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Miao H, Li R, Han C, Lu X, Zhang H. Minocycline promotes
posthemorrhagic neurogenesis via M2 microglia polarization via up-
regulation of the TrkB/BDNF pathway in rats. J Neurophysiol 120:
1307-1317, 2018. First published May 18, 2018; doi:10.1152/jn.
00234.2018.—Intracerebral hemorrhage (ICH) is a devastating dis-
ease worldwide with increasing mortality. The present study investi-
gated whether minocycline was neuroprotective and induced M2
microglial polarization via upregulation of the TrkB/BDNF pathway
after ICH. ICH was induced via injection of autologous blood into 150
Sprague-Dawley rats. A selective TrkB antagonist [N2-2-2-oxoaz-
epan-3-yl amino] carbonyl phenyl benzo (b) thiophene-2-carboxam-
ide (ANA 12)] and agonist [N-[2-(5-hydroxy-1H-indol-3-yl) ethyl]-
2-oxopiperidine-3-carboxamide (HIOC)] were used to investigate the
mechanism of minocycline-induced neuroprotection. Minocycline im-
proved ICH-induced neurological deficits and reduced M1 microglia
marker protein (CD68, CD16) expression as well as M2 microglial
polarization (CD206 and arginase 1 protein). Minocycline adminis-
tration enhanced microglia-neuron cross talk and promoted the pro-
liferation of neuronal progenitor cells, such as DCX- and Tuj-1-
positive cells, 24 h after ICH. Minocycline also increased M2 micro-
glia-derived brain-derived neurotrophic factors (BDNF) and the
upstream TrkB pathway. ANA 12 reversed the neuroprotective effects
of minocycline. HIOC exhibited the same effects as minocycline and
accelerated neurogenesis after ICH. This study demonstrated for the
first time that minocycline promoted M2 microglia polarization via
upregulation of the TrkB/BDNF pathway and promoted neurogenesis
after ICH. This study contributes to our understanding of the thera-
peutic potential of minocycline in ICH.

NEW & NOTEWORTHY The present study gives several novel
points: /) Minocycline promotes neurogenesis after intracerebral
hemorrhage in rats. 2) Minocycline induces activated M1 microglia
into M2 neurotrophic phenotype. 3) M2 microglia secreting BDNF
remodel the damaged neurocircuit.

ICH; microglial polarization; minocycline; neurogenesis; TrkB/
BDNF pathway

INTRODUCTION

Intracerebral hemorrhage (ICH) remains an urgent medical-
social problem that accounts for almost 15% of stroke occur-
rence (Lei et al. 2015). The world is facing an ICH epidemic
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with declining mortality rates, which means that more survi-
vors with serious disabilities are waiting for effective medical
cure (Hankey 2017; Hemphill et al. 2015). Microglia activation
plays a key role in the process of ICH pathology (Chen et al.
2015; Li et al. 2015). Increasing positive functions of microglia
are reported, such as neurogenesis and synapse formation,
despite the role of these cells in inflammation (Gemma and
Bachstetter 2013; Kim et al. 2013).

Microglia are resident macrophages in the brain, and these
cells are the first responders of the immune system (Zhao et al.
2015). Microglia are generally classified into M1- and M2-
polarized states, but they can continually move between these
two extreme states (Hu et al. 2015). Studies suggest the
classification of polarized microglia into an activation state
between a neuro-harmful and protective state (Kobayashi et al.
2013), which avoids the oversimplification. M1 microglia
express proinflammatory factors, such as tumor necrosis factor
a (TNF-a) and interleukin-18 (IL-18), and surface markers,
such as CD68 and CD16 (Lan et al. 2017; Pan et al. 2015).
CD206, arginase 1, and IL-10 are special expression factors in
M2 microglia (Kigerl et al. 2009; Ponomarev et al. 2007;
Quirié et al. 2013). Recent research on microglia polarization
opened a new window in the search for therapeutic targets
following brain injury, such as hemorrhagic stroke, ischemia
stroke, and traumatic brain injury (Kumar et al. 2016; Perego
et al. 2016; Wan et al. 2016). However, most of the current
reagents are pathway agonists or antagonists, and few of these
drugs are used clinically.

