and the
OF. Hence, we unveiled that the constitutive Cx43 deletion
improves mood and decreases anxiety specifically in paradigms
producing a high level of stress. Although the role of Cx43 on
these behaviors has been poorly investigated, our results are
in line with earlier experiments showing increased exploratory
and anxiolytic-like behaviors in mice with astrocyte-directed
deletion of Cx43 in the whole brain (i.e., Cx43fl/fl:GFAP-Cremice;
Frisch et al., 2003). We also examined the mnesic performances
of Cx43fl/fl mice because learning and memory impairments
represent other symptoms usually affected in MD as shown in
clinical (Trivedi and Greer, 2014) and preclinical studies (Darcet
et al., 2014). Interestingly, we observed that the constitutive Cx43
deletion improves the long-term memory in the contextual fear
conditioning as antidepressant drugs do (for review see Keefe
et al., 2014). Again, Cx43 deletion produced beneficial effects in
a paradigm for which the intensity of the experienced stress is
high whereas it failed to improve memory in the object location
and ORTs. Together these data shed new light on the fact that
deficiency in Cx43 would favor stress response whereas part of
antidepressant activity might rely on the blockade of this protein.
This statement is in line with a recent work showing that Cx43 in
astrocytes may participate in the pathogenesis of stress-associated
psychiatric disorders (Orellana et al., 2015).

To further explore the putative link between stress response
and Cx43, we subjected wild-type mice to CORT and evaluated
the levels of Cx expression. The chronic administration of CORT
in the drinking water is a well-recognized neuroendocrine-
based model of depressive-like behavior (David et al., 2009).
As expected and previously reported in mice (David et al.,
2009; Hache et al., 2012; Quesseveur et al., 2013b; Le Dantec
et al., 2014), we showed that CORT elicited behavioral anomalies
typically observed in depressed patients such as carelessness,
despair, and anxiety. Because full quantifiable assessment of
mood-related behavior is possible when the same animal is
exposed to multiple tests covering a wide range of representative
symptoms of depression, we established an emotionality z-score
integrating all these behavioral parameters into a single value.
We provided evidence that CORT significantly increased
emotionality z-score compared to control animals as a valid index
of pathological state. Indeed, the higher the emotionality z-score,
the higher the behavioral impairments (Guilloux et al., 2011; Petit
et al., 2014). On the contrary, the sustained administration of
the SSRI decreased this emotionality z-score notably due to its
ability to produce antidepressant-/anxiolytic-like activities in the
ST, TST, and the NSF. Interestingly, neither CORT nor fluoxetine
changed the expression of total Cx43 in the hippocampus but
both treatments affected its levels of phosphorylation. One of
the most remarkable result obtained herein is the fact that
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emotionality z-score is positively correlated with the levels
of Cx43 phosphorylation in the hippocampus. If we consider
that phosphorylation is a prerequisite for acute function of Cx
(Solan and Lampe, 2009), then our results suggest that the
therapeutic effects of antidepressant drugs might implicate the
functional inactivation of Cx43. There is now evidence that
SSRIs inhibit 5-HT uptake through the blockade of neuronal and
astrocytic SERT. The subsequent enhancement of extracellular 5-
HT levels likely contributes to activate astroglial 5-HT receptors
(Quesseveur et al., 2013a) which, in turn, might directly
regulates Cx function and/or expression. In keeping with this
hypothesis, it has been shown that the application of 5-HT on
hippocampal primary culture of astrocytes decreases intracellular
Ca2+ wave propagation or dye transfer between neighboring
cells (Blomstrand et al., 1999). The latter findings strengthen the
hypothesis that the therapeutic activity of SSRIs would result, at
least in part, from the reduction of glial cells coupling. However,
these considerations are not necessarily consistent with data
showing that chronic treatments with antidepressant drugs such
as fluoxetine or duloxetine increase, on the contrary, astrocytic
Cx43 GJC coupling (Sun et al., 2012) raising the possibility
that the enhancement of astrocyte–astrocyte communication,
notably in the cortex, plays an important role in antidepressant
drugs response. Several explanations might be advanced to
explain the discrepancies between the latter results and the
findings described in the present study. The brain region (i.e.,
the PFC vs. the hippocampus) is an important concern that
should be taken into consideration. Functional imaging studies
of depressed patients indicate that the clinical response of
fluoxetine is associated with a decreased functional activity of
limbic regions including the hippocampus and an increased
activity of the cortex (Mayberg et al., 2000). It is therefore
possible that cortical and hippocampal astrocytes, according to
their cellular and molecular environment, differentially impact
neuronal activity. If the activation of Cx43 GJCs in the cortex
seems to exert beneficial antidepressant-like effects, it is possible
that its inactivation in the hippocampus is also a necessary
condition to obtain similar therapeutic responses. To test for
this hypothesis, we directly injected the Cx inhibitor CBX in
the ventral hippocampus. However, our results indicate that the
intra-hippocampal CBX elicited depressive-like state in the TST
(Supplementary Figure S5) similarly to the observation made
after its intra-cortical infusion (Sun et al., 2012). The latter results
strongly suggest that Cx43 GJC and HC exert different effects on
stress and antidepressant drugs response.

Opposite Effects of Gap-Junctions and
Hemi-Channels in Response to Stress
and Antidepressant Drugs
On this background, the question may then arise as to whether
the apparent beneficial effects of Cx43 down-regulation and/or
inactivation on antidepressant-/anxiolytic-like activities and
cognitive performances reported herein result from change in
GJC and/or HC activity? The behavioral phenotyping of Cx43-
deficient mice along with pharmacological studies using Cx
blockers in relevant animal models of depression emphasize the

importance of these proteins in the regulation of mood-related
behaviors, while the respective contribution of each function is at
present unknown, in particular for the HC function of Cx43.

Our results unveil a deleterious effect of Cx43 on
antidepressant response. Besides their role in GJC, Cx43
also form HC to allow a direct communication with neurons
by releasing gliotransmitters or other neuroactive substances in
the extracellular compartment (Saez et al., 2005; Ransom and
Giaume, 2013). Interestingly, acute restraint stress stimulates
the opening of astrocytic Cx43 HC and a corollary of such
functional change is an enhancement of glutamate release from
astrocytes HCs thereby leading to neurotoxic effects (Orellana
et al., 2015). These findings along with the observation that
CRF stimulate the expression of Cx43 (Hanstein et al., 2009),
suggest that enhanced HC activity in astrocytes could contribute
to dysfunction in emotional brain circuits. In our experimental
conditions, one would assume that chronic CORT exposure
stimulated Cx43 HC activity to promote a prolonged and
exaggerated release of glutamate in the hippocampus thereby
producing neuronal damage and/or alteration in mood-related
neurotransmission as previously reported in this model (David
et al., 2009; Rainer et al., 2012). In this case, fluoxetine would
have exerted its beneficial effects by attenuating Cx43 HC activity
reflected herein by its ability to decreased Cx43 phosphorylation
in response to stress. In this case, it is, however, unclear why the
majority of gliotransmitters (ATP, adenosine, lactate or D-Serine)
released by Cx43 are known to elicit antidepressant-like effects
(for review Etievant et al., 2013) or to improve fear learning
and memory in rodents (Suzuki et al., 2011; Stehberg et al.,
2012; Yang et al., 2014). One explanation would be that stress
specifically triggers the release of deleterious gliotransmitters
in a Cx43 HC-dependent manner. Different ionic selectivities
for Cx have already been observed (Wang and Veenstra, 1997)
but data on gliotransmitters are still lacking. It is, however,
noteworthy that the degree of Cx43 phosphorylation would be
an important process to regulate such selectivity (Bao et al.,
2007). Finally, we should take into consideration that Cx43
might also allow the secretion of pro-inflammatory factors
such as interleukines, cytokines or chemokines. This has been
already observed in response to different pathological conditions
including neuropathic pain (Chen et al., 2012, 2014) and this
would reconcile our results with the inflammatory hypothesis of
depression.

