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The proinflammatory cytokine productions in the brain are altered in a process of fear memory forma-
tion, indicating a possibility that altered microglial function may contribute to fear memory formation.
We aimed to investigate whether and how microglial function contributes to fear memory formation.
Expression levels of M1- and M2-type microglial marker molecules in microglia isolated from each con-
ditioned mice group were assessed by real-time PCR and immunohistochemistry. Levels of tumor necro-
sis factor (TNF)-a, but not of other proinflammatory cytokines produced by M1-type microglia, increased
in microglia from mice representing retention of fear memory, and returned to basal levels in microglia
from mice representing extinction of fear memory. Administration of inhibitors of TNF-a production
facilitated extinction of fear memory. On the other hand, expression levels of M2-type microglia-
specific cell adhesion molecules, CD206 and CD209, were decreased in microglia from mice representing
retention of fear memory, and returned to basal levels in microglia from mice representing extinction of
fear memory. Our findings indicate that microglial TNF-a is a key element of sustained fear memory and
suggest that TNF-a inhibitors can be candidate molecules for mitigating posttraumatic reactions caused
by persistent fear memory.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction and tumor necrosis factor-a (TNF-a) in response to lipopolysaccha-
Microglia represent the major population of immune cells of the
central nervous system, which produce inflammatory cytokines in
response to various environmental stimuli. Microglia are involved
in the inflammatory response to harmful substances, such as
pathogens, damaged cells, or irritants, and in acute stress response
to stimuli such as pain by regulating the production of proinflam-
matory cytokines. For example, repetitive inescapable tail shocks
elevate the levels of the proinflammatory cytokine interleukin
(IL)-1b in the hypothalamus of rats (O’Connor et al., 2003), and this
response is reversed by the microglial inhibitor minocycline
(Blandino et al., 2006, 2009). Moreover, hippocampal microglia iso-
lated from rats exposed to tail-shock stress produce significantly
higher levels of IL-1b and the proinflammatory cytokines IL-6
ride (LPS) (Frank et al., 2012).
These proinflammatory cytokines are involved in the stress

response to electric shock and regulation of contextual fear mem-
ory formation caused by electric shock. Contextual fear memory is
an associative memory in the context of conditioned fear and arises
from stimuli such as an electrical footshock. To generate a long-
term contextual fear memory, the unpleasant memory is stabilized
through memory consolidation. In contrast, memory extinction
induced by continuous or repeated retrieval of fear memory inhi-
bits fear responses. For example, mice with experimental autoim-
mune encephalomyelitis (EAE) with elevated levels of IL-1b in
the hypothalamus exhibit suppressed fear memory consolidation
(Acharjee et al., 2013). Furthermore, social isolation induces ele-
vated levels of IL-1b in the hippocampus and cerebral cortex that
are associated with suppressed contextual fear conditioning
(Pugh et al., 1999).

Administration of IL-6 to the amygdala impairs the acquisition
and extinction of conditioned fear in a dose-dependent manner
(Hao et al., 2014). LPS-induced elevation of hippocampal levels of
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IL-6 and its downstream transcription factor, signal transducer and
activator of transcription 3 (STAT3), which serves as a marker of
IL-6 signaling activity, suppresses contextual fear memory consol-
idation. This suppression is reversed by the inhibition of IL-6
signaling by administering sgp130 (endogenous soluble IL-6 recep-
tor inhibitor) (Burton and Johnson, 2012; Jostock et al., 2001).
Intra-amygdala infusion of the proinflammatory cytokine TNF-a
delays significantly the acquisition and extinction of auditory fear
conditioning (Jing et al., 2014). Collectively, these findings indi-
rectly suggest that the elevation of proinflammatory cytokine
levels in the cerebral parenchyma suppress fear memory acquisi-
tion, consolidation, and extinction, depending on the affected
regions of the brain.

