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A B S T R A C T

Depression and anxiety have been reported as the major neuropsychiatric consequences following stroke.
Minocycline, a neuroprotective drug has minimized depressive symptoms in patients with major depressive
disorders and anxiety-like symptoms. In addition, minocycline demonstrated efficacy and seemed a promising
neuroprotective agent in acute stroke patients. The present studied evaluated the effects of minocycline treat-
ment on the depression and anxiety-like behaviors, brain damage and expression of inflammatory and neuro-
protective mediators after transient global cerebral ischemia in C57BL/6 mice. Brain ischemia was induced by
bilateral occlusion of the common carotids (BCCAo) for 25 min and subsequent reperfusion. Sham and BCCAo
animals received minocycline at a dose of 30 mg/kg by intraperitoneal injection during 14 days. The locomotor
activity, depression and anxiety-like behaviors were assessed by open field, forced swim and elevated plus maze
tests, respectively. Then, the brains were removed and processed to evaluate brain damage by histological and
morphometric analysis, hippocampal neurodegeneration using Fluoro-Jade C histochemistry, microglial activity
using iba-1 immunohistochemistry, brain levels of TNF, IFN-γ, IL-6, IL-10, IL-12p70 and CCL2 by CBA, CX3CL1
and BDNF by ELISA assays. The animals developed depression and anxiety-like behaviors post-stroke and
minocycline treatment prevented those neurobehavioral changes. Moreover, minocycline-treated BCCAo ani-
mals showed less intense brain damage in the cerebral cortex, brainstem and cerebellum as well as significantly
reduced hippocampal neurodegeneration. BCCAo groups exhibited up-regulation of some cytokines at day 14
after ischemia and brain levels of CX3CL1 and BDNF remained unaltered. Our data indicate that the depression
and anxiety-like behavioral improvements promoted by minocycline treatment might be related to its neuro-
protective effect after brain ischemia in mice.

1. Introduction

Ischemic stroke has been associated with high incidence of sensor-
imotor dysfunctions as well as cognitive deficits (Chemerinski and
Robinson, 2000; Kapoor et al., 2019). Additionally, depression and

anxiety have been reported as the major neuropsychiatric consequences
following stroke, leading to a negative impact on functional re-
habilitation and increase in mortality (Buijck et al., 2012; De Mello
et al., 2016; Pedroso et al., 2018). The predictive value of stroke to-
pography in post-stroke neuropsychiatric disorders has been considered
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controversial. Some studies have suggested an association between in-
tensity of post-stroke depression and lesion location (Castellanos-
Pinedo et al., 2011; Shi et al., 2017). On the other hand, some authors
demonstrated no relationship between ischemic stroke location and
post-stroke depressive symptoms (Sagnier et al., 2019). Brain injury
after stroke promotes microglial activation and secretion of pro-in-
flammatory mediators, cytotoxic substances as well as anti-in-
flammatory cytokines and neurotrophic factors (Eldahshan et al., 2019;
Jayaraj et al., 2019; Tejeda et al., 2019). Of importance, brain-derived
neurotrophic factor (BDNF) plays an important role in neuroprotection
during acute stroke (Luo et al., 2019; Tejeda et al., 2019; Victoria et al.,
2017)et al., 2019; Victoria et al., 2017) and change in those levels have
been related to mechanisms underlying the pathophysiology of de-
pression and anxiety (Aldoghachi et al., 2019; Kojima et al., 2019;
Mizui et al., 2019; Verduijn et al., 2015; Zemdegs et al., 2018). More-
over, some researchers also described higher serum levels of the che-
mokine CX3CL1/fractalkine, which mediated neuron–microglia cross-
talk in patients with major depressive disorder (Merendino et al.,
2004).