The second hypothesis regarding Cx43 and emotionality
implies that a normal activity of Cx43-mediated GJC function
is required for antidepressant response. Astroglial GJC are
permeable for several endogenous molecules, i.e., second
messengers [cyclic AMP, inositol-1,4,5-trisphos-phate (InsP3),
and Ca2+], amino acids (glutamate, aspartate, and taurine),
nucleotides (ADP, ATP, CTP, and NAD) but also energy
metabolites and their transfer facilitate information processing
and integration from a large number of neurons, in providing
metabolites during high neuronal demand (Giaume and
Theis, 2010). Considering that antidepressant-like effects of
SSRIs are associated with an enhancement of brain plasticity
(cell proliferation, neuronal growth and sprouting, dendritic
remodeling; Duman et al., 1999), one would expect that the
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facilitation of astrocyte–astrocyte communication would be
in favor of a therapeutic response. As an example of the
physiological importance of communication among these glial
cells, we recently demonstrated that astrocytes are able to release
Brain-Derived Neurotrophic Factor (BDNF) in response to
fluoxetine (Quesseveur et al., 2013b). Given that such a release
can be regulated by the intracellular astrocytic concentration
of Ca2+ (Zafra et al., 1992) or glutamate (Jean et al., 2008)
through Cx43 GJC, we can fairly anticipate their beneficial
effects on antidepressant drug response notably owing to
their proximity with neuronal synapses (Araque et al., 1999;
Perea and Araque, 2010). Indeed, this widespread transfer of
signaling molecules through Cx43 GJC should stimulate brain
plasticity as it represents a neurotrophic supply to neurons.
Interestingly, in a recent study exploring the role of astroglial
Cx on various stages of hippocampal adult neurogenesis, it was
reported that ablation of astroglial Cx43 significantly attenuated
proliferation and reduced the survival of adult-born cells (Kunze
et al., 2009; Li et al., 2010; Liebmann et al., 2013) confirming
that these proteins are required to promote hippocampal
adult neurogenesis and related antidepressant-/anxiolytic-like
activities.

CONCLUSION

Although the influence of antidepressant drugs on Cx43
expression is well described, little is known about the effects
of these treatments on the functional status of Cx43 GJC and
Cx43 HC. Our discussion illustrates the fact that both GJC
and HC may have different effects on antidepressant drugs
response leading to a complex regulation of emotionality by
astrocytes. In the present study, we focused our attention
on the hippocampus suggesting that the inactivation of Cx43
HC might induce beneficial effects through an attenuation of
the stress response. The recent identification of anatomical
and functional interactions between the hippocampus and
the hypothalamus (Radley and Sawchenko, 2011) reinforces
the interest to further explore the influence of hippocampal
astroglial Cx43 in the regulation of the neuroendocrine
system.
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FIGURE S1 | Schematic representation of the experimental designs.
(A) Cx43wt/wt and Cx43fl/fl mice were subjected to behavioral tests over a 1-week
period. (B) Wild-type mice were subjected to a 8-week exposure to corticosterone
(CORT) followed by a 4-week exposure to fluoxetine or its vehicle. Behavioral tests
were then conducted for 1 week with a 2-day period between each test.

FIGURE S2 | (A) Survival curve showing the fraction of animal not eating during
the novelty suppressed feeding (NSF). (B) Similar body weight loss (in gr) between
Cx43wt/wt and Cx43fl/fl mice after a 24-h period of fasting. (C) Similar home cage
consumption (in gr/gr of mouse body weight) during 5 min between Cx43wt/wt

and Cx43fl/fl mice after the NSF test. (D,E) Time of exploration of the objects in
the OL (D) and OR (E) during the acquisition phas at D1. (F) Time of freezing
before the shock in the FCF.

FIGURE S3 | (A) Survival curve showing the fraction of animal not eating during
the NSF. (B) Similar body weight loss (in gr) between VEH/VEH-, CORT/VEH-, and
CORT/FLX-treated mice after a 24-h period of fasting. (C) Similar home cage
consumption (in gr/gr of mouse body weight) during 5 min between VEH/VEH-,
CORT/VEH-, and CORT/FLX-treated mice after the NSF test.

FIGURE S4 | Expression of total astroglial Cxs. (A) Levels of Cx43 in
VEH/VEH-, CORT/VEH-, and CORT/FLX-treated mice. (B) Levels of Cx30 in
VEH/VEH-, CORT/VEH-, and CORT/FLX-treated mice.

FIGURE S5 | Depressive-like effect of intra-hippocampal infusion of an
astroglial Cx43 blocker in wild-type mice in the tail suspension test.
(A) Experimental protocol. Wild-type mice were bilaterally implanted with cannula
within the ventral hippocampus and after a 1-week period of recovery, they were
tested in the tail suspension test 15 min after the intra-hippocampal infusion of
carbenoxolone (CBX 10 mM) or its vehicle. The same animals were tested 1 week
later with a higher dose of CBX (100 mM). (A,B) Data are expressed as
mean ± SEM of the time of immobility after CBX (10 mM) (B) or (100 mM) (C).
*p < 0.05: significantly different from the VEH-infused group (n = 7 mice/group).

TABLE S1 | Mathematical method for Emotionality score calculation. The
Z-score is a dimensionless mathematical value obtained by subtracting each
individual data (X) from the mean of the control group (μ) and then dividing the
difference by the standard deviation of the control group (σ). Z-score of the Splash
Test (ST), the Elevated Plus Maze (EPM) and the Open Field (OF) were converted
into opposite values (i.e., by putting the negative sign in front of the formula) in
order to standardize the directionality of these scores and to ensure that increased
values reflected a pathological state. An individual z-score was therefore
determined for each parameter. In the case of behavioral tests integrating multiple
parameters, such as the EPM and the OF, an averaged Z-score was calculated
across parameters. Locomotor activity in the EPM and OF was integrated in the
averaged Z-score of these tests in order to avoid potential biases induced by
locomotion on anxiety-like behaviors. Finally, an individual Emotionality score is
obtained by averaging Z-score of all tests.
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Glial cells, and in particular astrocytes, are crucial to maintain neuronal microenvironment
by regulating energy metabolism, neurotransmitter uptake, gliotransmission, and
synaptic development. Moreover, a typical feature of astrocytes is their high expression
level of connexins, a family of membrane proteins that form gap junction channels
allowing intercellular exchanges and hemichannels that provide release and uptake
pathways for neuroactive molecules. Interestingly, several studies have revealed
unexpected changes in astrocytes from depressive patients and rodent models of
depressive-like behavior. Moreover, changes in the expression level of the astroglial
connexin 43 (Cx43) have been reported in a depressive context. On the other hand,
antidepressive drugs have also been shown to impact the expression of this connexin
in astrocytes. However, so far there is little information concerning the functional
consequence of these changes, i.e., the status of gap junctional communication and
hemichannel activity in astrocytes exposed to antidepressants. In the present work
we focused our attention on the action of seven antidepressants from four different
therapeutic classes and tested their effects on Cx43 expression and on the two
connexin-based channels functions studied in cultured astrocytes. We here report that
when used at non-toxic and clinically relevant concentrations they have no effects on
Cx43 expression but differential effects on Cx43 gap junction channels. Moreover, all
tested antidepressants inhibit Cx43 hemichannel with different efficiency depending on
their therapeutic classe. By studying the impact of antidepressants on the functional
status of astroglial connexin channels, contributing to dynamic neuroglial interactions,
our observations should help to better understand the mechanism by which these drugs
provide their effect in the brain.