Minocycline is a semisynthetic second-generation derivative
of tetracycline and is widely used to reduce bacterial burden
and inflammation (Daly et al. 2016). Minocycline is highly
lipophilic and easily penetrates the brain-blood barrier (BBB)
(Zhao et al. 2011). Increasingly, studies have reported the
neuroprotective effects of minocycline in neurologic diseases,
such as ischemic stroke, multiple sclerosis, and traumatic brain
injury (Fagan et al. 2011; Haber et al. 2013; Hahn et al. 2016).
We demonstrated that minocycline significantly improved cog-
nitive function after germinal matrix hemorrhage in rat pups on
postnatal day 7 (p7) (Tang et al. 2016). Several clinical studies
demonstrated the safety and tolerance of minocycline in stroke
patients (Fouda et al. 2017; Hess and Fagan 2010), but larger
randomized clinical trials are required to evaluate its efficacy
(Chang et al. 2017).
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Table 1. Primers used for RT-PCR
Gene ID in PubMed mRNA Number Primer Sequences
TrkB 25054 NM_012731.2 (FP) TTTGTGGCTTACAAGGCGTTTC
(RP) GGTGGCGGAAATGTCTCCTG
BDNF 24225 NM_001270630.1 (FP) GTGGAAGAAACCGTCTAGAGCA
(RP) CACCTGGTGGAACTGGATGAA
CDI16 304966 NM_019218.2 (FP) AACGGCACTGCTACTTACGG
(RP) CGAGATGAGGCTTTTGTTATGG
Nestin 25491 NM_001308239.1 (FP) AGAGAAGCGCTGGAACAGAG
(RP) AGGTGTCTGCAACCGAGAGT
Arginase 1 29221 NM_017134.3 (FP) GGGAAAAGCCAATGAACAGC
(RP) CCAAATGACGCATAGGTCAGG
Doublecortin 84394 NM_053379.3 (FP) TCGTAGTTTTGATGCGTTGC
(RP) GCTTTCCCCTTCTTCCAGTT
Tuj-1 287847 NM_001134498.2 (FP) AGCAGATGCTGGCCATTCAGAGTA
(RP) TAAACTGCTCGGAGATGCGCTTGA
Gapdh 24383 NM_017008.4 (FP) AAGGGCTCATGACCACAGTC

(RP) GTGAGCTTCCCATTCAGCTC

FP, forward primer; RP, reverse primer.

Several neuroprotective mechanisms were reported to be
targets after stroke, including inhibition of Toll-like receptors
(TLR2 and TLR4) for anti-inflammation, NF-«kB inhibition for
resistance of metabolic disease (Baker et al. 2011), and block-
ade of phosphoinositide 3-kinase (PI3K)/Akt pathway to alle-
viate LPS-induced neuroinflammation (Pang et al. 2012). Few
mechanisms of neurogenesis promotion, except neurotrophic
factors, are widely accepted. Neurotrophins [NGF, brain-de-
rived neurotrophic factor (BDNF)] and their specific receptors,
the Trk family of tyrosine kinase receptors (TrkA, TrkB,
TrkC), play key roles in brain restoration after injury (Kaplan
and Miller 2000; Patapoutian and Reichardt 2001). The TrkB/

BDNF pathway is widely accepted as the key pathway in brain
repair after injury (Gustafsson et al. 2003; Ploughman et al.
2009).

The present study investigated the effects of minocycline on
neurogenesis after ICH and the role of M2 microglia-derived
neurotrophic factors in the neuroprotective process.

MATERIALS AND METHODS

Reagents. Minocycline was purchased from Sigma-Aldrich (St.
Louis, MO, catalog no. M9511). Several doses were studied previ-
ously in rats after stroke, and 45 mg/kg via an intraperitoneal injection
(ip) was proven to be neuroprotective. The dose used in the current
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Fig. 1. Study protocol for minocycline administration and the time points for the behavioral and cognitive tests (A). Changes in the swimming distance of animals
in the Morris water maze (MWM) from day 28 (d28) to day 32 after intracerebral hemorrhage (ICH; B). Rats spent less time in the targeted quadrants after ICH,
and rats administered minocycline (Mino.) for 7 days spent more time in the targeted quadrant compared with rats in the vehicle (Vehi.)-treated group (C; n =
12). *P < 0.05, **P < 0.01, ICH + Vehi. vs. sham; #P < 0.05, ##P < 0.01 indicate ICH + Mino. vs. ICH + Vehi. Two-way ANOVA with the Bonferroni

post hoc test was used, and data are expressed as means *= SE.
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study was previously reported (Zhao et al. 2011). N-[2-(5-hydroxy-
1H-indol-3-yl) ethyl]-2-oxopiperidine-3-carboxamide (HIOC) is a de-
rivative of N-acetyl serotonin that selectively activates the TrkB
receptor. [N2-2-2-oxoazepan-3-yl amino] carbonyl phenyl benzo (b)
thiophene-2-carboxamide (ANA 12) is a selective TrkB antagonist.
Both drugs were purchased from Tocris Bioscience (catalog nos. 5961
and 4781) and injected intracerebroventricularly. Other reagents are
mentioned in the text where appropriate.