Minocycline, a second generation tetracycline showed anti-in-
flammatory and neuroprotective effects by inhibition of microglial ac-
tivation. Minocycline demonstrated efficacy and seemed a promising
neuroprotective agent in acute stroke patients (Malhotra et al., 2018;
Sheng et al., 2018). Furthermore, minocycline minimized depressive
symptoms in patients with major depressive disorder (Dean et al.,
2014), bipolar disorder (Murrough et al., 2018; Savitz et al., 2018), and
anxiety-like symptoms after stress (Liu et al., 2018; Wang et al., 2018;
Zhang et al., 2019). In rats submitted to transient bilateral occlusion of
common carotid arteries and treated for seven days, minocycline pre-
treatment prevented memory impairment, reduced brain damage and
the levels of pro-inflammatory cytokines (Naderi et al., 2017). Other
study showed that minocycline treatment attenuated neurological def-
icits, infarct volume and up-regulation of pro-inflammatory cytokines
in the brain two days after focal brain ischemia in mice (Jin et al.,
2015). Minocycline administration also improved memory impairment
and increased hippocampal levels of CREB, pCREB, and BDNF after
permanent bilateral occlusion of common carotid arteries in rats (Zhao
et al., 2015). However, to best of our knowledge there are no data re-
garding the effects of minocycline treatment on depression and anxiety-
like behaviors associated with brain damage, brain levels of in-
flammatory cytokines, CX3CL1 and BDNF after transient global cerebral
ischemia in mice.

2. Material and methods

2.1. Animals

Nine to ten week old, male, C57BL/6 were obtained from Animal
Care Facilities of the Biological Sciences Institute of the Federal
University of Minas Gerais (CEBIO-ICB-UFMG). The animals were
maintained on a 12-h light/dark cycle with water and food ad libitum.
This project was approved by the Ethics Committee on the Use of
Animals (CEUA/UFMG) under protocol number 209/2016.

2.2. Induction of ischemia and reperfusion (BCCAo) and minocycline
treatment

Mice were pre-anesthetized by intraperitoneal injection of a mixture
of 80 mg / kg ketamine and 10 mg/kg xylazine. Transient global cer-
ebral ischemia was induced by occlusion of common carotid arteries via
non-traumatic surgical clips as previously described (Toscano et al.,
2016). After 25 min, the circulation was reestablished with clip re-
moval, characterizing transient global cerebral ischemia. All animals
were kept in a warm environment for approximately 1 h and then were
kept alive and undergoing experimentation for 14 consecutive days in
appropriated home cages with free access to water and soft food.

Minocycline hydrochloride treatment was performed following a
modification of the method reported by (Jin et al., 2015). Mice were
injected intraperitoneally with 30 mg/kg of minocycline, with the in-
itial dose being 1 h after the induction of brain ischemia and main-
tained daily for fourteen days. The animals from untreated sham and
BCCAo groups received the same volume of saline phosphate buffer
(PBS). The mice were randomly assigned to the following groups: sham,
minocycline-treated sham, BCCAo and minocycline-treated BCCAo.

2.3. Behavioral tests

Fourteen days after cerebral ischemia and reperfusion, the open
field test (OFT), the elevated plus maze (EPM), and the forced swim test
(FST) were conducted.

2.4. Open Field Test (OFT)

The Open Field test was used to investigate locomotor activity (Hall,
1941). The Open Field (Insight®, SP, Brazil) was performed in a white
square arena (50 cm × 50 cm × 30 cm). Each mouse was placed in the
center of the field and allowed to freely explore the arena for 5 min. The
total distance traveled during the exploration was registered using the
Ethovision software (Noldus Information Technology).

2.5. Forced swim test (FST)

Forced swim test is the most common test to evaluate depressive-
like behavior in rodents and climbing behavior is a type of active be-
havior consisting of upward directed movements of the forepaws along
the side of the swim chamber (Bagdas et al., 2019). In the pre-test
session, mice were placed in the cylinder with water in a temperature of
25 °C for 6 min and recorded. The last 4 min were used to address the
depressive-like behavior. The first 2 min is considered a water adap-
tation period. For the behavioral record, the animals were filmed and
the immobility and swimming time were measured. At the end of the
test each animal was removed from the container and dry towels.
Climbing was recorded when vigorous movements with forepaws in
and out of the water, usually directed against the wall of the cylinder.