Keywords: gap Junctions, hemichannels, glial cells, depression, inflammation

INTRODUCTION

During the two last decades, a major step in the understanding of brain functions and dysfunctions
has been to consider that not only neurons are at the center of these processes but that also their
glial environment is actively involved. This statement is particularly true for astrocytes, a major
glial cell population that establishes tight morphological and functional interactions with neurons
(Halassa and Haydon, 2010; Verkhratsky et al., 2012) leading to the concept of the “tripartite
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synapse” (see Araque et al., 1999; Pérez-Alvarez and Araque,
2013). In brain pathologies and mental illness this partnership
is impaired, contributing to severe neuronal defects and even
in certain cases leading to neuronal death (Giaume et al., 2007;
Bennett et al., 2012; Parpura et al., 2012). Such alterations
in neuroglial interaction start to be investigated in order to
identify and develop alternative therapeutic approaches that
target astrocytes instead of solely neurons (Colangelo et al.,
2014; Lundgaard et al., 2014; Vardjan et al., 2015). Following
this strategy, the objective is to act on a specific astroglial
molecular constituent known to regulate neuronal activity and/or
survival. Based on these requirements astroglial connexins
(Cxs), a family of membrane proteins, may be considered
as a good candidate. Indeed, Cxs are highly expressed in
astrocytes compared to all other brain cell populations (see
Ransom and Giaume, 2013), including neurons, and they
have been reported to interplay with synaptic activity and
plasticity (Pannasch et al., 2011), animal behavior (Stehberg
et al., 2012), and neuronal survival (Froger et al., 2010; Freitas-
Andrade and Naus, 2015). Besides, the expression and function
of astroglial Cxs are affected in neurodegenerative diseases
(Kawasaki et al., 2009; Koulakoff et al., 2012; Takeuchi and
Suzumura, 2014), ischemia and stroke (Orellana et al., 2014),
epilepsy (Mylvaganam et al., 2014), demyelinating diseases
(Cotrina and Nedergaard, 2012) and cancer (Naus and Laird,
2010). Much less is known about the status, i.e., expression
and function, of Cxs in astrocytes in non-neurodegenerative
mood disorders such as depression, while those pathologies
are associated to a reduction in the number of astrocytes
and a decrease in GFAP immunoreactivity (see Rajkowska and
Stockmeier, 2013).

Connexins are the molecular constituents of gap junctions
that are membrane specializations consisting of dense aggregates
of large pore channels formed by two paired hexamers of Cxs.
These gap junction channels extend from one cell into an
adjacent cell andmediate a unique direct cytoplasm-to-cytoplasm
communication. These channels are poorly selective for ions
and for small molecular weight signaling molecules, thus they
allow extensive ionic and biochemical exchanges between cells
(Harris, 2007). In astrocytes, gap junction channels provide
the basis for ionic homeostasis, particularly for potassium
buffering and intercellular calcium signaling. They are also
involved in biochemical and metabolic coupling (see Ransom
and Giaume, 2013). Under certain conditions Cxs can also
operate as half of a gap junction channel, named “hemichannel,”
representing another functional state that provides a pathway
suitable for autocrine as well as paracrine interactions in the
brain. In astrocytes, connexin hemichannels are permeable
to ions and are involved in the release of gliotransmitters
such as ATP and glutamate (Ye et al., 2003; Kang et al.,
2008; Abudara et al., 2015), the uptake of glucose (Retamal
et al., 2007) and the efflux of glutathione (Rana and Dringen,
2007; Ye et al., 2015). In astrocytes two major Cxs have
been identified, Cx43 and Cx30, which are not expressed
in other brain cell types and are characterized by different
developmental and regional patterns of expression (Nagy et al.,
2004). Both Cxs contribute to gap junctional communication

but so far only hemichannels made by Cx43 have been
reported to be functional in astrocytes (see Giaume et al.,
2013).

The information concerning astroglial Cxs and depression
is based on two kinds of observations available from the
literature. Firstly, those that report changes in the expression
of astroglial Cxs from depressive patients, persons having
committed suicide or from animal models of depression.
Indeed, a Canadian study of postmortem generated microarray
data suicide completers indicated that the expression level
of Cx43 and Cx30 is reduced in dorsal lateral prefrontal
cortex (Ernst et al., 2011) and in the locus coeruleus (Bernard
et al., 2011). In addition, a recent study has reported that
the expression of Cx43 is reduced in postmortem brains from
patients suffering from major depressive disorder or comorbid
depression relative to healthy subjects (Miguel-Hidalgo et al.,
2014). Also, Sun et al. (2012) have reported a decrease in
diffusion of gap junction channel-permeable dye and expression
of Cx43 in the prefrontal cortex in rats subjected to chronic
unpredictable stress. Secondly, on the other side treatment
with antidepressants also results in changes in the expression
level of Cx43 in astrocytes as indicated in Table 1. Five
antidepressants, from three different therapeutic classes, have
been tested in cellular and animal models; results indicate that
24–48 h treatment induces an increase in Cx43 expression at
mRNA and/or protein levels. This is particularly the case for
fluoxetine that has been tested in several models (Fatemi et al.,
2008; Mostafavi et al., 2008; Sun et al., 2012). However, there
is little information about the effect of these drugs on the
functional status of gap junctional communication and none
about hemichannel activity. So far based on this literature it
is tempting to deduce and summarize that depressive brains
show a down-regulation of Cx43 while antidepressant treatments
favor its up-regulation (see Rajkowska and Stockmeier, 2013).
Nevertheless, an important clue concerning Cxs is to identify
the functional consequences of these treatments on Cx43-
based channels since changes in level of expression can have
unpredictable consequences on their function. In order to
address this question we have carried out a systematic test
of seven antidepressants on gap junctional communication
and hemichannel activity in primary cultures of astrocytes,
known to express only Cx43 (Dermietzel et al., 1991; Giaume
et al., 1991; Koulakoff et al., 2008). The present study
indicates that when used at a non-toxic and clinically relevant
concentration they have differential effects on both channel
functions leading to a more complicated global view of their
action on intercellular communication mediated by Cx43 in
astrocytes.

MATERIALS AND METHODS

All experiments were performed according to the European
Community Council Directives of 2010/63/UE and all efforts
were made to minimize the number of animals. This study was
carried out in accordance with the recommendations of the Ethic
Committee 59, Paris, France and received the approval of the
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TABLE 1 | Summary table of the effects of antidepressants on Cx43 expression and gap junctional function in astrocytes.

Antidepressant Class Effect on Cx43 expression Effect on
Cx43 function

Model Treatment (dose and time) Reference

Amitriptyline TCA Increase (mRNA, protein) Increase
(gap junction)

Primary cultures rat
cortical astrocytes

25 μM, 48 h Morioka et al., 2014

Clomipramine TCA Increase (protein) NT Primary culture rat
cortical astrocytes

10 μM, 48 h Morioka et al., 2014

Fluoxetine SSRI Increase (protein) NT Rat in vivo
Prefrontal cortex

20 mg/kg i.p. for 21 days Fatemi et al., 2008

Fluoxetine SSRI Increase (mRNA, protein) NT Human astrocytoma
cell line

10, 20 μg/ml 24 h Mostafavi et al., 2008

Fluoxetine SSRI Increase (protein) No effect
(gap junction)

Rat in vivo
Prefrontal cortex

10 mg/kg 21 days Sun et al., 2012

Duloxetine SNRI Increase (mRNA, protein) No effect
(gap junction)

Rat in vivo
Prefrontal cortex

10 mg/kg 21 days Sun et al., 2012

Fluvoxamine SSRI Increase (protein) NT Primary cultures rat
cortical astrocytes

25 μM 48 h Morioka et al., 2014

Scientific Committee of the animal facilities of the Collège de
France.