Experimental ICH in rats and study protocol. A total of 150
Sprague-Dawley (S-D) rats (250-350 g, from the Third Military
Medical University) were used in the study. All methods were
performed in accordance with animal care guidelines at the Animal
Ethics Committee of the Third Military Medical University, and the
Southwest Hospital of the Third Military Medical University ap-
proved all experimental protocols [SYXK(Yu)2012-0012]. ICH in
rats was induced via an injection of autologous blood from the
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femoral arteria as previously described (Jiang et al. 2017). Briefly,
animals were placed on a feedback-controlled heating pad after
anesthetization using pentobarbital (40 mg/kg ip). Animals were
stereotaxically positioned, and a 1.0-mm-diameter cranial burr hole
was drilled. A 29-gauge needle was inserted into the right caudate
nucleus (coordinates: 0.2 mm anterior, 5.5 mm ventral and 3.5 mm
lateral to the bregma). Each rat was injected with 100 ul of autologous
arterial blood using a microinfusion pump at a constant rate of 10
pml/min. Arterial blood pressure, glucose level, Pao2 and Pacy were
monitored during the procedure. Minocycline was injected ip 15 min
after surgery and 12 h later. For long-term investigations, minocycline
was injected twice daily for 7 days (ip). ANA 12 and HIOC were
injected intracerebroventricularly 3 h after ICH.

Forty-six S-D rats were randomly divided into four groups (Sham,
Sham + minocycline, ICH + vehicle, and ICH + minocycline) to
CDe68
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Fig. 2. Coexpression of M1-microglia marker protein (CD68) and BrdU in the brains of different groups (A). Coexpression of M1-microglia (CD68) and the
general microglial marker Ibal in four different groups (B). Statistical analyses of the number of CD68(+) BrdU(+) cells around the hematoma (C) and the
percentage of CD68+ cells out of all Ibal-positive microglia (D). White double asterisks in B indicate the hematoma. **P < 0.0l indicates intracerebral
hemorrhage (ICH) + vehicle (Veh.) vs. sham, #P < 0.05 indicates ICH + minocycline (Mino.) vs. ICH + Veh. Two-way ANOVA with the Bonferroni post

hoc test was used, and data are expressed as means = SE. N.D, not detected.
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detect the long-term (28-32 days) effects of minocycline using
behavior testing and magnetic resonance imaging (MRI) image
changes. Six rats died during the ICH and MRI anesthesia procedure.

Twenty-four rats were used for immunohistochemistry detecting
the effects of minocycline on microglial polarization, neurogenesis
and TrkB/BDNF expression after ICH.

We randomly divided 80 rats into four groups: ICH + vehicle,
ICH + minocycline, ICH + minocycline + ANA 12, and ICH +
HIOC. Among them, in each group six rats were used for PCR
detection, six for Western blot assays, and six for immunofluores-
cence. We lost eight rats during the procedure.

Intracerebroventricular injection. Intracerebroventricular injec-
tions were used For ANA 12 and HIOC administration as reported
previously (Tang et al. 2015). Briefly, a small burr hole was drilled
into the left skull relative to bregma: 1.5 mm posterior; 1.0 mm lateral.
A 10-ul Hamilton syringe filled with ANA 12 (2 png in 5 ul of
DMSO) or HIOC (6 ugin 5 ul of DMSO) was stereotaxically inserted
into the left lateral ventricle through the burr hole to a 4.0-mm depth.
The microinjection rate was 0.5 wl/min.

