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Abstract
Backgrounds: Gonadal hormone de�ciency is associated with the development of depression, but what
mediates this association is unclear. To test the possibility that it re�ects neuroimmune and
neuroin�ammatory processes, we analyzed how gonadal hormone de�ciency and replacement affect
microglial activation and in�ammatory response during the development of depressive symptomatology
in gonadectomized male mice.

Methods: Adult male ICR mice received gonadectomy. Gonadal hormone levels, neuroin�ammation,
mciroglial activation and depressive behaviors were evaluated 7 days, 14 days, and 30 days later.
Furthermore, the neuroprotective mechanism of treatment with testosterone and estradiol on depressive
symptomatology were also observed.

Results: Testosterone level and the ratio of testosterone to estradiol in the serum and brain tissue of mice
exposed to 3-35 days of chronic unpredictable stress were much lower than in control animals. Gonadal
hormone sustained de�ciency in gonadectomized mice and subsequent led to acute in�ammation at day
7 following castration. Activating microglia in mice exposed to 7 days of castration subsequently
suppressed the proliferation of microglia, such that their numbers in hippocampus and cortex were lower
than the numbers in sham-operated mice after 30 days of castration. Here, we showed that gonadal
hormone de�ciency induces Traf6-mediated microglia activation, a type of in�ammatory mediator.
Microglia treated in this way for long time showed down-regulation of activation markers, abnormal
morphology and depressive-like behaviors. Restoration and maintenance of a �xed ratio of testosterone
to estradiol signi�cantly suppressed microglial activation, neuronal necroptosis, dramatically inducing
hippocampal neurogenesis and reducing depressive behaviors via the suppression of Traf6/TAK1
pathway.

Conclusions: These �ndings suggest that activated or immunoreactive microglia contribute to gonadal
hormone de�ciency-induced depression, as well as testosterone and estradiol exert synergistic anti-
depressant effects via suppressing microglial activaton in gonadectomized male mice, possibly through
Traf6 signaling. 

Background
Major depressive disorder is approximately 2-3 times as likely to happen in women as in men [1, 2],
indicating a crucial role for gonadal hormones in the pathogenesis of this disease. Gonadal hormone
may contribute to this sex difference [3, 4]. Increased level of testosterone appears to protect against
major depressive disorder and to reduce depressive behaviors in men and women [5–11]. In rodents,
testosterone also works as an anti-depressant in older male mice [12], and it can decrease the incidence
of depressive symptoms in rats [13]. It seems clear that testosterone can regulate diseases related to
depression, but which brain cells it affects and how it affects them remain poorly understood.
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Changes in hippocampal levels of neurotrophic factors such as brain-derived neurotrophic factor (BDNF)
and nerve growth factor (NGF) may contribute to the onset and treatment of major depressive disorder
[14–18]. In fact, testosterone may reduce depressive behaviors by increasing BDNF expression and
neurogenesis in hippocampus. Testosterone may also interact directly with the androgen receptor or
undergo aromatization into estrogen metabolites in the brain to activate the mitogen-activated protein
kinase (MAPK) signaling pathway [19–21], which mediates alterations in emotion and mood. Consistent
with this idea, exogenous testosterone can reduce depressive behaviors by undergoing aromatization into
estrogen metabolites in the dentate gyrus area of gonadectomized male rats [22].

Like testosterone, estradiol exerts anxiolytic and anti-depressant activity in gonadectomized male rats
[22]. Estradiol reduces depressive behaviors in ovariectomized rats in part by suppressing indoleamine-
2,3-dioxygenase activity and increasing 5-hydroxytryptamine expression in hippocampus [23]. Estradiol
and testosterone have been shown to act synergistically in the treatment of early-stage atherosclerosis
[24]. Less understood is whether and how testosterone and estradiol act synergistically to affect
depressive behaviors, such as in mitigating depression in gonadectomized male mice.

It seems likely that testosterone and estradiol exert their anti-depressant effects at least in part by
reducing microglial activation and neuroin�ammatory responses. Microglia, which account for roughly
10% of the total number of brain cells, are resident innate immune cells of the central nervous system
that become activated in response to brain infection, injury and neurodegenerative disorders [25].
Microglial priming as well as immune response may trigger depression-related complications after
traumatic brain injury [26]. Microglia are involved in synaptic alterations, repair of micro-damage and
neurogenesis [27–31]. The tumor necrosis factor receptor-associated factor 6 (Traf6) has non-
conventional ubiquitin E3 ligase activity and plays functions in tissue homoeostasis and immune
response [32–34]. Previous studies have demonstrated that the activation of Traf6 signaling could
promote opioid-induced damage to microglia and neurological injury [35, 36]. Traf6 is an essential
adaptor for IL-1R and NF-κB signaling activation, and further regulates in�ammatory response and cell
spoptosis. Traf6 expression in the spinal cord was reported to play an important role in
neuroin�ammation and neuropathic pain [37]. Estrogen inhibits Traf6 expression in human monocytes
via estrogen receptor-alpha (ERα), and serum testosterone was found to show a negative association
with Traf6 in patients with metastatic cancer [37, 38]. Therefore, the potential for synergistic effects
between testosterone and estradiol on microglial activation and neuroin�ammation should be explored.
The present study investigated the dynamic alterations in neuroimmune cells in male mice following
gonadectomy. It also explored the protective, anti-depressant effects of rebalancing sex hormones.