2.6. Elevated plus-maze (EPM) test

The elevated plus maze was performed to evaluate anxiety-like
behavior (Soares et al., 2013). The EPM apparatus (Insight®, SP, Brazil)
is a plus-shaped maze formed by two open arms and two closed arms. In
the EPM test, each animal was placed in the center of the platform and
allowed to freely explore the labyrinth for 5 min. Behavior sections
were recorded to measure the percentage of open arms entries and the
percentage of time spent in open arms.

2.7. Histopathology, immunohistochemistry and morphometry

Animals were anesthetized with an intraperitoneal injection of a
mixture of ketamine (50 mg/kg) plus xylazine (20 mg/kg) and were
euthanized at day 14 post-induction. The brains were removed and post
fixed in formalin for 24 h. Then, the brains were cut into coronal slices
of 2 mm in thickness with a mouse brain slicer matrix (Insight LTDA,
Ribeirão Preto, SP, Brazil). After fixation, 5 μm thickness sections were
cut and processed for hematoxylin and eosin (H&E) staining and for
immunohistochemistry. For morphometric analysis, 45 fields at a final
magnification of ×200 for each animal obtained from three sections
from whole brain were captured. The capture system was used with a
Qcolor 3-RTV-CLR-10 camera coupled to an Olympus BX40 microscope.
The total tissue area and cavitations were measured using ImageJ
software to calculate the ratio of necrotic cavity area to total tissue
area, which was expressed as percentage of necrotic area. In addition, it
was quantified the frequency of ischemic neurons around necrotic
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areas, with a graticule of 25 points, according to (Toscano et al., 2016).
Intersection points corresponding to ischemic neurons were counted
until a total of 1000 points for each animal. The values were shown as
percentage of the ratio of intersection points coinciding ischemic neu-
rons regions versus total intersection points for animal. To evaluate the
microglia activation in the areas adjacent to the infarct areas, the im-
munohistochemistry technique was performed using the ionized cal-
cium binding adapter molecule 1 antibody (Iba-1), as described by
Faleiros et al. (2014). Serial sections of 5 μm were submitted to antigen
recover with sodium-citrate buffer (pH 6) for 12 min in microwave and
blocked for endogenous peroxidase activity with H2O2 and PBS solution
(10%) for 30 min. After, the protein block was made with non-fat dry
milk in PBS 6% (w/v) and 0.1% Tween-20. Brain sections were then
incubated with rabbit monoclonal antibody against iba-1 (Abcam),
which were diluted 1:1000 and incubated overnight at 4 °C. Biotiny-
lated polyclonal link and streptavidin-HRP (Leica) were applied and the
sections were incubated with diaminobenzidine 5% (v/v) (Leica). Then,
the sections were counterstained with Harris hematoxylin and ex-
amined microscopically.

2.8. Fluoro‐Jade C analysis

FJC was used to detect neurons in death process. At day 14 post
induction, mice were anesthetized with an intraperitoneal injection of a
mixture of ketamine (150 mg/kg) plus xylazine (10 mg/kg). Then, they
were perfused with saline solution followed by cold 4% paraf-
ormaldehyde. Brains were removed and fixed in cold 4% paraf-
ormaldehyde overnight. Subsequently, the brains were moved to a 30%
sucrose solution, until complete saturation, then were frozen in iso-
pentane 99% and dry ice for 20 s and stored at −80 °C. Brains were
sliced into 30-μm-thick sections at −20 °C with the aid of a cryostat.
The evaluation and quantification of the number of degenerating neu-
rons in hippocampal regions was done by Fluoro Jade C (FJC) staining
(Jain et al., 2019). The sections were mounted on gelatinized slides (1%
gelatin in dH2O) and dried on a hot plate at 50–55 °C for 1 h. After that,
the slides were immersed in a solution containing 1% NaOH in 80%
ethanol for 5 min. After, the slides were placed in 70% ethanol for 2
min and in distilled water for 2 min and then incubated in 0.06% po-
tassium permanganate solution for 20 min. The slides were then wa-
shed with dH2O for 2 min and incubated in 0.00.1% FJC solution for 20
min. The FJC solution was prepared by first stocking 0.01% FJC dye
solution in distilled water and then adding 1 mL of the stock solution to
99 mL of 0.1% acetic acid. The slides were washed twice for 1 min and
then dried in an oven at 37 °C and then mounted. Sections were then
photographed on a Zeiss fluorescent microscope (Zeiss, Oberkochen,
Germany) using a 488 nm excitation. Fluorescence intensity quantifi-
cation was performed using the ImageJ software. The number of
fluorescent spots in each image was evaluated by a blind investigator
for all experimental groups.