The two subtypes of microglia, M1 and M2, are distinguished by
their cell surface markers. M1-type microglial markers include
CD16 (Fc gamma III Receptor) and CD32 (Fc gamma II Receptor),
and M2-type microglial markers include CD206 (MMR: macro-
phage mannose receptor) (Kobayashi et al., 2013) and CD209
(DC-SIGN: dendritic cell-specific intercellular adhesion molecule-
3-grabbing non-integrin) (Durafourt et al., 2012). Activated
microglia are widely known to exert proinflammatory M1 and
anti-inflammatory M2 functions (Boche et al., 2013). M1 cells
release proinflammatory cytokines such as IL-1b, IL-6, and TNF-a.
In contrast, M2 cells release anti-inflammatory cytokines such as
IL-4, IL-5, IL-10, and neurotrophic factors such as brain-derived
neurotrophic factor (BDNF), insulin-like growth factor 1 (IGF-1),
transforming growth factor beta (TFG-b), glial cell line-derived
neurotrophic factor (GDNF), vascular endothelial growth factor
(VEGF), and hepatocyte growth factor (HGF) (Fumagalli et al.,
2011).

All cytokines involved in the acute response to footshock and
the suppression of fear memory formation are produced by M1
microglia. Although limited data are available regarding the associ-
ation between M2 microglial products, such as anti-inflammatory
cytokines and growth factors, and the acute response or fear mem-
ory, mice lacking microglial BDNF exhibit a significantly decreased
freezing fear response to conditioned auditory cues (Parkhurst
et al., 2013), indicating that M2 microglial products, including
BDNF, may facilitate fear memory formation. These findings sug-
gest that microglial polarization into the M1 and M2 types may
be at least partially involved in fear memory formation in an oppo-
site manner; however, this possibility requires investigation.

Here, we aimed to determine whether and how characteristic
alterations of microglia are involved in the formation and extinc-
tion of fear memory. We show that of the M1-derived proinflam-
matory cytokines, TNF-a levels increased during retention of fear
memory and returned to basal levels during fear memory extinc-
tion. Further, the inhibition of TNF-a facilitated the extinction of
fear memory. Our findings indicate that microglial TNF-a is a key
contributor to sustaining fear memory and that the inhibitors of
TNF-a such as minocycline may facilitate extinction of fear mem-
ory. Considering that sustained fear memory is a key component
of the pathophysiology of posttraumatic stress disorder (PTSD)
(Goswami et al., 2013; Yehuda, 2002), inhibition of microglial
TNF-a may be a druggable target in developing treatments to alle-
viate symptoms of PTSD.
2. Materials and methods

2.1. Animals

The animal ethics committee of Tohoku University Graduate
School of Medicine approved the experimental protocols.
C57BL/6 male mice (SLC Inc., Japan) weighing 20–30 g were indi-
vidually housed and maintained on a 12:12 light/dark schedule
with ad libitum access to food and water throughout the course
of the entire experiment.

2.2. Behavioral procedures

Mice were placed into the training chamber
(17.5 � 17.5 � 15 cm) with a stainless steel rod floor used to deli-
ver footshocks (Ohara & Co. Ltd.). Each mouse was transferred from
its home cage to the training chamber and allowed to explore it for
148 s before receiving a single footshock (2 s, 0.4 mA) following a
standardized protocol (Suzuki et al., 2004). After the footshock,
mice were left in the training chamber for 30 s and then trans-
ferred to their home cage. Twenty-four hours after conditioning,
mice were re-exposed to the training chamber for varying dura-
tions as follows: 0 min (FS0; footshocked mice with no reexpo-
sure), 3 min (FS3; footshocked mice with 3 min of reexposure) or
30 min (FS30; footshocked mice with 30 min of reexposure) with-
out receiving a footshock, and then transferred to their home cage.
No (0 min) or short-duration (3 min) reexposure to the context are
supposed to result in retention of fear memory, while long-
duration (30 min) reexposure is supposed to facilitate extinction
of fear memory.

To validate the effect of no, short- or long-duration reexposure
on retention or extinction of fear memory, the percentage of time
for which the mice exhibited freezing behavior was measured
every 5 min during the 30 min exposure session (Mamiya et al.,
2009; Suzuki et al., 2004). Control animals were similarly trained
without receiving an electric footshock and were re-exposed to
the context for 0 min (Con0), 3 min (Con3) or 30 min (Con30). To
evaluate their behavior, mice were again transferred to the training
chamber 24 h after the reexposure, and the percentage of time the
mice engaged in freezing behavior during a 5 min observation
(freezing time) was measured as an indicator of the behavioral out-
come of fear memory. For analyses of microglial cells, mice were
trained, re-exposed to the context in the same manner as the mice
in the behavioral evaluation studies, and decapitated 24 h after the
reexposure. This procedure was performed instead of behavioral
monitoring to avoid the effect of tertiary exposure to the training
chamber on the molecular phenotype of microglial cells.