Materials And Methods

Animals
Adult male ICR mice 6 weeks old were purchased from Beijing Vital River Laboratory Animal Technology
(China) and housed �ve per cage at 23±2 ℃ on a 12-h light/dark cycle with standard food and water ad
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libitum. Animals were kept in the Animal Laboratory Center of Renmin Hospital of Wuhan University.

Ethical consideration
Animals used for our study were handled based on the rules and regulations for experimental animal
management as stated in the Guide for the Care and Use of Laboratory Animals. The present study was
approved by Medical Ethics Review Committee of Renmin Hospital, Wuhan University, and an approval
number S0271902190A assigned to the research.

Stress exposure
Animals were exposed to chronic unpredictable stress (CUS) as described [39], with minor modi�cations.
For �ve weeks, animals were exposed daily to two of the following stressors in random order: forced
swimming for 4 min in water at 40 ℃, forced swimming for 2 min in water at 4 ℃, sitting in a wet cage
for 24 h, tail-squeezing lasting 1 min, crowding for 2 h, food deprivation for 24 h, and water deprivation
for 24 h. Shorter periods of unpredictable stress consisted of various combinations of three of the above
mentioned stressors applied during 3 days.

Gonadectomy and hormone replacement
Mice were anesthetized by intraperitoneal injection of 1% pentobarbital sodium (0.1 mL/10 g). Then a
ventral midline incision (1-2 cm) was made in the scrotum to expose the tunica. The tunica was cut off
and both testes and epididymis were pulled up to expose the cryptic vessels. These blood vessels were
ligated with stylolites, and testes and epididymis were excised. Both vessels and adipose tissue were
returned into the tunica, then the incision was sutured. Sham-operated animals were subjected to the
same surgery, but the testes and epididymis were not excised, nor were blood vessels ligated. Animals
subjected to gonadectomy or sham surgery were then assigned to one of three hormone replacement
groups, which received intraperitoneal injections of β-estradiol (Sigma, Israel) alone at a dose of 1 µg/d,
testosterone (Aladdin, China) alone at a dose of 35 µg/d, or testosterone and β-estradiol in a 35:1 ratio.
Injections were given daily beginning 1 day after surgery and continuing for either one or �ve weeks after
gonadectomy.

Behavioral assays
In the sucrose preference test (SPT), animals were allowed to habituate to sucrose for 3 days, then given
access for 4 h to two drinking tubes (one containing water and the other 1% sucrose) at the beginning of
the dark circadian phase. Anhedonia was assessed in terms of sucrose preference, which was calculated
as the ratio of sucrose volume consumed to total drinking volume.

In the forced swim test (FST), mice were placed in a large glass cylinder (30×18 cm) �lled with water at
23-25 ℃ and allowed to habituate for 2 min. Then animals were forced to swim for 4 min, and the time
spent immobile (moving only to remain a�oat) was recorded [40]. The water in the cylinders was replaced
between animals.
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The tail suspension test (TST) was carried out as described with minor adjustments [41]. Each mouse
was suspended by the tail, and the time spent immobile (no movements other than whiskers or
respiration) during 4 min was calculated.

Microglia isolation
Tissue in hippocampus and prefrontal cortex were collected to homogenized in HBSS, pH 7.4, by passing
through a 70 µm nylon cell strainer. Then homogenates were centrifuged at 700 g/min for 5 min. Cell
pellets were recovered and resuspended in 70% isotonic Percoll at room temperature. A discontinuous
Percoll density gradient was layered as follows: 70%, 50%, 35%, and 0% isotonic Percoll. The Percoll was
centrifuged at 2000 g/min for 25 min and microglia were recovered from the interphase between the 70%
and 50% Percoll layers. The purity of microglia in extractant more than 90%.