2.9. Cytometric Bead Array (CBA) of pro-inflammatory and anti-
inflammatory cytokines and of the chemokine CCL2

Brain tissues were carefully removed and homogenized in a PBS-
buffer extraction solution containing a protease-inhibitor cocktail.
Lysates were centrifuged at 13,000 g for 10 min at 4 °C and stocked at
-70 °C until use. Analyses of brain cytokine and chemokine levels were
determined using BD™ CBA Mouse Inflammation Kit (CBA; BD
Biosciences, San Diego, CA) in accordance to the manufacturer’s in-
structions and analyzed on a FACSCalibur flow cytometer (Becton
Dickinson, San Jose, CA). The following cytokines and chemokine were
quantified: TNF-α, IFN-γ, IL-6, IL-10, IL-12p70 and CCL2. The detection
limit of the CBA assay was around 0.2 pg/mL.

2.10. Enzyme-linked immunosorbent assay of neurotrophic factor BDNF
and chemokine CX3CL1

Brain samples from all animals were collected and stored at−80 °C.
The samples were homogenized in an extraction solution (100 mg of
tissue per milliliter), containing 0.4 M NaCl, 0.05% Tween 20, 0.5%
BSA, 0.1 mM phenyl methyl sulphonyl fluoride, 0.1 mM benzethonium
chloride, 10 mM EDTA, and 20 IU aprotinin, with Ultra-Turrax (Fisher
Scientific, Pittsburgh, PA, USA). Lysates were centrifuged at 13,000 g
for 10 min at 4 °C, and supernatants were collected. Concentrations of
neurotrophin brain derived neurotrophic factor (BDNF) and chemokine
(CX3CL1) were determined by ELISA (R&D Systems, Minneapolis, MN,
USA), in accordance to the manufacturer’s instructions. The detection
limit of the ELISA assay was around 5 pg/mL.

2.11. Statistical analysis

All analyses were performed using GraphPad Prism 5 software
(GraphPad softaware, San Diego, CA, USA). The obtained data were
checked by Kolmogorov-Smirnov normality test. Student’s t-test or
analysis of variance (ANOVA) was used for normally distributed data.
Mann-Whitney test or Kruskal-Wallis non-parametric test was per-
formed for nonparametric variables. The data are presented as mean
and standard error of the mean (SEM). A value of p<0.05 was con-
sidered significant.

3. Results

3.1. Minocycline prevented BCCAo-associated depressive and anxiety-like
behaviors

All groups had similar values in distance travelled in the OFT,
showing no changes in locomotor activity at day 14 (Fig.1A). BCCAo
animals displayed depressive-like behavior as shown by a significant
decrease in duration of climbing (p<0.05) in the FST. The adminis-
tration of minocycline improved the depressive-like behavior by in-
creasing the climbing time (p< 0.05) at 14 days after transient global
cerebral ischemia (Fig.1B). Moreover, BCCAo animals presented an
anxiety-like behavior as revealed by a significant decrease in the per-
centage of open arm time (p< 0.05) and entries (p< 0.05) of the EPM
test compared with sham animals. Importantly, the minocycline treat-
ment significantly prevented the BCCAo-associated anxiety-like beha-
vior.