2.3. Isolation of microglia

After the mice were decapitated, the brain was prepared as a
single-cell suspension using a neural tissue dissociation kit and a
gentleMACS Dissociator (Miltenyi Biotec Bergisch Gladbach,
Germany). CD11b-positive microglia were isolated using CD11b-
labeled MicroBeads and a magnetic cell separator (Miltenyi Biotec)
(Yu et al., 2015). To verify the purity of the isolated microglia sam-
ples, cells separated with CD11b-labeled MicroBeads were stained
by incubating with rat anti-mouse CD11b FITC-conjugated mono-
clonal antibodies (mAb) (Miltenyi Biotec) for 5 min at 4 �C. After
the mAb-stained subjects were washed, cells were subjected to
flow cytometry with an ACCURI Flow Cytometer (Accuri Cytome-
ters, Inc., Ann Arbor, MI, USA). Purities of CD11b-positive cells were
above 97% for all subjects (Suppl. Fig. 1).

2.4. Quantitative real-time PCR

Total RNA was extracted from CD11b-positive microglia and
used as the template for cDNA synthesis conducted using random
primers and the SuperScript VILO cDNA synthesis kit (Invitrogen,
Carlsbad, CA, USA). The relative copy number of each transcript
in each cDNA sample was measured using specific primers and
the iQ SYBR Green Supermix (Bio-Rad Inc., Hercules, CA, USA). Rep-
resentative cell surface markers, cytokines, and growth factors
specifically produced by M1 or M2 phenotypes of microglia were
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selected for the assay (Durafourt et al., 2012; Fumagalli et al., 2011;
Kobayashi et al., 2013; Miron et al., 2013). The genes encoding
mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and
18 S rRNA (data not shown) were used as internal controls for nor-
malizing the data. A standard curve was constructed for each assay
to adjust for differences in the amplification efficiencies between
primer sets. The complete list of primers is given in Suppl. Table 1.

2.5. Immunohistochemical analysis of mouse microglia

Immunohistochemistry was performed using standard methods
(Yu et al., 2015). To determine the expression of markers of mouse
microglia phenotypes in vivo, mice were divided into control and
footshock groups subjected to different reexposure training regi-
mens according those described in Methods section. The footshock
groups were treated in the same manner employed in the behav-
ioral and the real-time PCR studies. Because the significant differ-
ences were not detected among the non-footshocked groups
(Con0, Con3 and Con30) using real-time PCR analysis, the control
group in the immunohistochemical study was not divided into
three groups according to different reexposure times. Control mice
were moved into the training cage without exposure to a footshock
and decapitated 48 h after being transferred to their home cage.
Hippocampal slices (30-lm thick) dissected from frozen brains
were reacted with the antibodies as follows: rabbit anti-mouse
Iba-1 (1:500; Wako Pure Chemical Co., Osaka, Japan), goat anti-
mouse TNF-a (1:400; R&D Systems, Minneapolis, MN, USA), goat
anti-mouse macrophage mannose receptor (MMR) (CD206, 1:50;
R&D Systems), or rat anti-mouse CD209a (1:50; BD Bioscience,
Mountain View, CA, USA). Secondary antibodies were as follows:
Alexa Fluor 488-conjugated anti-rat IgG, Alexa Fluor 488-
conjugated anti-rabbit IgG and Alex Fluor 594-conjugated anti-
goat IgG (1:300; Invitrogen). Nuclei present in the slices were
stained using 4,6-diamidino-2-phenylindole (DAPI) (Invitrogen).
Images of cells were acquired using a Leica DAS Mikroskop micro-
scope (Leica Microsystems, Wetzlar, Germany). Levels of TNF,
MMR or CD209a signal throughout the whole Iba-1-positive cell
were obtained using ImageJ 1.42 software (NIH Image, Bethesda,
MD, USA).