Western blotting
Total protein was extracted from microglia, and Western blotting was used to determine levels of the
in�ammatory cytokines interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α), the apoptotic proteins
(Bax and Bcl-2), related proteins in Traf6/TAK1 signaling (Traf6, TAK1 and p-TAK1) as well as the
microglial activation markers anti-ionized calcium-binding adapter molecule-1 (Iba-1) and major
histocompatibility complex protein II (MHC-II) [42]. Brie�y, immune printing strips were incubated
overnight at 4 ℃ with antibodies against IL-6 (1:1000; Santa Cruz Biotechnology), TNF-α (1:2000; Santa
Cruz Biotechnology), Bax (1:1000; Cell Signaling Technology), Bcl-2 (1:1000; Abcam Biotechnology, UK),
Traf6 (1:1000; Abcam Biotechnology, UK), TAK1 (1:1000; Abcam Biotechnology, UK), p-TAK1 (1:1000;
Abcam Biotechnology, UK), Iba-1 (1:1000; Abcam Biotechnology, UK), or MHC-II (1:1000; Absin Bioscience,
Shanghai;, China). Blots were washed and incubated with horseradish peroxidase-conjugated goat anti-
rabbit IgG (1:3000; Google Biological Technology, Wuhan, China). Blots were then analyzed using a
chemiluminescence detection system (Thermo Scienti�c, USA).

Enzyme-linked immunosorbent assay (ELISA)
Hippocampal neurogenesis was measured by assaying levels of BDNF and NGF using commercial ELISA
kits (Cusabio Biotech, China) according to the manufacturer's instructions. The manufacturer-speci�ed
detection limits were 15.6 pg/ml for BDNF and 1.56 pg/ml for NGF.

LC-MS/MS assay of sex hormone in serum and brain
Endogenous sex hormones were extracted from brain tissue/serum samples using liquid-liquid
extraction. An aliquot (100 µl) of tissue homogenate or serum was mixed with 10 µl of internal standard
and 500 µl of methyl tert-butyl ether (MTBE), the mixture was vortexed for 5 min, centrifuged at 6000 g for
10 min, then the upper organic layer was transferred to a clean tube and dried under a nitrogen stream at
40 ℃. The residue was redissolved in 10 µl of sodium bicarbonate (0.1 M) and 10 µl of dansyl chloride in
acetone (1 mg/ml), vortexed for 30 s and incubated at 60 ℃ for 10 min. An aliquot (20 µl) of the resulting
dansyl chloride derivative of estrogen was puri�ed on an Ekspert ultraLC 100-XL liquid chromatography
system (Sciex, eksigent-AB, USA). Eluate was ionized using electrospray ionization (ESI) in positive mode
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at 550 ℃ and detected on-line with an AB SCIEX 4500 QTRAP mass spectrometer (Applied Biosystems,
Foster City, CA). Area under the curve (AUC) was calculated from chromatograms for testosterone,
testosterone-d3, estradiol, and estradiol-d2. Amounts of testosterone and estradiol in samples were
determined by comparing the AUCs to curves of calibration standards chromatographed under the same
conditions.

Histology
Whole blood was collected from the orbit at 12 h after the last behavioral test. Mice were then perfused
through the left ventricle with ice-cold PBS for 5 min, followed by 4% paraformaldehyde for 15 min. The
brain was quickly removed and hippocampus and perfrontal cortex were dissected on ice and placed in
4% paraformaldehyde as soon as possible. After 24 h, the tissues were embedded in 5-µm para�n
medium at 67 ℃ according to routine procedures. Sections in 4% paraformaldehyde were washed three
times, then incubated overnight at 4 ℃ with rabbit antibody against Iba-1 (1:300, Abcam, UK). Sections
were incubated at room temperature for 1.5 h with goat biotinylated anti-rabbit IgG (1:200, Cell Signaling
Technology, USA) and counter stained with DAPI (Abcam, UK). For Iba-1/Traf6 double-staining, Iba-1
staining was performed �rst according to the description above, and then followed by immunistaining of
Traf6.

Images of Iba-1 �uorescence were captured using a �uorescence microscope (Nikon Eclipse TI-SR,
Japan). The number of Iba-1-labeled microglia and area of fraction were analyzed using Image J.
Microglial body size and process length were evaluated using Metamorph Image O�ine 6.1 (Molecular
Devices, USA). Numbers of apoptotic cells in the hippocampus were determined using a commercial
TUNEL kit (Roche Diagnostics, Indianapolis, IN, USA) according to the manufacturer’s instructions.

Statistical analyses
All data are expressed as mean ± s.d. All statistical differences were assessed for signi�cance using one-,
two-, or three-way analyses of variance after Tukey's post-hoc analyses or Bonferroni correction.
Differences between mean values were assessed using Student's t test, when appropriate. All analyses
were performed using SPSS 20.0 (IBM, Chicago, IL, USA).