Cortical Astrocyte Cultures
Primary astrocyte cultures were prepared from the cortex
of newborn (1–2 days) OF1 mice as previously described
(Meme et al., 2006). For western blot and scrape-loading
dye-transfer experiments, cells were seeded on polyornithine-
coated 35-mm-diameter dishes (Nunc, Roskilde, Denmark) at
a density of 5 × 105cells/mL. For hemichannel experiments
cells were seeded (2 × 105 cells per well) on glass coverslips
(Gassalem, Limeil-Brévannes, France) placed inside 24-round-
well plate; area 1.9 cm2/well; (NunClon, Thermoscientific,
Atlanta, GA, USA). Cellular medium, DMEM (Sigma–Aldrich,
St-Louis MO, USA), supplemented with penicillin (5 U/ml),
streptomycin (5 μg/ml; Invitrogen, Carlsbad, CA, USA),
fungizone amphotericin B (500 ng/mL; Gibco, Life Technologies,
Carlsbad, CA, USA), and 10% FCS (Hyclone, Logan, UT,
USA), was changed twice a week. When cells reached
confluence, around 10 days in vitro (DIV), they were harvested
with trypsin-EDTA (Invitrogen). The medium was changed
twice a week until the experiments were carried out. In
order to characterize the proportion of microglia in primary
culture of astrocytes, the two cell types were identified by
immunostaining with Isolectine B4 and GFAP antibodies,
respectively.

Products and Cell Treatments
Astrocyte cultures were treated for 24 h with lipopolysaccharide
(LPS, 1 μg/ml) and/or the following antidepressants: fluoxetine,
duloxetine, paroxetine, reboxetine, amitriptyline, imipramine,
venlafaxine (5, 10, or 20 μM, Sigma–Aldrich, Saint-Louis, MO,
USA). Carbenoxolone (50 μM, Sigma–Aldrich) was used as
positive inhibitor control for gap junction channels. Drugs were
prepared either in H20 or DMSO. Control cells received no
treatment and were previously studied with vehicle (H20 or
DMSO) which induced no changes in comparison with untreated
cells.

Determination of Gap Junctional
Communication
Experiments were performed by using the scrape-loading dye-
transfer technique, as previously described (Meme et al., 2006).
Briefly, cells were incubated at room temperature for 10 min in
HEPES buffered salt solution containing (in mM): NaCl, 140;
KCl, 5.4; CaCl2, 1.8; MgCl2, 1; glucose, 10; HEPES, 5 at pH
7.4. Cells were then washed with a calcium-free HEPES solution
for 1 min and the scrape loading and dye transfer assay (see
Giaume et al., 2012) was carried out in the same calcium-free
solution containing Lucifer yellow CH (427 Da, 1 mg/ml). One
minute after scraping procedure, cells were washed with the
HEPES solution and then Lucifer yellow loaded in the cells was
allowed to diffuse through gap junction channels for 8 min.
Photomicrographs were taken and data were quantified using
NIS Nikon software. In all experiments, the fluorescence area of
the first row of cells initially loaded, as measured in the presence
of the gap junction channel inhibitor carbenoxolone (50 μM,
24 h), was subtracted from the total fluorescence area.

Ethidium Bromide Uptake Experiments
in Cortical Astrocyte Cultures
Following 10 min exposure to 5 μM ethydium bromide (EtBr),
cells were washed with HEPES buffered salt solution containing
(in mM): NaCl, 140; KCl, 5.4; CaCl2, 1.8; MgCl2, 1; glucose,
10; HEPES, 5 at pH 7.4. After 10 min in fixing solution (4%
paraformaldehyde in 0.12 M buffer phosphate) and rinsing
with phosphate buffered saline (PBS), cells were mounted
in Fluoromount-G mounting medium (Orellana et al., 2011).
Images of astrocyte cultures were taken with a 40× objective
using a confocal laser-scanning microscope (Leica TBCS SP5).
Stacks of consecutive confocal images for 10 μm at 0.49 μm
intervals were acquired with an argon ion laser at 488 nm.
Confocal images of EthBr uptake were analyzed with Image
J software. The EtBr fluorescence intensity in the nuclei of
astrocytes in each image was measured and the average of six
images of different areas in the same culture was calculated the
final measurement of dye uptake in that culture.
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Western Blot
After 24 h of treatment, cultures were rinsed with PBS 1X and
added 75 μL of a solution containing protease and phosphatase
inhibitors (orthovanadate 1 mM; α-glycerophosphate 10 mM),
and complete miniprotease inhibitor (Roche Diagnostics,
Meylan, France). Cells were then harvested by scraping with
a rubber policeman and pelleted cells were added 20 μL of
5X Laemmli sample buffer. Samples were boiled for 5 min,
placed on ice, and lysed by sonication (Ultrasonic cell disrupter,
Microson, Bruxelles, Belgium). Then, samples were stored at
−20◦C. Proteins were measured with the Bio-Rad protein assay
(Bio-Rad laboratories, Richmond, CA, USA). For each cell lysate
sample, 20 μg of proteins were separated on Bis-Tris 4–12%
NuPAGE gels and electro-transferred to nitrocellulose sheets
as previously described (Orellana et al., 2011). Non-specific
protein binding was blocked by incubation of nitrocellulose
sheets in tris-buffered saline (TBS) – Tween – milk solution
(500 mL TBS 1X; 500 μL Tween 20X; non-fat powder milk
25 g) for 1 h. Blots were then incubated overnight with primary
antibody mouse Cx43 1:500 (Transduction Laboratories, Le
Pont de Claix, France) at 4◦C, followed by 4 × 15 min PBS
washes. Blots were incubated with goat anti-mouse antibody
1:2500 conjugated to horseradish peroxidase (Tébu, Le Perray-
En-Yveline, France). Immunoreactivity was detected by ECL
detection using the SuperSignal kit (Pierce, Rockford, IL, USA)
according to instructions. Blots were then reprobed with mouse
monoclonal anti-glyceraldehyde 3-phosphate dehydrogenase
peroxidase (Sigma–Aldrich, 1:10,000) to check the protein load.
Chemiluminescence imaging was performed on a LAS4000
(Fujifilm, Stamford, CT, USA). Semiquantitative densitometric
analysis was performed with ImageJ software after scanning the
bands.

Statistical Analysis
For each data group, results are expressed as mean ± SEM and
n refers to the number of independent experiments. Kruskal–
Wallis test and one-way ANOVA, followed, respectively, by Dunn
and Bonferroni post tests, were used as well as unpaired t-test.
Differences are considered significant at ∗P < 0.05, ∗∗P < 0.01,
∗∗∗P < 0.001 versus control, +P < 0.05, ++P < 0.01, and
+++P < 0.001 vs. LPS. GraphPad Prism 5 software (GraphPad
Software, La Jolla, CA, USA) was used for calculations.