2.6. Minocycline treatment

Minocycline is a broad-spectrum tetracycline antibiotic. It is
widely known to inhibit activation of microglia, particularly M1-
type microglia (Kobayashi et al., 2013). Minocycline (Wako, Japan),
45 mg kg�1 body weight, was injected intraperitoneally 30 min
after a contextual footshock or without footshock. After the first
injection, the mice received three injections of minocycline every
12 h until the mice were sacrificed (Fig. 4A). Control mice received
an equal volume of saline using the same time course as minocy-
cline injections. The dose and timing of minocycline treatment
were set according to the condition utilized in the traumatic brain
injury model, in which postinjury administration of minocycline
significantly inhibited M1-type microglial activation and reduced
M1-type microglial markers TNF-a and IL-1b production
(Raghavendra et al., 2003; Sanchez Mejia et al., 2001). Freezing
times and hippocampal TNF-a levels were evaluated in
minocycline-treated and control mice 47.5 h and 5 weeks after
the first infection.

2.7. ELISA measurements of mouse serum TNF-a

Since the serum levels of TNF-a are significantly higher in
patients with PTSD compared with healthy controls (Guo et al.,
2012), serum TNF-a from trained mice that were re-exposed to
the context in the same manner as the mice in the behavioral
evaluation studies and were decapitated 24 h after the reexposure
was measured using the Mouse TNF-a ELISA MAXTM Standard kit
(BioLegend, Inc., San Diego, CA, USA). Optical density at 450 nm
was measured with a SpectraMAX 190 Microplate Reader (Molec-
ular Devices, Sunnyvale, CA, USA).

2.8. Statistical analysis

A two-tailed unpaired Student’s t-test was used to evaluate the
differences in mean values between two groups. One- or two-way
analysis of variance (ANOVA) followed by Tukey’s or Sidak post-hoc
test was used for the other studies. Statistical analysis was per-
formed using GraphPad Prism version 6 (GraphPad Software, San
Diego, CA, USA).
3. Results

3.1. Effects of reexposure duration on fear memory formation

We evaluated the validity of behavioral experimental modeling
of fear memory retention and extinction by determining the effects
of the duration of reexposure to the training context on freezing
responses. Mice were trained with or without a single footshock
and re-exposed 24 h later to the training context for 3 different
durations: 0 min (FS0), 3 min (FS3), or 30 min (FS30). Two-way
ANOVA revealed significant effects of footshock treatment
(F1, 60 = 346.8; P < 0.001) and reexposure time (F2, 60 = 9.777;
P < 0.001) on freezing time, with a significant interaction (F2, 60 =
10.16; P < 0.0002). In subsequent Tukey’s post-hoc analyses, the
footshocked groups with 3 different reexposure periods (FS0, FS3,
and FS30) showed significantly longer freezing times compared
with non-footshocked groups of the three respective reexposure
periods (Con0, Con3 and Con30), suggesting that fear memory
was successfully consolidated in the footshock-stressed groups
(Fig. 1A). No significant difference in freezing times was found
among mice not receiving a footshock for the three reexposure
durations (Con0, Con3 and Con30) (Fig. 1A). Footshockedmice with
long-duration reexposure (FS30) showed a significantly shorter
freezing time than those of footshocked mice with no reexposure
(FS0) (P < 0.001) and footshocked mice with short-duration reex-
posure (FS3) (P < 0.001), while there was no difference in freezing
time between FS0 and FS3 (Fig. 1A). The shortening of freezing
time due to 30 min of reexposure represents extinction of the fear
memory, while sustained freezing time following 0 min or 3 min of
reexposure represents retention of fear memory. During the 30-
min reexposure session 24 h after the footshock stress, the extent
of freezing decreased with time. When the percentage of freezing
time was measured every 5 min during the 30 min exposure ses-
sion, the fourth (15–20 min) and fifth (20–25 min) segments
showed significantly shorter freezing times compared with the
first segment (0–5 min; P < 0.01, see Fig. 1B). These observations
were consistent with those of previous studies (Mamiya et al.,
2009; Suzuki et al., 2004), which showed that 30 min of reexposure
facilitated fear memory extinction.