Results

Gonadal hormone imbalance in an animal model of
depression
To investigate the potential role of gonadal hormone in the development of depressive disorder, we �rst
examined whether levels of testosterone and estradiol as well as the ratio of testosterone/estradiol were
altered in male depressive mice relative to control subjects. Our results indicate that between 3 and 35
days after chronic unpredictable stress, testosterone levels in serum and brain tissue were lower in
stressed mice than in controls. Serum levels were 0.89-fold relative to control at 3 days, 0.54-fold at 14
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days and 0.36-fold at 35 days. Tissue levels were 0.72-fold at 3 days, 0.40-fold at 14 days and 0.34-fold
at 35 days (Figure 1A and C). Similar results were observed for the ratio of testosterone/estradiol: the
ratio in serum in stressed animals was 0.85-fold relative to control mice at 3 days, 0.56-fold at 14 days
and 0.40-fold at 35 days; the ratio in brain tissue in stressed mice was 0.73-fold relative to control mice at
3 days, 0.54-fold at 14 days, and 0.45-fold at 35 days (Figure 1D and F). Over the same period after
chronic unpredictable stress, estradiol levels in serum and brain tissue did not differ substantially
between stressed and control animals (Figure 1B and E). These results suggest that gonadal hormone
imbalance in the form of reduced testosterone and testosterone/estradiol ratio in serum and brain may
contribute to depression.

Effects of short-term gonadal hormone de�ciency on
neuroin�ammation and microglial priming
Gonadal hormone central to immune function, exerting anti-in�ammatory effects on multiple tissues and
organs. Therefore, we determined the effects of short-term gonadal hormone de�ciency on
neuroin�ammation and microglial activation. We found that the levels of two in�ammatory cytokines
associated with microglial activation, IL-6 and TNF-α, were signi�cantly higher in the cortical and
hippocampal microglia of gonadectomized mice than in sham-operated controls at day 7 following
gonadectomy (Figure 2E-G). By day 14, levels of both cytokines in microglia of gonadectomized mice had
fallen below the levels in sham-operated controls. These results suggest that gonadal hormone de�ciency
can trigger a periodic in�ammatory response in microglia of cortex and hippocampus.

Consistent with these effects on neuroin�ammatory responses, gonadal hormone de�ciency affected
microglial activation. On day 7 following gonadectomy, Iba-1 immunoreactivity in hippocampal microglia
was much higher than in sham-operated animals (Figure 2B), and microglia showed an activated
morphology with shorter microglial processes (Figure 2C) and larger somata (Figure 2D). By day 14
following gonadectomy, Iba-1 immunoreactivity and soma size had returned to baseline, whereas
microglial processes were still signi�cantly shorter than in sham-operated mice (Figure 2A-D).

Effects of long-term gonadal hormone de�ciency on
microglial decline as well as depressive behavior
To investigate whether depression linked to gonadal hormone de�ciency involves changes in microglia,
we gonadectomized mice and 30 days later, evaluated depressive symptomatology as well as the number
and morphology of microglia (Figure 3A). Gonadectomy was associated with signi�cantly longer
immobile time in the FST and TST, as well as decreased sucrose preference (Figure 3B-D). It was also
associated with markedly reduced Iba-1 immunoreactivity in hippocampus but not in cortex (Figure 4A-D),
as well as dystrophic morphology of some microglia within both hippocampus and cortex, observed as
shorter microglial processes (Figure 4C) and smaller somata (Figure 4D).

At the same time, gonadectomy was associated with signi�cantly lower expression of the microglial
activation markers MHC-  and Iba-1 in the hippocampus (Figure 4E and F). These results suggest that the
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development of depressive symptomatology is associated with suppression of microglia.

Gonadal hormone de�ciency induces Traf6-mediated
microglial activation
To observe whether Traf6 contributes to gonadal hormone de�ciency- induced microglial activation, we
then determined the Traf6-positive microglia in hippocampus of sham-operated and gonadectomized
mice using Iba-1/Traf6 double-staining. We found that the number of Traf6-positive microglia were
signi�cantly increased in the hippocampus of gonadectomized mice compared with sham-operated
controls at day 7 following gonadectomy (Figure 5A). However, the number of Traf6-positive microglia at
day 14 and 30 had fallen compared to day 7. Western Blotting demonstrated that the expression levels of
Traf6 and p-TAK1 in hippocampal microglia of mice exposed to 7 days of castration were signi�cantly
increased compared to sham-operated controls, while these levels showed a decreasing trend at day 14
and 30 (Figure 5B-D).