3.2. Minocycline treatment reduced brain pathology induced by BCCAo

Next, we investigated the protective effect of minocycline on brain
lesions induced by cerebral ischemia and reperfusion. Non-treated
sham and treated sham animals showed normal histological appearance
(Fig. 2A-B). In contrast, both BCCAo groups exhibited necrotic cavita-
tions surrounded by a penumbra zone scattered throughout the cerebral
cortex, brainstem and cerebellum (Fig. 2C). Neuronal loss was also
found along hippocampal areas, predominantly in CA1 and CA3 re-
gions. Additionally, BCCAo animals exhibited focal areas of gliosis. All
histopathological lesions were less intense in minocycline-treated
BCCAo animals (Fig. 2D). The morphometric analysis confirmed those
findings. The minocycline treatment promoted reduction in the per-
centage of necrotic area (p<0.05) and ischemic neurons (p< 0.05) in
BCCAo group (Fig. E–F). To investigate the effects of chronic minocy-
cline treatment in the activation of microglia, we evaluated the ex-
pression of the marker, Iba-1 by immunohistochemistry. We confirmed
the inhibition of microglial activation by minocycline by using Iba-
1immunohistochemistry. Occasional immunopositive cells were ob-
served in the brains from both sham and minocycline-treated sham
groups. Numerous Iba-1 positive cells were detected throughout the
brains of BCCAo animals and some Iba-1 immunopositive cells were
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visualized in the minocycline-treated BCCAo mice (data not shown).

3.3. The effects of minocycline on neuronal cell damage in the hippocampus
induced by BCCAo

In order to further evaluate the effects of minocycline on neuronal
damage, we used a well-established method to stain the brain sections
with Fluoro-Jade C, which specifically stains degenerating neurons. A
significant augment of neuronal cell damage (p<0.05) was observed
in CA3 region and in the dentate gyrus in BCCAo animals, compared
with sham mice. On the other hand, minocycline reduced neuronal
death in CA2 (p< 0.05), CA3 regions (p<0.005) and in the dentate
gyrus (p< 0.05), showing the neuroprotective effect induced by min-
ocycline treatment after brain ischemia (Fig.3).

3.4. Brain levels of pro-inflammatory and anti-inflammatory cytokines after
treatment with minocycline in BCCAo animals

Many cytokines and chemokines are produced during brain
ischemia and reperfusion, contributing to the pathogenesis of the dis-
ease. In this study, we measured the brain levels of TNF, IFN-γ, IL-6, IL-
10, IL-12 p70 and CCL2. BCCAo induced up-regulation of IFN-γ, IL-12
p70, IL-10 and CCL2 (p<0.05) fourteen days after the induction.
Increased levels of IFN-γ and IL-12 p70 (p<0.05) was also observed in
the brains of minocycline-treated BCCAo mice. All animals had similar
levels of TNF and IL-6 in the evaluated period (Fig.4).

3.5. Minocycline treatment did not alter the brain expression of CX3CL1
(fractalkine) and the neurotrophic factor BDNF

Similar brain levels of CX3CL1 (fractalkine) (Fig.5A) and BDNF
(Fig.5B) were observed in all groups at day 14 post-stroke.

4. Discussion

This is the first study focusing the antidepressant and anxiolytic
effects of minocycline administration in the transient global cerebral
ischemia in mice. Depression and anxiety are very common psychiatric
complications in patients with ischemic stroke and have been asso-
ciated with poor outcome ((Buijck et al., 2012; De Mello et al., 2016;
Pedroso et al., 2018). BCCAo mice exhibited depressive and anxiety-like
behaviors, demonstrating that our mouse model resemble clinical as-
pects of the disease. Importantly, minocycline was able to prevent those
psychiatric disorders. Minocycline also reduced depressive symptoms in
patients with major depressive disorder (Dean et al., 2014), bipolar
disorder (Murrough et al., 2018; Savitz et al., 2018), and anxiety-like
symptoms after stress (Liu et al., 2018; Wang et al., 2018; Zhang et al.,
2019). Furthermore, minocycline improved anxiety and cognitive def-
icits and attenuated the hypoxia–ischemia induced brain injury in ju-
venile rats (Fan et al., 2006). The pathophysiological mechanisms un-
derlying the development of post-stroke anxiety and depression are still
unknown. These disorders have been associated with immune-in-
flammatory dysfunction, neurotransmitter imbalance, increased pro-
duction of neurotoxic substances and neuronal cell death (Becker, 2016;
Pascoe et al., 2011). In the present study, we observed hippocampal