RESULTS

The doses of the antidepressants were chosen in accordance with
literature addressing the neuropharmacokinetics of the tested
molecules of interest. Accordingly, cultured cortical astrocytes
were treated with concentrations identical to those reported
for brains of human or rodent after treatment with clinically
relevant doses from in vivo studies: for fluoxetine, 20 μM in
human brain is achieved at 20 mg/day (see Henry et al., 2005);
for venlafaxine, 10 μM in mice brain is reached at 20 mg/kg
(Karlsson et al., 2011); for duloxetine, 4.2 mg/kg in rat leads to
10 μM in brain (Kielbasa and Stratford, 2012). For the other
molecules (amitriptyline, imipramine, paroxetine, reboxetine)

the doses were selected below cell toxicity that was identified by
microscopic examination of astrocyte cultures treated for 24 h,
related to changed cell morphology and entry of Lucifer yellow
into damaged cells. More precisely the lack of toxicity of the
selected doses was routinely validated by the absence of Lucifer
yellow unspecific uptake in area far from the scrape lines in
scrape-loading dye-transfer experiments (see Figure 1A). Based
on these criterions all molecules were tested at concentrations
between 5 and 20 μM (24 h) for toxicity; we observed that
fluoxetine at 20 μM, paroxetine 10 μM, and duloxetine 20 μM
were toxic at these indicated doses, consequently these molecules
were tested at lower doses.

FIGURE 1 | Modulation of astrocyte Cx43 gap junctional
communication after 24-h treatment by seven antidepressants in mice
cortical astrocyte cultures. Amitriptyline (AMIT), imipramine (IMI), fluoxetine
(FLUOX), paroxetine (PAROX), reboxetine (REBOX), duloxetine (DULOX), and
venlafaxine (VENLA) were added from 5 to 20 μM in cellular medium during
24 h, gap junctional communication was evaluated by the scrape loading dye
transfer method. (A) Pictures of control, paroxetine 5 μM, venlafaxine 5 μM,
and amitriptyline 20 μM, illustrate the Lucifer yellow spreading through
astrocyte gap junctions for these different treatments. (B) Summary diagram
of junctional communication in vehicle-treated cells (control group) and after
antidepressant treatment. Note that the values are normalized to
carbenoxolone (50 μM, 24 h). Data are the means ± SEM n = 3–7 per group,
∗∗∗p < 0.001, ∗∗∗∗p < 0.0001 vs. control, Kruskal–Wallis test and one-way
ANOVA followed, respectively, by Dunn and Bonferroni post test. Scale bar
20 μM.
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The first question addressed during this screening with
antidepressants was their effect on the level of Cx43 expression
investigated by western blotting. As indicated in Table 2, the
seven tested antidepressants did not significantly modify the
level of expression of Cx43 studied in cultured cortical mouse
astrocytes (n = 3–6 per group, p > 0.05 One way ANOVA, Dunn
post test).

The effect of the selected antidepressants on gap junctional
communication was then tested by using the scrape-loading dye
transfer technique (see Giaume et al., 2012). In control condition
after 10 min the Lucifer yellow diffuses widely perpendicular
to the scrape line that indicates a high level of gap junctional
communication (Figure 1A, control). As illustrated in Figure 1B,
three different effects were observed. Three antidepressants,
amitriptyline (20 μM; Figure 1A), fluoxetine (10 μM), and
venlafaxine (5 μM; Figure 1A) reduced intercellular dye spread
by 57% (n = 6), 25% (n = 6), and 15% (n = 6), respectively. In
contrast, paroxetine (5 μM; Figure 1A) increased dye coupling
by 19% (n = 7). Finally, imipramine (20 μM, n = 3), reboxetine
(10 μM, n = 6) and duloxetine (5 μM, n = 9) had no statistically
significant action on the level of intercellular communication
between astrocytes, neither at these doses nor at higher non-toxic
doses.

In normal condition, astrocytes in culture as well as in
acute slices are characterized by a high level of gap junctional
communication and low hemichannel activity (Bennett et al.,
2003; Retamal et al., 2007; but see Chever et al., 2014). However,
in most pathological situations involving brain inflammation, a
reactive gliosis is associated with elevated hemichannel activity
in astrocytes (see Bennett et al., 2012; Giaume et al., 2013).
Such low hemichannel activity was also observed in our culture
condition (Figure 2A). Therefore, to induce hemichannel activity
we treated our cortical primary cultures, in which 11% (n = 9) of
isolectin B4-positive microglia versus GFAP-positive astrocytes
were present, with the endotoxin LPS. As already reported
for in vitro astrocytes (Retamal et al., 2007), we observed
that LPS treatment (1 μg/ml, 24 h) inhibited gap junctional
communication by 64% (n = 6), in such condition we found that
the antidepressants amitriptyline (20 μM, n = 4), imipramine
(20 μM, n = 4), venlafaxine (5 μM, n = 3), and duloxetine
(5 μM, n = 4) did not reverse the inhibition induced by LPS,
when co-treated during 24 h in astrocyte cultures. However,
paroxetine (5 μM, n = 4) and reboxetine (10 μM, n = 3)
reversed LPS-induced uncoupling, in a low but significant

manner, respectively, by 17% (n = 4) and 10% (n = 3) whereas
fluoxetine (10 μM) improved it by 10% (n = 4; data not
illustrated). Moreover, we found that LPS treatment (1 μg/ml,
24 h) increased by 104% (n = 7) the uptake of ethidium bromide
(EtBr) in GFAP-positive astrocytes indicating that, as previously
reported (Retamal et al., 2007; Abudara et al., 2015) hemichannels
in cortical astrocytes were activated (Figure 2A). As expected
EtBr uptake was inhibited by 93% (n = 3) in the presence
of carbenoxolone (50 μM; 24 h) indicating that this uptake
is mediated through hemichannel activity (Figure 2B). All the
seven antidepressants tested had a significant inhibitor effect
on the LPS-induced EtBr uptake, however, with difference in
their efficiency. Indeed, fluoxetine (10 μM), paroxetine (5 μM),
and duloxetine (5 μM; Figure 2A) had pronounced effect and
inhibited EtBr uptake by 97% (n = 3), 93% (n = 3), and
111% (n= 4), respectively (Figure 2B). Meanwhile, amitriptyline
(20 μM; Figure 2A), imipramine (20 μM), reboxetine (10 μM),
and venlafaxine (5 μM) had milder effect with 45% (n = 6),
28% (n = 3), 52% (n = 3), and 23% (n = 4), respectively
(Figure 2B).

DISCUSSION

The objective of the present study was to investigate the effects of
a panel of antidepressants on the property of the astroglial Cx43, a
membrane protein widely expressed in glial cells that contributes
actively to neuroglial interaction in normal and disease brain (see
Ransom and Giaume, 2013). For this purpose we undertook an
in vitro screening of seven antidepressants from four different
classes (TCA, SSRI, NRI, SNRI), all implied in serotonin
and/or noradrenaline reuptake inhibition, to characterize their
action on astroglial Cx43 at diverse levels: protein expression,
gap junctional communication and hemichannel function. We
selected a simple cellular system, primary cultures of mouse
cortical and striatal astrocytes in which only Cx43 is detected
(Dermietzel et al., 1991; Giaume et al., 1991; Koulakoff et al.,
2008). The tested concentrations were determined either based
on the literature, when clinically relevant doses were available,
or by establishing experimentally their threshold of toxicity for
24 h treatment (see Results section). While we did not observe
any significant change in Cx43 protein level, we found that
antidepressants had differential effects on astroglial Cx43-based
gap junctional communication as summarized in Table 2. These

TABLE 2 | Summary table of the effect of seven antidepressants for four different classes: tricyclic (TCA), selective serotonin reuptake inhibitor (SSRI),
noradrenaline reuptake inhibitor (NRI), serotonin noradrenaline reuptake inhibitor (SNRI), on Cx43 expression and channel functions in cultured
astrocytes.