Effect of sex hormone replacement in gonadectomized
mice on microglial priming
To explore the impacts of sex hormone replacement on the microglial activation in the hippocampus of
male gonadectomized mice, gonadectomized mice were treated with hormone replacement in the form
estradiol alone (E), testosterone (T) alone or the mixture of testosterone and estradiol in a 35:1 ratio (T/E)
for 7 days. Our previous work has demonstrated that the mixture of testosterone and estradiol in a 10:1
ratio could synergistically suppress apoptosis in PC12 cells with corticosterone-induced injury (43). And
this study also showed that a 35:1 ratio of testosterone and estradiol synergetic regulates the activation
of microglia in hippocampus of male gonadectomized mice. The expression levels of the microglial
activation markers MHC-II and Iba-1 were return to baseline levels similar to those of sham-operated
animals when treated with a �xed testosterone/estradiol ratio, while the similar impacts were not found in
the treatment with testosterone and estradiol alone (Figure 6A-C). Furthermore, the similar result that Iba-
1 immunoreactivity in hippocampal microglia of gonadectomized mice treated with a de�ned
testosterone/estradiol ratio was much lower than those of gonadectomized mice treated with
testosterone and estradiol alone was found (Figure 6D and E). These �ndings suggested that an
appropriate dosage of testosterone combined with estradiol may exert a synergistic effect for blocking
the microglial priming.

Effect of gonadal hormone replacement in gonadectomized
mice on neuronal apoptosis
Some researchers have indicated that microglial priming subsequently induced the neuronal apoptosis
via activating the proin�ammatory signaling [44]. Therefore, we observed the effect of gonadal hormone
replacement in gonadectomized mice on neuronal apoptosis by determining the apoptotic proteins and
TUNEL-stained cells in the hippocampus (Figure 7A). The expressions of Bcl-2 and Bax proteins were
returned to baseline levels similar to those of sham-operated mice when supplemented with a de�ned
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testosterone/estradiol ratio, whereas the similar role was not investigated in the supplementation with
testosterone and estradiol alone (Figure 7B and C). Moreover, the similar result of TUNEL staining was
also observed (Figure 7D and E), indicating that an appropriate ratio of testosterone combined with
estradiol may have a synergistic role in protecting the neurons against apoptosis.

Effects of hormone replacement on depressive behavior,
neuroin�ammatory signaling and neurogenesis
The experiments described above suggested that sex hormone imbalance was associated with altered
neuroimmune function and development of depressive behaviors. This prompted us to ask whether
restoring sex hormone balance would reverse the effects of gonadectomy. Therefore, we treated
gonadectomized mice with testosterone alone, estradiol alone or both hormones in a ratio of 35:1 to
observe the role of sex hormone replacement in depressive symptomatology (Figure 8A).

To explore the effect of hormone replacement on neurogenesis, we used ELISA assay to measure the
contents of nerve growth factor (NGF) and brain derived neurotrophic factor (BDNF) in the hippocampus.
Only BDNF levels were higher following the replacement of testosterone alone or both hormones in a ratio
of 35:1 by 5 weeks after gonadectomy (Figure 8D). The duration of this response differed among the
three treatments: in animals given the 35:1 ratio of both sex hormones, the level of BDNF returned to
levels similar to those in sham mice; this result was not observed in animals given testosterone or
estradiol alone. However, this therapy did not affect levels of NGF (Figure 8D). Furthermore, all three
replacement treatments reversed gonadectomy-induced changes in sucrose preference (Figure 8G) and in
performance on the FST (Figure 8E) and TST (Figure 8F). In addition, the synergistic protective effects of
the de�ned testosterone/estradiol ratio on depressive-like acts were also investigated according to
comparing depressive behavior in three types of replacement treatments.

Our previous work has elucidated that testosterone/estradiol synergetic suppress Traf6 expression
mainly via androgen receptor (AR)/estrogen receptor α (ERα)-mediated pathways [43]. Further study
showed that AR and ERα directly interact with Traf6 and suppress its ubiquitination. This research
suggested that all three treatments led to much smaller gonadectomy-induced increases in IL-6 and TNF-
α levels via partly blocking Traf6/TAK1 signaling (Figure 8B and C). In addition, the synergistic anti-
in�ammatory effect of the de�ned testosterone/estradiol ratio on the hippocampus was also observed
according to comparing in�ammatory cytokine levels. Collectively, testosterone/estradiol synergetic
inhibit in�ammatory response through decreasing Traf6 expression to suppress the microglial activation.