Fig. 1. Effects of minocycline treatment on antidepressant-like and anxiety-like behaviors after global cerebral ischemia in mice. All mice were submitted to
open field for locomotor activity evaluation (A), the forced swimming test for depressive-like behavior (B) analyses and the elevated plus maze to anxiety assessment
(C–D). Sham (n = 5), minocycline-treated Sham (n = 5), BCCAo (n = 7) and minocycline-treated BCCAo (n = 10). Asterisks indicate statistical differences where
*p< 0.05, BCCAo versus sham; #p< 0.05, ##p< 0.01, non-treated versus minocycline-treated BCCAo mice.
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neurodegeneration in the CA subfields, which are usually selective
areas for neuronal cell death after transient cerebral global ischemia
(Silva et al., 2015; Soares et al., 2013). In addition, ischemic stroke
promoted damage in the cerebrum, brainstem and cerebellum. Our data
demonstrated that the treatment with minocycline for fourteen days
attenuated those lesions, resulting in reduction of infarct area and is-
chemic neurons in mice. Indeed, improvement in neurological

outcomes has been observed in patients with ischemic stroke who re-
ceived oral minocycline daily for five days (Amiri-Nikpour et al., 2015).
Minocycline has the ability to protect neurons against brain ischemia
(Cho et al., 2007; Naderi et al., 2017). Some authors suggested that the
neuroprotective effect from minocycline is mediated by inhibition of
cell death pathways, such as cytochrome c release from mitochondria
and caspase-1 and caspase-3 expressions (Matsukawa et al., 2009). It

Fig. 2. Minocycline treatment promoted less intense histopathological lesions. Photomicrographs of frontal cortex from sham group (A), minocycline-treated
sham group (B), BCCAo group (C) and minocycline-treated BCCAo group (D). Normal histological aspect (A–B); Necrotic cavity surrounded by ischemic neurons
(C–D). H&E stain. Minocycline-treated BCCAo mice had decreased percentage of necrotic cavities (E) and frequency of ischemic neurons in the penumbra zone (F),
compared with BCCAo group. Results are expressed as mean± SEM and are representative of at least two independent experiments (n = 10 per group). Asterisks
indicate statistical differences where *p< 0.05.
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has already been described reduction in infarct size and prevention of
tissue loss in the ischemic hemispheres of adult spontaneously hy-
pertensive rats submitted to transient middle cerebral artery occlusion
and treated with a single dose of minocycline (Yang et al., 2015). Some
studies have reported that minocycline treatment for two days after
focal brain ischemia attenuated neurological deficits and infarct volume
in mice (Jin et al., 2015). Of note, minocycline administration for seven
days also prevented brain damage and reduced pyramidal cell death
and microglial activation in the CA1 region of hippocampus in rats
submitted to brain ischemia and reperfusion (Naderi et al., 2017).

These studies are in accordance to our findings and reinforce the
minocycline protective effect on neurodegeneration.

In the current study, we also found a significant increase of brain
IFN-γ, IL-12p70, IL-10 and CCL2 concentrations of BCCAo mice, in-
dicating that those mediators may also contribute to development of
depression and anxiety-like behaviors induced by ischemia injury.
However, the brain levels of IFN-γ and IL-12p70 remained elevated and
no difference in CCL2 amounts was observed after minocycline treat-
ment in BCCAo animals. Increased serum levels of TNF, IL-6, IFN-γ has
been observed up to 12th months after stroke in patients with post-

Fig. 3. Effects of minocycline on the number of FJC-positive cells in the CA1, CA2, CA3 and dentate gyrus of hippocampus from BCCAo animals.
Minocycline treated ischemic mice showed less intense neurodegeneration as established by FJC staining (n = 5 per group). Results are expressed as mean± SEM.
Asterisks indicate statistical differences where *p<0.05, BCCAo versus sham; #p<0.05, ##p<0.01, non-treated versus minocycline-treated BCCAo mice.
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stroke depression (Su et al., 2012). Furthermore, higher peripheral le-
vels of IL-12, CCL2 and IL-10 were detected in patients with major
depressive disorder (Köhler et al., 2017). Some authors hypothesized
that the pro-inflammatory processes, predominantly in limbic regions,

activated indoleamine 2,3-dioxygenase 1 (IDO1), promoting reduction
of serotonin production in paralimbic areas and consequently post-
stroke depression (Spalletta et al., 2006). Interesting, IFN-γ can induce
depressive-like behavior by alteration in IDO1 activity and in the levels