Antidepressant Class Concentration tested (µM) Cx43 expression Effect on gap junctional coupling Effect on hemichannels

Amitriptyline TCA 20 No significant effect Inhibition Mild inhibition

Imipramine TCA 20 No significant effect No effect Mild inhibition

Fluoxetine SSRI 10 No significant effect Inhibition Total inhibition

Paroxetine SSRI 5 No significant effect Increase Total inhibition

Reboxetine NRI 10 No significant effect No effect Mild inhibition

Duloxetine SNRI 5 No significant effect No effect Total inhibition

Venlafaxine SNRI 5 No significant effect Inhibition Mild inhibition

Frontiers in Cellular Neuroscience | www.frontiersin.org January 2016 | Volume 9 | Article 495 | 90

http://www.frontiersin.org/Cellular_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Jeanson et al. Antidepressants and Astroglial Connexins

FIGURE 2 | Regulation of hemichannel activity after 24-h
antidepressant treatments in mice cortical astrocytic cultures. LPS
1 μg/mL was added 24-h before experiment to induce hemichannel opening
and hemichannel activity was evaluated by using the ethidium bromide uptake
assay. (A) Pictures of control, LPS alone, LPS + amitriptyline 20 μM, and
LPS + duloxetine 5 μM uptake experiments. (B) Summary diagram of
hemichannel activity in untreated astrocytes (CTRL) and after treatments with
amitriptyline (AMIT), imipramine (IMI), fluoxetine (FLUOX), paroxetine (PAROX),
reboxetine (REBO), duloxetine (DULOX), and venlafaxine (VENLA) were also
added from 5 to 20 μM in cellular medium during 24 h. Carbenoxolone (CBX,
50 μM, 24 h) was used as a positive control for the inhibition of Cx43
hemichannels. Data are the means ± SEM n = 3–6 per group, ∗∗∗p < 0.001
vs. control, +++p < 0.001 vs. LPS, One-way ANOVA followed by Dunn post
test. Scale bar 20 μM.

results are different compared those reported in the few articles
that so far have addressed these properties for some of the
antidepressants used in the present study, i.e., amitriptyline,
fluoxetine, and duloxetine (see Tables 1 and 2). Indeed, Sun
et al. (2012) and Morioka et al. (2014) reported, respectively, an
enhancement in Cx43 mRNA and protein levels in astrocytes
from cultured rat astrocytes treated with amitriptyline and in
the prefrontal cortex of rats chronically treated with duloxetine
(Sun et al., 2012; Morioka et al., 2014). Additionally, two
studies have also shown a rise in Cx43 protein levels in the

prefrontal cortex after in vivo treatment with fluoxetine (Fatemi
et al., 2008; Sun et al., 2012), as well as in human astrocytoma
cultures (Mostafavi et al., 2008). However, no changes in Cx43
gap junctional communication have been found after in vivo
treatments with both fluoxetine and duloxetine in rats (Sun
et al., 2012) whereas this Cx43 function was increased after
amitriptyline treatment in cultured rat astrocytes (Morioka et al.,
2014). In our experiments (see Table 2) only paroxetine (5 mM)
was found to increase gap junctional communication while
duloxetine (5 μM) has a slight, but not statistically significant
increasing effect. Imipramine (20 μM) and reboxetine (10 μM)
had no effect and an inhibition was observed with amitriptyline
(20 μM), fluoxetine (10 μM), and venlafaxine (5 μM). These
effects were not specific to a defined class of antidepressants
and allow for taking a step back regarding results from other
models. Indeed, our study demonstrates that the link between
antidepressants and Cx43-mediated intercellular communication
in astrocyte is likely more complex than the literature consensual
interpretation concerning an increase of Cx43 expression and
function, and that opposed effects are observed within a same
therapeutic class. However, when pointing out the differences
between our results and the current literature, several parameters
must be taken into account. First, the models of study differed:
we used cultured mouse astrocytes, while Sun et al. (2012) and
Fatemi et al. (2008) worked in vivo on rats, and others used
cell culture models from various species and cellular types in
culture (human astrocytoma and rat astrocytes). Second, dosage,
time, and chronicity of the treatments also differ. Indeed, our
in vitro tested concentrations were non-toxic and similar to what
is found in the brain in pharmacokinetics studies addressing
clinically relevant doses for these molecules, and ranged from 1
to 100 μM in the literature. In literature, in vitro treatments were
administered for several minutes to 48 h (seeTable 1).We treated
for 24 h, as for example preliminary trials of 48-h treatments
with amitriptyline (20 μM) induced cell toxicity. In addition, in
the studies that were performed using in vivo models, animals
received chronic treatment (see Table 1) that certainly involved
more integrated and complex mechanisms. Taken as a whole
these information complete and extend the knowledge about
the effect of antidepressants on gap junctional communication
in astrocytes. Finally, as no changes in Cx43 expression were
detected after treatment with antidepressant, we suggested that
they act at the post-translational level.

Up-to-now there was no indication about the effect of
antidepressants on the other channel function of Cx43 in
astrocytes, i.e., the hemichannel activity. This lack of information
can be attributed to the fact that for astrocytes this activity
has been established much latter than the gap junction channel
function and that hemichannels are weakly opened in normal
conditions hence requiring a pathological context to be activated
(see Bennett et al., 2003; Giaume et al., 2013). We confirmed
this feature on untreated primary cortical cultures as the Cx
channel inhibitor carbenoxolone had no significant no effect
(data not shown) on the uptake of EtBr (see Giaume et al., 2012).
However, we took advantage that our LPS-stimulated cultures
contained a non-negligible proportion of microglial cells (11%),
a situation already identified to activated Cx43 hemichannels and
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to reduce gap junctional communication in astrocytes (Retamal
et al., 2007). Indeed, we previously showed that when LPS-
stimulated microglia are co-cultured with astrocytes two pro-
inflammatory cytokines are released, i.e., TNF-α and IL-1β,
activating Cx43 hemichannel activity in astrocytes (Retamal et al.,
2007; Abudara et al., 2015). Interestingly, LPS has been reported
to cause time-dependent behavioral alterations with sickness
behavior (Huang et al., 2008) and a depressive-like behavior
observed 24 h after LPS challenge (Painsipp et al., 2011; Custódio
et al., 2013); and it is noteworthy that this effect is reversed
by fluoxetine (Yirmiya et al., 2001), imipramine (Tomaz et al.,
2014), paroxetine and duloxetine (Ohgi et al., 2013). Besides, the
level of TNF-α and IL-1β, are increased after LPS treatments in
animal model, similarly to the increase observed in subjects with
major depression disease (Seidel et al., 1995; Sluzewska et al.,
1996; Dowlati et al., 2010; Hannestad et al., 2011). On this basis
LPS has been proposed as an inducer of depressive-like context
(Mello et al., 2013; Ohgi et al., 2013) confirming the interest
of LPS in the evaluation of antidepressant mechanisms. Using
the EtBr uptake assay we found that all tested antidepressants
had an inhibitory effect on LPS-induced astroglial hemichannel
activity. The effect on Cx43-based hemichannel function was
correlated when considering the class of the antidepressants, the
SSRIs (fluoxetine, paroxetine) induced a strong inhibition while
the TCAs (amitriptyline, imipramine) and NRI (reboxetine) had
mild effect, the treatment with SNRI (duloxetine, venlafaxine)
resulting in mixed inhibition efficiency. Interestingly, several of
these antidepressants are known to have an inhibitory effect
on the production of pro-inflammatory cytokines, in particular
TNF-α and IL-1β, fluoxetine (Chiou et al., 2006; Tai et al.,
2009; Valera et al., 2014), amitriptyline (Obuchowicz et al., 2006;
Tai et al., 2009), paroxetine (Liu et al., 2014), and imipramine
(Lee et al., 2012). Meanwhile venlafaxine, which presents the
lowest inhibitory effect on LPS-induced hemichannel activity
(23%), is the only tested compound that increased the level
of TNF-α (Valera et al., 2014). Taken as a whole these results
could support the idea that antidepressants may control Cx43
hemichannel activity through the production of TNF-a and/or
IL-1β as the result of a reduction of microglial activation.
However, just paroxetine and reboxetine modestly reversed the
inhibition of gap junctional communication induced by LPS,
it could consequently imply that antidepressant effects are not
targeting microglia-released interleukins. It could also suggest
that the antidepressant inhibitory effects on hemichannels are
acting downstream to the microglial step and/or more directly
on the Cx43 hemichannel function. Nevertheless, more work
is needed to decipher the specific mechanisms involved in the

regulation of astroglial Cx channels by antidepressants, an aim
that is beyond the scope of the present study.