Discussion
Our �ndings suggest that gonadal hormone de�ciency causes an in�ammatory response, followed
initially by microgial proliferation and activation, and later by microglial dystrophy and decline. These
effects preferentially target the hippocampus and lead to a shrinking of the microglia population as well
as smaller microglia somata. These effects may therefore contribute to the observed decline of
hippocampal volume in depressive patients [45]. We found that hormone replacement at a
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testosterone/estradiol ratio of 35:1 suppressed in�ammation and microglial activation in
gonadectomized mice and reduced depressive behavior. These �ndings suggest a model in which an
over-expression of Traf6 contributes to gonadal hormone de�ciency-induced microglial activation or
immunoreaction leading to the development of depressive-like behaviors.

We found that short-term gonadectomy induced the activation of Traf6/TAK1 signaling, corresponding to
in�ammatory response as reported in previous work [46, 47]. At the same time, short-term gonadectomy
stimulated in�ammation, similar to previous results [48], and subsequently triggered microglial
proliferation and activation. Consistent with our results, previous work showed that exposing mice to
lipopolysaccharide activates microglia within 6 h [49], exposing animals to live Escherichia coli activates
microglia after 2 days [50], and exposing leptomeningeal cells to heat-killed bacteria activates microglia
after 2 weeks [51]. These results indicate that gonadal hormone de�ciency compromises the blood-brain
barrier [52], triggering the release of peripheral in�ammatory cytokines into the brain followed by
microglial proliferation and activation. The role of in�ammatory cytokines in activating microglia and
stimulating their proliferation is supported by our observation that hormone replacement with the 35:1
testosterone/estrogen ratio reversed the microglial activation induced by gonadectomy. This initial
activation and proliferation of microglia subsequently leads to microglial decline, decreased synaptic
remodeling, suppressed neurogenesis, and depressive behaviors, which we were able to reverse in our
study through hormone replacement with the testosterone/estrogen ratio. Our work is consistent with
several previous studies documenting the neuroprotective effects of androgens and estrogen speci�cally
[53–58]. In all these cases, it appears that the sex hormone inhibits microglial proliferation and activation,
albeit through different mechanisms.

Earlier studies in rodents have suggested that pathogenic bacteria, aging, brain injury, and gonadal
hormone de�ciency stimulate an immunoreactive population of microglia [59–62], whose activation can
be observed as increased Iba-1 and MHC-II staining, shortening of cell processes, increase in cell soma
area, and acute production of in�ammatory cytokine after immunosuppression. The present study
extends that literature by showing that gonadal hormone de�ciency leads to a large number of activated
microglia that develop and persist in the hippocampus for at least 7 days after gonadectomy.
Interestingly, by day 14, microglial Iba-1 staining and soma area had returned to baseline, although cell
processes remained shorter. This time-dependent effect echoes a previous study in which unpredictable
stress caused microglia in the dentate gyrus to become hyperactive on day 2, yet by day 4 their activation
status had reverted to baseline [63]. In the present study, we found that at 30 days after gonadectomy,
microglial apoptosis increased and astrocyte number fell, followed by onset of depressive behaviors. Our
results demonstrate that using microglial inhibitors to block microglial activation and subsequent
neuronal apoptosis can alleviate depressive behaviors. In support of this notion, 1-week gonadal
hormone replacement inhibited microglial activation, and 5-week replacement caused gonadectomy-
induced neuroin�ammation, neurogenesis suppression, neuronal apoptosis and depressive behavior to
revert to baseline.
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Studies suggest that microglia are not passive, simply waiting to be activated by various stimulus, but
rather that they are active even when "at rest": they interact with neurons and astrocytes via tight
intercellular junctions to regulate physiological processes such as nutrient transport and synaptic
formation [64–66]. Our results suggest that depressed symptomatology associated with gonadal
hormone de�ciency is related to microglial suppression, rather than activation. Thus, analysis at 30 days
after gonadectomy showed microglial decline, increased immobile time in the FST and TST, and
decreased sucrose preference. Gonadal hormone de�ciency was also associated with elevated levels of
the neuroin�ammatory factors IL-6 and TNF-α.

Our observations of synergism between testosterone and estradiol in the development of depression and
in their therapeutic effects is consistent with our previous report that the 10:1 ratio of
testosterone/estradiol synergistically inhibits apoptosis in PC12 cells via the inhibition of Traf6/TAK1
signaling (43). Traf6 regulates TLRs-mediated pro-in�ammatory cytokine production [67]. This study also
demonstrated that the 35:1 ratio of testosterone/estradiol synergistically suppresses the microglial
priming via decreasing Traf6 expression and the levels of in�ammatory cytokines, suggesting that Traf6
is a key mediator for regulating the activation of microglia in gonadectomized mice. Similar synergistic
therapeutic effect has been reported in early-stage atherosclerosis, proceptive behavior, prostatic
hyperplasia, and abnormal spermatogenesis [15, 68–69]. Our results suggest that this synergism exerts
anti-depressant effects at least in part by inhibiting microglial activation. In contrast, testosterone on its
own has previously been shown to exert anti-depressant effects by undergoing aromatization, and then
the resulting derivative induces over-expression of extracellular signal-regulated kinase 2 (ERK2) within
the dentate gyrus [14, 23]. Our �ndings appear to be linked to suppression of hippocampal in�ammatory
cytokines, and induction of neurogenesis.