Morris water maze test. All animals were subjected to a modified
Morris water maze (MWM) test 28 days after ICH and drug admin-
istration (Ahn et al. 2013). Briefly, rats were placed in a metal pool
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(50 cm in depth, 200 cm in diameter) filled with water to find the
submerged platform within 90 s. Each rat performed eight trials daily
for 4 days, and the latency time was monitored and averaged across
the trials. Acquisition training was performed over 5 days using a
random set of start locations in the four quadrants. The animals were
tested for spatial memory retention 24 h after the final trial. Visible
platform trials were performed on day 6 to assess visual acuity. The
swim distance in the target quadrant and percentage of time spend in
the quadrant where the platform used to be were calculated in the
study (n = 10).

5-Bromo-2-deoxyuridine labeling. 5-Bromo-2-deoxyuridine
(BrdU, Sigma) in 0.9% saline was administered (100 mg/kg ip twice
daily for 3 days) as previously described with slight modifications
(Lei et al. 2015).

Brain slice preparation and immunofluorescence. Rats were eutha-
nized 3 days after ICH (n = 6). Frozen brain slices (18 um) and
immunofluorescence were performed as described previously (Tang et
al. 2016). Slices were blocked with 5% bovine serum albumin and
incubated overnight at 4°C with primary antibodies against BrdU
(goat, Abcam, 1:500), Iba-1 (rabbit, WAKO, 1:1,000), MAP2 (mouse,
Boster, 1:500), CD68 (mouse, AbD Serotec, 1:500), CD206 (mouse,
Santa Cruz Biotechnology, 1:200), CD16 (mouse, Abcam, 1:500), and
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Fig. 3. Coexpression of the MI1-microglia marker protein (CD16) and M2-microglia marker protein (arginase 1) in vehicle (Vehi.)-treated rats (A) and
minocycline (Mino.)-treated rats (B). Statistical analyses of the number of CD16+ arginase 1+ cells in the two groups (C). RT-PCR analyses of the expression
of CD16 mRNA (D) and arginase 1 mRNA (E) in rat brains treated with vehicle or minocycline. *P < 0.05. Data are expressed as means = SE. ICH, intracerebral

hemorrhage.
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arginase 1 (rabbit, Santa Cruz Biotechnology, 1:200). Sections were
washed and incubated with Alexa Fluor 488 (1:400, Abcam) or
Cy3-labeled secondary antibodies (1:400, Jackson Laboratories) for 1
h at room temperature. DAPI (1:1,000, Beyotime Biotechnology) was
used to stain cell nuclei. Images were captured using a X20 or X40
objective of a Zeiss confocal microscope (LSM780, Zeiss). Image J
software was used to analyze the intensity of the regions of interest.

Western blot analysis. Western blotting was performed to measure
the protein levels of MAP2, Tuj-1, DCX, nestin, NeuN, and TrkB in
the brains of the animal groups (n = 6 for each group) as previously
described (Chen et al. 2015). Rats were transcardially perfused with
saline before decapitation, and ipsilateral coronary brain tissues (0—4
mm from the bregma) were collected on ice. Bicinchoninic acid
protein concentration detection and SDS-PAGE were performed as
previously reported (Jiang et al. 2017). The primary antibodies used
were against TrkB (rabbit, Abcam, 1:1,000), MAP2 (mouse, Boster
China, 1:500), Tuj-1 (mouse, Santa Cruz Biotechnology, 1:100),
NeuN (rabbit, Abcam, 1:1,000), and nestin (mouse, Abcam, 1:1,000).
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GAPDH (diluted 1:1,000, Santa Cruz Biotechnology) was used as the
loading control. Images were acquired using a ChemiDOCTMxrs+
system (Bio-Rad) and processed using Image Laboratory (Microsoft).
Corresponding histograms were generated using GraphPad Prism 6
software.

Real-time PCR. Real-time PCR was used to detect changes in the
mRNA levels of the TrkB pathway and NPCs (neural precursors
cells), such as Tuj-1, DCX, and nestin, as described previously (Tao
et al. 2016). Total RNA from the hematoma region was isolated using
TRIzol reagent (Invitrogen, Carlsbad, CA). The primer sequences
used were listed in Table 1. Expression levels were quantified with
standard samples (n = 6).

Magnetic resonance imaging and cortical thickness measurement.
A 7.0-T/200-mm Varian scanner (Bruker BioSpin) was used to
calculate the thickness of the cortex after ICH and minocycline
administration. MRI and the method for calculating cortical thickness
were described previously (Tang et al. 2016). The T2 fast spin-echo
sequence (TR/TE = 3,000/45 ms) was used for all animals after

Subventricular Zone
ICH + Veh.