3.2. Expression of M1-type and M2-type microglia-specific molecules
in fear memory retention and extinction

Among the M1 microglia markers examined, only the levels of
Tnf mRNA significantly increased (42.1%, P < 0.01) in microglia of
the footshocked mice with non-reexposure group (FS0) compared
with the non-footshocked mice with non-reexposure group
(Con0) (Fig. 2A). On the other hand, in comparisons among the
footshock-treated groups, the level of Tnf mRNA of the long-
duration reexposure group (FS30), i.e. fear memory extinction



Fig. 1. Effects of reexposure duration on freezing. (A) Freezing times on the third
day after footshock treatment or non-treatment of groups with 0, 3, or 30 min
reexposure (Time: F2,60 = 9.777; P < 0.001. Stress: F1,60 = 346.8; P < 0.001. Interac-
tion: F2,60 = 10.160; P < 0.001). Con0, no footshock 0-min reexposure; Con3, no
footshock 3-min reexposure; Con30, no footshock 30-min reexposure; FS0,
footshock 0-min reexposure; FS3, footshock 3-min reexposure; FS30, footshock
30-min reexposure. Time, reexposure time. Stress, footshock treatment. Interaction,
time vs stress. ###p < 0.001, compared with Con0, Con3 or Con30 groups.
***p < 0.001, compared with FS30 group. Two-way ANOVA followed by Tukey’s
post-hoc test was applied to all comparisons. Data are presented as the mean ± SEM
(n = 11 per group). (B) Freezing scores in 5 min blocks are presented during 30-min
reexposure (F5, 60 = 4.042; P < 0.01). **P < 0.01, compared with 0–5 min. One-way
ANOVA followed by Tukey’s post-hoc test was applied to all comparisons. Data are
presented as the mean ± SEM (n = 11 per group).
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group, was significantly decreased by 17.8% (P < 0.01) and 20.2%
(P < 0.05) compared with those of the non- and short-duration
reexposure groups (FS0 and FS3), respectively, i.e. both of the fear
memory retention groups. There were no significant changes in the
levels of mRNAs encoding the other M1-specific cell surface mark-
ers Cd16/32 and cytokines Il1b and Il6, regardless of being foot-
shocked, or duration of reexposure (Suppl. Fig. 2).

Contrary to the expression profiling of TNF-a, the transcript
levels of M2 microglia cell surface markers Cd206 and Ym1 were
significantly decreased by 37.7% (P < 0.01, Fig. 2B) and 64.2%
(P < 0.05, Fig. 2D) in the footshocked mice with non-reexposure
group (FS0), compared with the non-footshocked mice with non-
reexposure group (Con0), and the transcript levels of Cd206, Ym1
as well as Cd209a were significantly decreased by 52% (P < 0.01),
64.5% (P < 0.05), and 36.3% (P < 0.05), in the footshocked mice with
short-duration reexposure group (FS3), compared with the non-
footshocked mice with short-duration reexposure group (Con3),
respectively (Fig. 2B-D). On the other hand, in comparisons among
the footshock-treated groups, transcript levels of Cd206, Cd209a,
and Ym1 of the long-duration reexposure group (FS30), i.e. fear
memory extinction group, were significantly increased by 46.3%
(P < 0.05), 75.8% (P < 0.01), and 152.5% (P < 0.05) compared with
those of the non-reexposure group (FS0), respectively, and by
76.9% (P < 0.05), 97.5% (P < 0.001), and 159.5% (P < 0.05) compared
with those of the short-duration reexposure group (FS3), respec-
tively, i.e. both of the fear memory retention groups.

Regarding transcript levels of neurotrophic factors released
from M2 microglia, Igf1 of the footshocked mice with long-
duration reexposure group (FS30), i.e. fear memory extinction
group, were significantly increased by 38.0% (P < 0.05) compared
with those of non-footshocked mice with long-duration reexpo-
sure (Con30), as well as 50.8% (P < 0.01), and 34.9% (P < 0.05) com-
pared with the footshocked mice with non- and short-duration
reexposure groups (FS0, and FS3), i.e. both of fear memory reten-
tion groups, respectively (Fig. 2E). The levels of microglial Tgfb1
mRNA of the footshocked mice with long-duration exposure group
(FS30), i.e. fear memory extinction group, was significantly
increased by 15.8% (P < 0.05) compared only with footshocked
mice with short-duration reexposure group (FS3) of the fear mem-
ory retention groups (Fig. 2F).

The levels of mRNAs encoding other M2-type microglia-derived
cytokines such as IL4, Il5, and Il10 and those of Igf1, Vegf, and Arg1
were not changed among the groups, regardless of being foot-
shocked, or duration of reexposure, representing each fear memory
process (Suppl. Fig. 3). The levels of the mRNAs of genes encoding
other M2-type microglial-derived neurotrophic factors Bdnf, Gdnf,
and Hgf were below the limit of detection of the real-time PCR
assays (results not shown).