The neuroprotective roles of testosterone and estradiol were well demonstrated in previous publications
according to clinical retrospective studies and depressive model investigations [5–14, 70]. Although the
molecular mechanisms of depression remain unclear, the pathophysiology that excessive induction of
the hypothalamic-pituitary-adrenal cortical (HPA) axis leading to increased glucocorticoid abundances
and decreased feedback suppression of the axis [71]. Moreover, our �ndings display that the
pathophysiology, gonadal hormone de�ciency, results in microglial activation in hippocampus followed
by the development of depression. Through the microglail activation, subsequent excess decline of
microglia may contribute to sex hormone de�ciency-induced structural alterations in the hippocampus
[72, 73], a phenomenon often related to the decreased releasing of BDNF. The neurotrophic theory of
depression refers to the decreased of hippocampal BDNF level, which can be ameliorated through the
treatment with antidepressants and replacements of gonadal hormone in our study [74]. Accordingly, it is
likely that testosterone and estradiol can induce the expression level of BDNF. Testosterone and estradiol
were demonstrated to have neuroprotective roles through different molecular mechanisms, respectively
[21–24], whereas our �ndings show that they have a signi�cant synergistic antidepressant-like effects in
gonadectomized male mice via suppressing the microglial activation. However, the molecular
mechanisms in suppressed microglial after treatment with sex hormone need to be further studied.
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Conclusion
Our study provides the �rst detailed evidence that gonadal hormone de�ciency hyperactivates microglia
in the hippocampus, which is associated with development of depressive behaviors. We further show that
replacement therapy with testosterone and estradiol in a well-de�ned ratio can exert synergistic anti-
depressant effects via inhibiting Traf6/TAK1 cascade activation. They imply that individuals with lower
gonadal hormone levels are more sensitive to neuroin�ammation followed by microglial activation. They
also imply that creating an appropriate testosterone/estradiol ratio can inhibit microglia and thereby
block the development of depressive behaviors.

Abbreviations
BDNF: brain-derived neurotrophic factor; NGF: nerve growth factor; MAPK: mitogen-activated protein
kinase; Traf6: tumor necrosis factor receptor-associated factor 6; ERα: estrogen receptor-alpha.
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Figures

Figure 1

Depression-associated changes in testosterone and estradiol levels as well as testosterone/estradiol
ratio. (A-C) LC-MS/MS analysis of (A) testosterone level, (B) estradiol level and (C) testosterone/estradiol
ratio in serum from mice at 3-35 days after exposure to chronic unpredictable stress (CUS; n = 6 per
group). (D-F) LC-MS/MS analysis of (D) testosterone level, (E) estradiol level and (F)
testosterone/estradiol ratio in brain tissue from mice at 3-35 days after exposure to CUS (n = 6 per
group). *P < 0.05, **P < 0.01 compared to control group.
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Figure 2

Effects of short-term gonadal hormone de�ciency on microglia activation and in�ammatory response in
the brain. (A) Representative micrographs of Iba-1-labeled microglia in sham-operated or GDX mice at 7
or 14 days after surgery. (B-D) Indices of microglial activation at 7 or 14 days after gonadectomy or sham
surgery: (B) Proportion of area staining for Iba-1, (C) microglial process length and (D) soma size. (E)
Effects of sex hormone de�ciency on levels of IL-6 and TNF-α in the cortex and hippocampus on days 7
and 14 (n = 4 per group). (F) Comparison of IL-6 levels between sham-operated and GDX mice on days 7
and 14 following surgery. (G) Comparison of TNF-α levels between sham-operated and GDX mice on days
7 and 14 following surgery. *P < 0.05, **P < 0.01 compared to the sham group.
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Figure 3

Effects of long-term gonadal hormone de�ciency on the development of depressive-like behaviors. (A)
Experimental paradigm of gonadectomy (7, 14 or 30 days) exposure and behaviors testing in sham-
operated and gonadectomized (GDX) mice. (B-D) Effects of gonadectomy on depressive behavior,
measured using a (B) forced swim test (FST), (C) tail suspension test (TST), and (D) sucrose preference
test (SPT). *P < 0.05, **P < 0.01 compared to the sham group.
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Figure 4