ICH + Mino-

Tuj-1/ GAPDH

Fig. 4. Double-staining of MAP2 and microglia in the cortex at X20 and X40 and colabeling of Tuj-1 with microglia in the cortex (A). DAPI indicates the nucleus
and arrows indicate the contact of microglia and neuronal dendrites. A hematoxylin and eosin slice is provided to indicate the sites of the specimen, and the black
double asterisks indicate the hematoma. Coexpression of the NPC marker protein (nestin) and microglia (Ibal) in the subventricular zone (B). Images of Western
blotting bands for MAP2 and Tuj-1 (C; n = 6), and statistical analyses using Image J in the sham, intracerebral hemorrhage (ICH) + vehicle (Veh.), and ICH +
minocycline (Mino.) groups. Images of Western blotting bands and statistical analyses for nestin (D). *P < 0.05, **P < 0.01. Two-way ANOVA with Bonferroni

post hoc test was used, and data are expressed as means * SE.
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behavioral testing. The field of view was 3.5 X 3.5 cm?, and the
matrix was 256 X 256. Seventeen coronal slices were obtained to
cover the entire axis of the lateral ventricles (0.7 mm thick). Image J
was used to measure the distance from the cingulum to layer II of the
cortex in eight sections that were interspaced 0.7 mm and ranged from
+3.2 to —3.8 from the bregma.

Golgi-Cox staining. Golgi-Cox staining was performed on brain
tissue according to the protocol of the FD Rapid GolgiStain Kit (FD
NeuroTechnologies).

Statistical analysis. All data are reported as means = SE. The
SPSS 13.0 software package (SPSS, Chicago, IL) was used for data
analysis. One-way analysis of variance (ANOVA) was used as ap-
propriate, followed by Student-Newman-Keuls tests. Two-way
ANOVA with the Bonferroni post hoc test was used when necessary.
A Welch’s test was used in two-group comparisons. A P value less
than 0.05 was considered statistically significant.

RESULTS

Minocycline improved long-term cognitive deficits after
ICH. We designed an experimental protocol to measure the
long-term cognitive effects (MWM test) 28 days after ICH and
minocycline administration (Fig. 1A). ICH animals swam a
significantly greater distance than those in the sham group in
the MWM with the platform removed (P < 0.01, Fig. 1B).
Minocycline-treated animals swam a significantly shorter dis-
tance than vehicle-injected animals. By contrast, minocycline
administration to the sham group did not significantly impact
learning memories in ICH rats. Rats in the ICH + vehicle
group spent a shorter time in the targeted quadrant compared
with rats in the ICH + minocycline group (Fig. 1C; n = 12).

Minocycline decreased the proliferation of M1 microglia
and promoted M2 microglia polarization after ICH. We de-
tected the proliferation and percentage of M1 microglia in the
different groups to investigate the effects of minocycline on
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microglia polarization. We found a significant increase in
CD68- and BrdU-positive cells around the hematoma in ICH
brain tissue compared with sham animals (P < 0.01, Fig. 2, A
and C). The number of CD68+ and BrdU+ cells decreased
significantly after minocycline administration (P < 0.05, Fig.
2, A and C). ICH induced a higher percentage of CD68+
microglia than in the sham group (P < 0.01, Fig. 2, B and D).
Fewer CD68-positive microglia around the hematoma were
observed in minocycline-treated ICH brain slices compared
with the vehicle-only group (P < 0.05, Fig. 2, B and D). No
significant impact of minocycline on microglia was observed in
sham animals.

We investigated the relationship between M1 and M2 mi-
croglia around the hematoma using immunohistochemistry and
PCR after ICH and minocycline administration. Notably, a
significant decrease in CD16-positive cells (M1 microglia)
(Fig. 3A) and increase in CD16+ and arginasel + cells (Fig. 3,
B and C) was observed, which reflected the transformation of
M1 microglia to M2 microglia after minocycline administra-
tion. Minocycline downregulated CD16 mRNA expression
(Fig. 3D) after ICH and increased arginase 1 mRNA expres-
sion (Fig. 3E).