3.3. Verification of M1-type and M2-type microglia-specific molecule
expression in the hippocampus in fear memory retention and
extinction

Because memory consolidation and extinction are associated
with hippocampal function (Alberini, 2005), protein expression of
the M1-type microglia-specific cytokine TNF-a and M2-type
microglial cell surface markers CD206 and CD209a were evaluated
in the hippocampus of mice representing fear memory retention
and extinction. TNF-a expression increased significantly by 46%
in hippocampal microglia in brain slices from the footshocked mice
with non-reexposure group (FS0) compared with that of the non-
footshocked controls (Con0) (P < 0.05, Fig. 3A and Suppl. Fig. 4).
In contrast, TNF-a levels of hippocampal microglia from the foot-
shocked mice with long-duration reexposure group (FS30) and
the non-footshocked control group (Con30) were equivalent.
TNF-a level of hippocampal microglia of the footshockedmice with
long-duration reexposure group (FS30), i. e. fear memory extinc-
tion group, was significantly decreased by 55.1% compared with
the footshocked mice with no reexposure group (FS0), i.e. fear
memory retention group (P < 0.05, Fig. 3A and Suppl. Fig. 4).

The levels of microglial CD206 and CD209a of hippocampal
slices from the footshocked mice with no reexposure group (FS0)
were significantly decreased by 43.9% (P < 0.05) and 63.2%
(P < 0.01), and those of the footshocked mice with short-duration
reexposure group (FS3) were significantly decreased by 83.4%
(P < 0.01) and 64.1% (P < 0.01) compared with that of the non-
footshocked controls (Con0 and Con3), respectively
(Fig. 3B and C, and Suppl. Figs. 5 and 6). In contrast, the levels of
CD206 and CD209a of the footshocked mice with long-duration
reexposure group (FS30) and non-footshocked control group
(Con30) were equivalent. The levels of CD206 and CD209a of the
footshocked mice with long-duration reexposure group (FS30),
i.e. fear memory extinction group, were significantly increased by
99.3% (P < 0.05) and 137.1% (P < 0.01) compared with the foot-
shocked mice with no reexposure (FS0), respectively, and by
464.5% (P < 0.01) and 143.4% (P < 0.01) compared with the foot-
shocked mice with short-duration reexposure group (FS3), respec-



Fig. 2. The effects of reexposure durations on the transcriptional levels of microglial phenotypic markers were measured using qRT-PCR. The mRNA levels of the markers are
normalized to the level of ribosomal RNA S18. (A) M1-type microglial marker Tnf (Time: F2,30 = 5.372; P < 0.05. Stress: F1,30 = 11.86; P < 0.01. Interaction: F2, 30 = 4.566,
P < 0.05). (B) M2-type microglial marker Cd206 (Time: F2,30 = 4.322; P < 0.05. Stress: F1,30 = 32.13; P < 0.001. Interaction: F2, 30 = 3.370, P < 0.05). (C) M2-type microglial
Cd209a (Time: F2,30 = 7.160; P < 0.01. Stress: F1,30 = 3.546; P > 0.05. Interaction: F2, 30 = 7.465, P < 0.01). (D) M2-type microglial Ym1 (Time: F2,30 = 3.201; P > 0.05. Stress:
F1,30 = 19.47; P < 0.001. Interaction: F2, 30 = 3.209, P > 0.05). (E) Igf1 (Time: F2,30 = 5.734; P < 0.001. Stress: F1,30 = 3.471; P > 0.01. Interaction: F2, 30 = 4.682, P < 0.05). (F) Tgfb1
(Time: F2,30 = 1.852; P > 0.05. Stress: F1,30 = 2.064; P > 0.05. Interaction: F2, 30 = 2.010, P > 0.05). Con0, no footshock 0-min reexposure; Con3, no footshock 3-min reexposure;
Con30, no footshock 30-min reexposure; FS0, footshock 0-min reexposure; FS3, footshock 3-min reexposure; FS30, footshock 30-min reexposure. Time, reexposure time.
Stress, footshock treatment. Interaction, time vs stress. #P < 0.05, ##P < 0.01, compared with Con0, Con3 or Con30 group. *P < 0.05, **P < 0.01, ***P < 0.001, compared with FS30
group. Two-way ANOVA followed by Tukey’s post-hoc test was applied to all comparisons. Data are presented as the mean ± SEM (n = 6 mice per group).
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tively, i.e. both of the fear memory retention groups (Fig. 3B and C,
and Suppl. Figs. 5 and 6). In addition, differences were not observed
in Iba-1 expression among the non-footshocked control, FS0, FS3
and FS30 groups (data not shown).