Effects of long-term gonadal hormone de�ciency on microglia decline. (A) Representative micrograph of
Iba-1-labeled microglia in hippocampus (HPC) and cortex (CX) of sham-operated and gonadectomized
(GDX) mice. (B) Comparison of proportional area for Iba-1 staining in HPC and CX between sham-
operated and GDX mice (n = 4 per group). (C) Effects of GDX on length of microglial processes. (D)
Effects of GDX on soma area of microglia in HPC and CX. (E) Comparison of MHC-II and Iba-1 levels in
hippocampal microglia between sham-operated and GDX mice. (F) Comparison of microglial activation
markers in HPC between sham-operated and GDX mice. Tests were performed on days 7, 14, and 30
following gonadectomy. **P < 0.01 compared to the sham group.
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Figure 5

Effects of gonadal hormone de�ciency on Traf6/TAK1 signaling pathway. (A) Representative micrograph
of Iba-1/Traf6-doubling labeled microglia in hippocampus (HPC) of sham-operated and gonadectomized
(GDX) mice. (B) Representative Western blotting results for Traf6, TAK1 and p-TAK1 proteins in
hippocampal microglia. (C) Comparison of Traf6 expression in hippocampal microglia between sham-
operated and GDX mice. (D) Comparison of TAK1 phosphorylation in hippocampal microglia among
sham-operated and GDX mice. Tests were performed on days 7, 14, and 30 following gonadectomy. *P <
0.05, **P < 0.01 compared to the sham group.
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Figure 6

Effects of sex hormone replacement on gonadectomy-induced changes in microglia activation. Sham-
operated or gonadectomized (GDX) mice were treated with hormone replacement in the form estradiol
alone (E), testosterone (T) alone or the mixture of testosterone and estradiol in a 35:1 ratio (T/E) for 7
days. (A) Experimental paradigm of gonadectomy exposure and T/E replacement for 7 days in sham-
operated and gonadectomized (GDX) mice. (B) Representative Western Blotting results for microglial
activation markers in hippocampus. (C) Effects of 1-week hormone replacement on levels of MHC-II and
Iba-1. (D) Representative micrograph of Iba-1-labeled microglia in hippocampus (HPC) of sham-operated
and gonadectomized (GDX) mice. (E) Comparison of proportional area for Iba-1 staining in HPC between
sham-operated and GDX mice after treatment with sex hormone (n = 4 per group). *P < 0.05, **P < 0.01
compared with the sham-operated group; #P < 0.05, ##P < 0.01 compared with the GDX group; †P < 0.05
compared with the GDX+T/E group.
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Figure 7

Effects of sex hormone replacement on gonadectomy-induced changes in neuronal apoptosis. (A)
Experimental paradigm of gonadectomy exposure and T/E replacement for 30 days in sham-operated
and gonadectomized (GDX) mice. (B) Representative Western blotting results for apoptotic proteins in
hippocampus. (C) Effects of 5-week hormone replacement on levels of Bcl-2 and Bax. (D) Effects of 5-
week hormone replacement on the number of TUNEL-stained cells in the hippocampus. (E) Comparison
of TUNEL positive cells in hippocampus after treatment with sex hormone (n = 4 per group). **P < 0.01
compared with the sham-operated group; #P < 0.05, ##P < 0.01 compared with the GDX group; †P < 0.05
compared with the GDX+T/E group.
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Figure 8

Effects of sex hormone replacement on gonadectomy-induced changes in depressive behaviors,
neuroin�ammation and neurogenesis. (A) Experimental paradigm of gonadectomy exposure and T/E
replacement for 30 days in sham-operated and gonadectomized (GDX) mice. (B) Representative Western
Blotting results for Traf6-mediated in�ammatory cytokines in hippocampal microglia. (C) Effects of 5-
week hormone replacement on levels of Traf6, p-TAK1, IL-6 and TNF-α. (D) Effects of 5-week hormone
replacement on levels of neurotrophin. (E-G) Effects of 5-week hormone replacement on performance in
the (E) FST, (F) TST and (G) sucrose preference test. **P < 0.01 compared with the sham-operated group;
#P < 0.05, ##P < 0.01 compared with the GDX group; †P < 0.05 compared with the GDX+T/E group.

Figure 9

A model for how gonadal hormone de�ciency may contribute to microglial activation. In response to
gonadal hormone de�ciency insults, the Traf6 expression levels in microglia are upregulated. Traf6 then
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induces phosphorylation and activation of TAK1. TAK1 further activates nuclear factor-κB (NF-κB)
signaling pathway, leading to enhanced in�ammatory response in microglia. The effects of Traf6/TAK1
signaling cascade results in microglial priming. Whereas testosterone and estradiol could inhibit the
expression and ubiquitination of Traf6 protein via AR/ERα-mediated pathways, and further suppress the
microglial activation.