Minocycline enhanced microglia-synapse contacts in the
cortex and induced neurogenesis. We measured the direct
contacts of microglia and neuronal cells in the cortex (Fig. 4A)
and examined the relationship between M2 microglia and
nestin expression in the subventricular zone. More ramified
microglia were found to be colabeled with nestin protein in
minocycline-treated brain tissue than in vehicle-only brains
(Fig. 4, B and D). ICH decreased the number of processes of
neuronal cells and reduced MAP2 and Tuj-1 expression. Mi-
nocycline significantly increased the expression of these two
proteins in neuronal processes (Fig. 4C). This self-restoration

Cortical thickness

7

ICH+Veh. ICH+Mino.

Fig. 5. Presentation of hematoxylin and eosin staining of brain slices in the intracerebral hemorrhage (ICH) + vehicle (Veh.) = and ICH + minocycline (Mino.)
groups (A). 7.0 T2 MRI images of brains 28 days after ICH treatment with vehicle or minocycline and statistical analyses of the cortical thickness (B; n = 10).
Slice of Golgi-Cox staining of an ICH brain treated with vehicle or minocycline and the magnified image of dendrites. Arrows indicate neurons and dendrites
in the cortex, and the arrowheads indicate synapses on the dendrites (C; n = 6). *P < 0.05. Data are expressed as means = SE.
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increased the expression of some NPCs, such as nestin, and
minocycline effectively enhanced ICH-induced self-restoration
of neuronal cells.

We examined the effects of minocycline on the cerebral
cortex and neuronal spinal dendrites and found a significant
increase in the cerebral cortex thickness after minocycline
treatment compared with vehicle-treated animals (Fig. 5B).
Minocycline restored neuronal spinal dendrites after ICH and
created more synapses (Fig. 5C).

Minocycline increased TrkB and BDNF expression in M2
microglia. Many ameboid microglia clustered around the he-
matoma after ICH. Minocycline transformed the ameboid mi-
croglia into ramified microglia with increased BDNF expres-
sion (Fig. 6A). PCR and Western blotting were used to
measure TrkB expression. TrkB mRNA expression de-
creased 12 h after ICH and continued to decrease over the
next 12 h to a stable level. Minocycline increased TrkB
mRNA expression 6 h after ICH (P < 0.05, Fig. 6B). A
significant decrease in TrkB protein expression was ob-
served 24 h after ICH, and minocycline administration
reversed this loss of TrkB (P < 0.01, Fig. 6C).

The TrkB/BDNF pathway played a pivotal role in minocy-
cline-induced neurogenesis after ICH. Immunofluorescence
and quantitative analyses revealed numerous changes: /) Mi-
nocycline reduced the ICH-induced increase in M1 polarized
microglia (CD68+). A TrkB-selective antagonist reversed the
effect of minocycline, and a TrkB-selective agonist produced
similar effects on the number of CD68-positive cells (Fig. 7A).
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2) Minocycline and HIOC induced greater expression of M2-
polarized microglia (CD206+) around the hematoma com-
pared with vehicle-treated animals and animals treated with
minocycline and ANA 12 (Fig. 7B). 3) Minocycline increased
the number of mature neurons (NeuN+) in ICH animals, and
ANA 12 reversed this neuroprotective effect (Fig. 7C). Inte-
grated density analysis in the region of interest generated the
same results (Fig. 7D).

We detected protein and mRNA expression of mature neu-
rons (NeuN) and NPCs, such as Tuj-1, DCX, and nestin.
Minocycline increased the expression of NeuN protein, which
was reversed by ANA 12, and HIOC increased mature neuron
expression to the same degree as minocycline (Fig. 84). Mi-
nocycline increased the expression of Tuj-1, DCX, and nestin
(Fig. 8, B and C) protein and mRNA. Selective blockade of the
TrkB pathway automatically reversed the increase in NPC
expression, and a TrkB agonist produced the same neuropro-
tective effects as minocycline.

DISCUSSION

The present study demonstrated that minocycline promoted
neurogenesis and improved ICH-induced cognitive deficits
after ICH. Minocycline produced neuroprotective effects via
polarization of M2 neurotrophic microglia via the TrkB/BDNF
pathway. ICH remains a significant medical emergency and
requires a precise diagnosis as well as proper medical manage-
ment (Hemphill et al. 2015). Minocycline was recently re-
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Fig. 7. Immunofluorescence of CD68-positive microglia in intracerebral hemorrhage (ICH) animals treated with vehicle, minocycline, or minocycline (Mino.)
and N2-2-2-oxoazepan-3-yl amino] carbonyl phenyl benzo (b) thiophene-2-carboxamide (ANA 12; ANA), and animals treated with N-[2-(5-hydroxy-1H-indol-
3-yl) ethyl]-2-oxopiperidine-3-carboxamide (HIOC) only (A). Images of CD206-positive microglia in brain slices of the four different groups (B). Immunoflu-
orescence of mature neurons (C; NeuN+). Statistical analyses of the integrated density (IntDen) of positive cells in the regions of interest (ROI) in the brain slices
of animals in different groups (D; n = 6). *P < 0.05, **P < 0.01. Data are expressed as means *= SE.