3.4. Effects of minocycline on fear memory

Minocycline selectively inhibits M1-type microglial activity
(Kobayashi et al., 2013) and reduces the levels of TNF-a produced
by microglia (Lee et al., 2004; Wang et al., 2005). To investigate the
effects of inhibiting M1 microglial function on fear memory, we
compared the effects of reexposure on freezing times between
mice administered minocycline or saline after footshock.
Two-way ANOVA revealed significant effects of footshock
treatment (F1, 55 = 116.508; P < 0.001), minocycline treatment
(F1, 55 = 13.263; P < 0.01) and reexposure time (F2, 55 = 14.041;
P < 0.001) on freezing time (Test 1, Fig. 4A and B). The freezing
times of mice treated with 4 times of minocycline after footshock
and subjected to either no reexposure (M + FS0, Fig. 4A) or short-
duration reexposure (M + FS3) were shorter by 34.1% and 27.3%,
respectively, compared with saline-treated controls (S + FS0 and
S + FS3), although the difference did not reach statistical signifi-
cance in Tukey’s post-hoc analyses following the ANOVA (Fig. 4B).
The freezing times of the minocycline-treated footshocked mice
with long-duration reexposure group (M + FS30) were significantly
shorter by 92.9% compared with those of the saline-treated group
(S + FS30, Fig. 4B). To evaluate the effect of minocycline on behav-
ioral changes during the reexposure process, the freezing time per-
centages of minocycline- and saline-treated footshocked mice
were measured during the 3 min and 30 min reexposure groups
(Test 0, Fig. 4A). Freezing time of the minocycline-treated group
decreased by 40.2% compared with that of the saline-treated con-
trol group; however, the difference did not reach statistical signif-
icance (P = 0.093) (Fig. 4C). When the 30 min reexposure session
was divided into six 5-min segments, ANOVA of repeated measures
indicated a statistically significant decrease in freezing time of the
minocycline-treated group compared with that of the saline-
treated group (F5, 50 = 7.786, P < 0.001). Tukey’s post-hoc analysis
indicated a significant decrease in freezing time during the third
(10–15 min), fourth (15–20 min), and fifth (20–25 min) segments
compared with the first segment (0–5 min) (P < 0.05). There was
no significant interaction between time and drug effects (Fig. 4D).

The long-term effect of minocycline administration on fear
memory was evaluated 5 weeks after its administration (Test 2,
Fig. 4A) to evaluate the effect of minocycline on the occurrence
of the phenomenon termed ‘‘spontaneous recovery,” which is the
re-emergence of a previously extinguished conditioned fear
memory within an interval after fear memory extinction was once
established (Rescorla, 2004). The freezing time of the
saline-treated post-footshock with long-duration reexposure



Fig. 3. Immunohistochemical analysis of the expression of microglial phenotypic
markers as a function of reexposure times. (A) Percentage of TNF-a-positive M1
cells among Iba-1-positive microglia per field (F3, 12 = 7.694, P < 0.01). (B) Percent-
age of MMR-positive M2 cells among Iba-1-positive microglia per field
(F3, 12 = 13.66, P < 0.001). (C) Percentage of CD209a-positive M2 cells among
Iba-1-positive microglia per field (F3, 12 = 13.26, P < 0.001). Con3, No footshock; FS0,
footshock 0-min reexposure; FS3, footshock 3-min reexposure; FS30, footshock 30-
min reexposure. #P < 0.05, ##P < 0.01, compared with Con. *P < 0.05, **P < 0.01,
compared with FS0. $$P < 0.01, compared with FS3. One-way ANOVA followed by
Tukey’s post-hoc test was applied to all comparisons. Data are presented as the
mean ± SEM (n = 4 mice per group).