Interestingly, hemichannel activity in astrocytes has been
shown to provide a pathway for glutamate release (Ye et al.,
2003; Abudara et al., 2015). Consequently, the antidepressant
inhibitory action on hemichannel activity could support
the current hypothesis of the action of these drugs on
glutamine/glutamate metabolic cycle (Garakani et al., 2013) and
glutamate transmission (Gorman and Docherty, 2010; Sanacora
and Banasr, 2013) in the pathophysiology of major depression
(Etiévant et al., 2013). Finally, glutamate gliotransmission
mediated by Cx43 hemichannels has been recently reported to
occur in a model of chronic restraint stress (Orellana et al., 2015)
which is admitted as a model inducing depressive-like symptoms
in rodents (Levinstein and Samuels, 2014).

The present study reflects the need to re-evaluate the
statement according to which an alternative strategy for
antidepressive treatments is to target astroglial Cx43 and to
increase gap junctional communication. This proposition was
solely based on reports indicating that several antidepressants
favor Cx43 expression levels while a few have investigated
their effect on the functional aspect, i.e., gap junctional
communication. Based on the present results the effect
of antidepressant drugs on astroglial gap junctions appears
more complex than initially thought and suggests that Cx43
hemichannel activity in astrocytes may be part of the mode of
action of these drugs. Finally, our observation, and in particular
those related to hemichannel activity, could benefit to the
understanding of the mode of action of antidepressants in other
pathologies treated by antidepressants such as neuropathic pain
(Dworkin et al., 2010; Finnerup et al., 2015) and for which
the involvement of glial Cx43 hemichannel activity has been
proposed (Chen et al., 2014).
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With more than 350 million depressed individuals worldwide, major depressive disorder is one
of the most common psychiatric illnesses. Although, the pathophysiology of depression is far
from being fully understood, five decades of development of different classes of antidepressants
targeting central monoaminergic systems (serotonin, noradrenaline and dopamine) has led to the
emergence of the monoaminergic hypothesis. However, despite a growing number of available
pharmacotherapies, treatment of major depression nevertheless remains unsatisfactory.

ROLE OF GLIA IN THE PHYSIOPATHOLOGY OF DEPRESSION
AND THE MECHANISMS OF ACTION OF ANTIDEPRESSANTS

Ten years ago it was postulated that abnormal functioning of glial cells, particularly of astrocytes,
contribute to the physiopathology of depression (for review, Rajkowska andMiguel-Hidalgo, 2007).
Structural and functional abnormalities of glial cells were found in brains of post-mortem depressed
patients and in animal models of depression (Czéh et al., 2006, 2007; Banasr et al., 2007; Sun
et al., 2012). Moreover, it has been shown that a loss or a functional alteration of astrocytes in the
prefrontal cortex is sufficient to induce depressive-like behaviors in rodents (Banasr and Duman,
2008; Sun et al., 2012; Kong et al., 2014).

Given the intimate anatomical and functional relationships between astrocytes and neurons, a
tempting hypothesis has emerged proposing that the effects of antidepressant therapies can be, at
least in part, mediated by direct astrocytic modulations of neuronal networks. In support of this
idea, increasing experimental evidence suggests that antidepressants induce functional changes
in astrocytes (Czéh and Di Benedetto, 2012). In addition, it is becoming increasingly clear that
the astrocytic network is able to regulate neuronal activity and synaptic transmission through the
release of gliotransmitters at what is now called “the tripartite synapse” (Halassa and Haydon,
2010; Panatier et al., 2011). Astrocytes can be directly modulated by an antidepressant treatment or
indirectly activated by antidepressant-induced increases in neurotransmitter concentrations in the
synaptic cleft, leading to the activation of G protein–coupled receptors (including serotonergic,
adrenergic and dopaminergic receptors) on astrocyte membranes. Once “activated,” astrocytes
release gliotransmitters and modulate neuronal communication and antidepressant responses. The
concept of gliotransmission precisely refers to the process by which astrocytes release chemical
factors in the vicinity of synapses thus modulating the activity of neighboring cells (for review,
Volterra and Meldolesi, 2005; Santello et al., 2012). Although, a large number of such molecules
have already been identified (e.g., glutamate, ATP, D-serine, GABA, neurotrophins), our focus here
will be specifically on adenosine since it acts directly on the process of neuronal communication
and is implicated in pseudo-depressive-like behavior and antidepressant response.
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ATP is mainly considered as an excitatory transmitter
(Gordon et al., 2005) but it is also rapidly hydrolyzed into
adenosine by ectonucleotidases present in the synaptic cleft.
Adenosine acts as a powerful inhibitor of excitatory transmission
through the stimulation of adenosine A1 receptors (Newman,
2003; Pascual et al., 2005). Adenosine or adenosine agonists
induce depressive-like behaviors in two experimental paradigms,
namely inescapable shocks (Minor et al., 1994; Hunter et al.,
2003) and forced swimming tests (Kulkarni and Mehta, 1985;
Cao et al., 2013), an effect that can be prevented by specific
adenosine antagonists or antidepressants. Specific A2A receptor
antagonists also reverse synaptic changes induced by stress in
the hippocampus, which is considered as a preclinical marker
of antidepressant responses (Cunha et al., 2006). However, these
interpretations are further complicated by the findings observed
after selective manipulations of the adenosine A1 transmission.
Thus, central administration of an A1 receptor agonist mimics
the antidepressant effect of sleep deprivation, an effect absent

in A
−/−
1 KO mice (Hines et al., 2013). Sleep deprivation is

also associated with pronounced increases of adenosine levels
and an up-regulation of glial adenosine A1-receptors in the
brains of both depressed patients (Van Calker and Biber, 2005)
and rodents (Hines et al., 2013). The apparent discrepancy
between the “depressiogenic” influence of adenosine, and some
antidepressant-like actions of A1 agonists, could be due to the
complex modulation exerted by A1 receptors on axonal firing
that appears to depend on the degree of activity of the related
networks (see below).

ASTROCYTES ARE DEEPLY INVOLVED IN
THE NEUROBIOLOGICAL EFFECTS OF
DEEP BRAIN STIMULATION

As observed during pharmacological treatments, recent data
shows that astrocyte function can be modulated by deep
brain stimulation (DBS), a non-pharmacological antidepressant
intervention. DBS is an invasive brain stimulation technique
considered as a new hope in the treatment of several intractable
psychiatric diseases such as major depression (Mayberg et al.,
2005; Puigdemont et al., 2015). Current research is mainly
focused on the effects of DBS on neurons, i.e., how myelinated
and unmyelinated axons, dendrites and neuronal cell bodies
respond to DBS (Mcintyre et al., 2004; Gubellini et al., 2009).
However, the role of astrocytes in this context has not yet been
addressed. Several arguments support the view that the effects of
DBS can, at least in part, be mediated by astrocytes acting on
neuronal networks (for review, Vedam-Mai et al., 2012). First,
it is well known that DBS modulates regional blood flow in
the stimulated area, an effect that can be considered as a direct
manifestation of changes in astrocytic activity (Kefalopoulou
et al., 2010). Second, astrocytes can be directly activated by
high frequency stimulation, leading to a rapid Ca2+ increase
(Kang et al., 1998; Serrano et al., 2006, 2008). Third, high
frequency stimulation of primary astrocytes in vitro results in
calcium waves and release of glutamate and ATP (Tawfik et al.,
2010). Accordingly, Bekar et al. (2008) have shown in vitro

that DBS was associated with an increase of ATP outflow
within the thalamus, resulting in an accumulation of adenosine,
which in turn depressed excitatory transmission through A1

receptors activation. The authors proposed that, once present
in the synaptic cleft, adenosine would activate post-synaptic A1

receptors positively coupled to K+ channels and pre-synaptic A1

receptors negatively associated with Ca2+ channels. Both actions
would result in the inhibition of neuronal communication
(Pascual et al., 2005).