ported to be a potential pharmacological prevention strategy
after stroke (Chang et al. 2017), but the effective targets and
molecular mechanisms of minocycline are not known (Soliman
et al. 2015). The autologous blood-induced ICH model in rats
is a reasonable and efficient method to mimic the pathological
process of clinical ICH (Dang et al. 2017). We found that a
7-day administration of minocycline improved the learning and
working memory of autologous blood-induced ICH rats. We
demonstrated that minocycline activated microglia transforma-
tion to an M2 neurotrophic type and did not simply inhibit
microglia proliferation. We demonstrated that minocycline
accelerated M2 microglia secretion of neurotrophic factors via
the TrkB/BNDF pathway, which promoted neurogenesis after
ICH.

Activation of microglia after ICH produces detrimental con-
sequences because activated microglia are implicated in central
nervous system (CNS) autoimmune diseases via the secretion

of inflammatory factors and antigen presentation (Cash et al.
1993). However, a switch from M1- to M2-microglia associ-
ated gene expression was reported (Deonarine et al. 2007).
Therefore, the focus of microglia research focused on neuro-
protective effects (Zhao et al. 2015). Many studies have re-
ported that M2 microglia secrete anti-inflammatory cytokines
and growth factors, which promote neurogenesis and remyeli-
nation following CNS injury (Edwards et al. 2006; Miron et al.
2013). The present study found that minocycline easily pene-
trated the BBB and decreased ICH-induced M1 microglia
(CD68+) proliferation as well as the percentage of CD68-
positive microglia. We used another M1 microglia marker
protein (CD16) and M2 microglia marker protein (arginase 1)
to investigate our hypothesis and found that minocycline in-
creased the number of arginase 1+ CDI16+ cells, which
demonstrated that minocycline promoted the transformation of
M1 microglia into an M2 type after ICH in rats. Minocycline
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significantly increased the expression of M2 microglia-derived
BDNF around neuronal cells, which suggests a role for BDNF
and other neurotrophic factors in the restoration of neural
circuits after ICH. A recent study demonstrated that microglial-
derived BDNF increased neuronal TrkB phosphorylation,
which is a key mediator of synaptic plasticity (Parkhurst et al.
2013).

The effects of minocycline are too complicated to be ex-
plained by a single mechanism. Several studies reported the
positive effects of minocycline in improving cognitive dam-
ages in CNS diseases by inhibiting microglia or astrocytes
activation (Cai et al. 2010; Hanlon et al. 2016). An in vitro
study demonstrated that minocycline reduced the number of
macrophages and decreased neuron death (Huang et al. 2010).
Minocycline may inhibit MMP-9 and modulate BBB permea-
bility as well as affect secondary injury of ICH (Shi et al.
2011). Minocycline also causes widespread cell death and
increases the number of Ibal-positive microglia in neonatal
mouse brain (Strahan et al. 2017). The present study demon-
strated that minocycline induced greater expression of marker
proteins of NPCs, such as DCX, Tuj-1, and nestin, and pro-
moted the expression of mature neurons. The TrkB-selective
antagonist ANA 12 reversed the protective effects of minocy-
cline (i.e., decrease in M1 microglia and NPC proliferation),
and the TrkB selective agonist HIOC produced similar neuro-

protective effects as minocycline. A previous study used a
systems biology approach and demonstrated that minocycline
efficiently stimulated the TrkB/BDNF pathway (Alam et al.
2016).

Minocycline has been used clinically as an antibacterial
medicine, but it is still being studied preclinically for the
treatment of neuropathological disease. The present study dem-
onstrated that minocycline improved ICH-induced learning and
working memory deficits and promoted neurogenesis in rats.
We demonstrated that the TrkB/BDNF pathway was partially
involved in the protective effects of minocycline. The present
study provides a novel understanding of the mechanisms with
which minocycline could be useful in the treatment of ICH.
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