Fig. 4. Effects of minocycline treatment in the inflammatory response from brain ischemic animals. Brain levels of TNF, IFN-γ, IL12p70, IL-6, IL-10 and CCL2
levels were assessed by cytometric bead array (CBA). Results are expressed as mean± SEM (n = 5 per group). Asterisks indicate statistical differences where
*p< 0.05, non-treated versus minocycline-treated BCCAo mice.
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of L-tryptophan in the serum and frontal cortex of mice (Murakami
et al., 2016). Additionally, IL-12/IFN-γ can interfere with inflammatory
cytokine signaling, and the blockage of IL-12p70 and IL-23 efficiently
suppressed injury and improved recovery of neurological deficits in an
ischemia-reperfusion model (Konoeda et al., 2010). Moreover, levels of
IL-12p70 were found to be higher in the serum of patients with stroke in
comparison with controls, and correlated significantly with the volume
of early brain CT hypodense areas (Zaremba and Losy, 2006).

We evaluated the brain expression of the chemokine fractalkine
(CX3CL1) and similar levels were detected fourteen days after BCCAo.
Microglial activation is usually regulated by CX3CL1 and CX3CR1 re-
ceptor and their signaling has been demonstrated to dampen neuroin-
flammation (Ahn et al., 2019). Less severe neurological score associated
with reduction of brain damage and inflammation were observed three
days after transient occlusion of the middle cerebral artery in CX3CR1
deficient mice (Tang et al., 2014). The expression of CX3CL1 in the
hippocampal CA1 field from gerbils following transient global cerebral
ischemia was verified by western blot and immunohistochemistry (Ahn
et al., 2019). Interesting, these authors demonstrated a decrease of
CX3CL1 protein levels at six hours and a peak at one day after ischemia-
reperfusion induction. Then, CX3CL1 values returned to lower levels
until 10 days after brain ischemia. This transient elevation of neuronal
CX3CR1 has been associated with ischemia‑induced apoptotic neuronal
death (Ahn et al., 2019; Wang et al., 2018). But none of these works
evaluated the brain levels of CX3CL1 after minocycline treatment. Our
work showed similar levels of CX3CL1 in the brain and the minocycline
treatment did not alter those values fourteen days after ischemia in
mice. These data suggested that the peak of production of this che-
mokine after brain ischemia could occur before fourteen days and that
probably had an adjustment of CX3CL1 release by survived neurons.
Several works have been shown elevation of BDNF in the brain after
stroke in rodents, suggesting that BDNF is involved in post-lesional
plasticity and survival of neurons via the promotion of anti-apoptotic
pathways (Cao et al., 2011; Victoria et al., 2017; Zhao et al., 2015). A
possible neuroprotective mechanism attributed to minocycline after
ischemic brain injury is via enhancement of BDNF expression by
modulation of miR-155-mediated BDNF repression along with in-
creased expression of Bcl-2/Bax ratio and reduced expression of cas-
pase-3 (Lu et al., 2017). Béjot et al. (2011) demonstrated an increase in
brain BDNF levels at four and twenty-four hours post-embolization, and
brain BDNF levels were similar to control animals eight days after
stroke. These data corroborated with our results that BDNF levels were
not changed at day 14 after brain ischemia. On the other hand, the ratio
of mBDNF/proBDNF and BDNF levels were significantly decreased four

weeks after middle cerebral artery occlusion in post-stroke depression
rats (Luo et al., 2019).

In conclusion, these results show that minocycline treatment pre-
vents neuropsychiatric-like behaviors and diminished brain damage in
post-stroke mice. Minocycline has a therapeutic potential for treating
depression and anxiety as well as to promote neuroprotection in post-
stroke patients. Future studies are clearly warranted to better under-
stand the underlying molecular mechanisms.
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