Our recent investigations suggest that astrocytes are deeply
involved in the antidepressant-like effects of DBS in rats. The
antidepressant response induced by DBS in humans can be
modeled in rats by stimulating the infralimbic part of the
prefrontal cortex (IL-PFC). It has been shown that acute DBS
produced an antidepressant-like effect in the forced swim test
(Etiévant et al., 2015) and that chronic DBS is able to reverse
the depressive-like states observed in Flinders sensitive Line
rats (Rea et al., 2014) or induced by chronic mild stress
(Hamani et al., 2012). Therefore, the antidepressant-like effect
of DBS is associated with the occurrence of in vivo pre-clinical
markers (Etiévant et al., 2015). We showed that acute DBS
induced a rapid increase of hippocampal neurogenesis, reversed
the effects of stress on hippocampal synaptic metaplasticity,
increased spontaneous IL-PFC low-frequency oscillations and
both raphe 5-HT firing activity and synaptogenesis. Significantly,
we demonstrated that DBS-induced neural adaptations are
strongly altered by pharmacological ablation of astrocytes within
the site of stimulation (IL-PFC). Glial lesion with the gliotoxin
L-alpha amino-adipic acid (L-AAA) counteracted the behavioral
effect of high frequency DBS in the forced swim test and all above
cited markers of the antidepressant response. We also found that
DBS-induced antidepressant-like response was prevented by IL-
PFC neuronal lesion and gap junction blockade as well as by
adenosine A1 receptor antagonists including caffeine.

An elegant review discussing the role of astrocytes in
the effects of DBS (Vedam-Mai et al., 2012) recently raised
the hypothesis that astrocytes, once activated by electrical
stimulation, would release ATP and glutamate leading to an
inhibition or an excitation of synaptic transmission, respectively.
Recent data partially supports this hypothesis and offers further
insights. Our in vivo electrophysiological results revealed that
the astroglial modulation of DBS involved mechanisms related
to changes in adenosine A1 receptor function, together with
the elevation of extracellular K+ concentration (Etiévant et al.,
2015). Our results further showed that the enhancing effect
of bilateral DBS on 5-HT neuronal activity was potentiated
by a selective A1 receptor agonist, unilaterally infused during
the stimulation. This result, together with the fact that the
A1 receptor antagonist DPCPX prevents the antidepressant-like
effect of DBS in the forced swim test, indicates that the efficacy
of DBS partially depends on adenosine A1 receptor stimulation.
Interestingly, recent studies aimed to characterize the role played
by A1 receptors in the shape of action potentials and the
regulation of axonal conductance report that the administration
of an adenosine antagonist increases the width of axonal action
potentials. This result suggests that astrocytes, through the
release of adenosine and subsequent A1 receptor stimulation,
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FIGURE 1 | Proposed hypotheses regarding the involvement of

astrocytes in the effects of DBS. Once activated by DBS, astrocytes

communicate with neurons at the synapse level and regulate the effects of

DBS. Astrocytes, by releasing glutamate (Glu), stimulate neuronal synaptic

release and contribute to the activation of post-synaptic receptors (in green).

ATP is rapidly hydrolyzed into adenosine, which increases the stimulation of

adenosine A1 receptors (A1R) and, in turn, results in a K+ channel-mediated

reduction of the late hyperpolarization phase of action potentials (in red).

Ultimately, the resulting temporal shrinkage of action potentials (AP width) may

help the neuron to sustain the high frequency demand related to IL-DBS.

Astrocytes also maintain K+ homeostasis, by actively pumping K+ ions from

the extracellular level thus preventing their accumulation due to neuronal

activity (in blue). Modified from Etiévant et al. (2015).

are able to modulate the shape of axonal action potentials,
shortening the total duration of the spike and “shrinking” its
shape (Sasaki et al., 2011). This latter effect could be due to
a modulation of the voltage-activated K+ channels responsible
for neuronal after hyperpolarization. It has been proposed
that such a “temporal shrinking” of action potentials can be
beneficial when the neuron is solicited in response to high-
frequency stimulations, allowing to sustain bursting activity that
requires very short inter-spike intervals (Sasaki et al., 2011).
Thus, we have proposed that a loss of astrocytes within the
site of stimulation induces a drop of adenosine extracellular
concentrations and an altered temporal shrinking of action
potentials responsible for the alteration of the neurobiological
effects of DBS (Figure 1).

Since astrocytes are able to maintain the potassium
homeostasis by actively pumping K+ ions from the extracellular

space (Kofuji and Newman, 2004), we hypothesized that an
alteration of astrocyte function within the lesioned site leads
to an accumulation of extracellular K+ which, in turn, would
produce a depolarization of neuron membrane and a blockade of
DBS-mediated effects. Hence in our in vivo study, a K+-enriched
aCSF was perfused within the IL-PFC using reverse dialysis
while recording 5-HT neurons. The obtained results confirmed
our hypothesis of a “ceiling effect,” related to a K+-dependent
depolarization of pyramidal neurons, since high frequency DBS
is unable to further affect 5-HT activity in the presence of high
[K+]. Thus, the depolarizing action of an elevated extracellular
[K+] potentially impairs the ability of pyramidal cells to respond
to the phasic, high-frequency solicitation demands of sustained
electrical stimulations of 130Hz. This effect is frequency-
dependent since both the 5-HT-activating and the behavioral
effectiveness in the forced swim test of a 30Hz DBS remained
unaltered in glial-lesioned rats and in high [K+] conditions.
This result strongly suggests that, in the absence of astrocytes,
the depolarization of neuronal membrane related to K+

accumulation fails to reach a supra-threshold, “depolarization
block-like” level, and that pyramidal neurons are still able to
follow a low frequency DBS (30Hz; Etiévant et al., 2015).

CONCLUSION

The astroglial system plays a crucial role in the mechanisms
of action of DBS. Accordingly, the antidepressant-like response
induced by DBS is counteracted by a pharmacological lesion of
astrocytes in the stimulated area. Two mechanistic hypotheses
have been proposed to explain the astrocytic modulation of
the neuronal response induced by DBS (Figure 1). First, the
“shrinking hypothesis” suggests that astrocytes, by releasing
adenosine in response to DBS, activate neuronal A1 receptors
resulting in a shortening of the width of action potentials.
Second, the “ceiling hypothesis” proposes that astrocytes,
by actively pumping K+ ions from the extracellular spaces,
prevent the establishment of the “depolarization-like blockade”
of the neuronal membrane. Both events are directed to an
optimal functioning of pyramidal neurons that are still capable
of following high frequency stimulations induced by DBS.
Lastly as a translational outcome, we have proposed that an
unaltered neuronal–glial system constitutes a major prerequisite
to optimize antidepressant DBS efficacy, and that decreasing the
frequency of DBS would increase the antidepressant response of
partial responders.
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