Fig. 4. Effects of minocycline administration on fear memory formation. (A) Mice
were exposed to footshock and injected with saline or minocycline 4 times (30 min,
12 h, 24 h, and 36 h after the footshock). On the second day, mice were re-exposed
to contextual conditions for 0, 3, or 30 min. Freezing times were assessed during the
reexposures (Test 0), 48 h after the footshock (Test 1), and 5 weeks later (Test 2). S,
Saline; M, minocycline. (B) Freezing times were measured 48 h after the footshock
(Time: F2, 55 = 14.041; P < 0.001. Stress: F1, 55 = 116.508. P < 0.001. M: F1, 55 = 13.263;
P < 0.01) on freezing time. Con0, no footshock 0-min reexposure; Con3, no
footshock 3-min reexposure; Con30, no footshock 30-min reexposure; FS0,
footshock 0-min reexposure; FS3, footshock 3-min reexposure; FS30, footshock
30-min reexposure. Time, reexposure time. Stress, footshock treatment. M,
minocycline. *P < 0.05, compared with FS0. $$P < 0.01, compared with FS3.
###P < 0.001, compared with FS30. One-way ANOVA followed by Tukey’s post-hoc
test was applied to all comparisons. Data are presented as the mean ± SEM (n = 6
mice per group). (C) Percentage of reexposure time spent in freezing was measured
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group measured at 5 weeks after fear conditioning was signifi-
cantly longer by 82.5% compared with freezing time measured
3 days after the fear conditioning (Suppl. Fig. 7A and B), indicating
the occurrence of spontaneous recovery. The freezing time of the
M + FS30 group decreased significantly by 27.4% compared with
that of the S + FS30 group 5 weeks after administration of minocy-
cline (P < 0.05, Suppl. Fig. 7B), which suggests long-term efficacy of
minocycline on maintaining fear memory extinction.
for footshocked mice with 3 min of reexposure with or without minocycline (Test
0). FS3, footshock 3 min reexposure; M, minocycline. A two-tailed unpaired Student
t test was applied to this comparison. Data are presented as the mean ± SEM (n = 6
mice per group). (D) A 30 min reexposure session was divided into six 5 min
intervals and the percentage of freezing time in each was plotted for the groups
treated with or without minocycline, and the effects of time during the reexposure
session and the drug (minocycline vs saline) were evaluated using repeated-
measure ANOVA (F5, 50 = 0.539, P > 0.05). FS30, footshock 30-min reexposure, M,
minocycline. Open square, FS30; closed triangle, M + FS30. Repeated-measures
ANOVA followed by the Sidak post-hoc test was applied to all comparisons. Data are
presented as the mean ± SEM (n = 6 mice per group).
3.5. Effects of minocycline on microglial production of TNF-a

The effects of minocycline treatment on hippocampal TNF-a in
mice with variable fear memory conditions were evaluated in the
same manner as described in Section 3.3. The effect of minocycline
on decreasing freezing time reached statistical significance only
when administered to footshocked mice with long-duration
reexposure (M + FS30) but not those with non- or short-duration
reexposure (M + FS0 or M + FS3). The two-way ANOVA revealed
significant effects of minocycline treatment (F1, 30 = 66.44;
P < 0.001) and reexposure time (F2, 18 = 4.860; P < 0.05) on TNF-a
expression. Following Tukey’s post-hoc analyses, the TNF-a level
of hippocampal microglia in the footshocked mice with long-
duration-reexposure group (FS30), i.e., the fear memory extinction
group, was significantly decreased (by 51.3%) compared with the
footshocked mice with no reexposure group (FS0), i.e. the fear
memory retention group (P < 0.05, Fig. 5). Minocycline significantly
decreased the levels of microglial TNF-a in hippocampal slices in
all three footshocked groups, by 82.1% (P < 0.01), 80.8% (P < 0.01)
and 81.9% (P < 0.01), compared with each saline-treated control
(FS0, FS3, and FS30) (Fig. 5), respectively. Minocycline also exerts
long-term effects (5 weeks after being footshocked) on repressing
hippocampal TNF-a by 52.6% (P < 0.05), in parallel to the suppres-
sion of spontaneous recovery (Suppl. Fig. 7C and D). Minocycline
had no effect on the levels of the M2 microglial markers MMR
(Suppl. Fig. 8) and CD209a (Suppl. Fig. 9).



Fig. 5. Effect of minocycline administration on TNF-a expression. With or without minocycline treatment after the footshock, the mice were re-exposed for 0 min (A), 3 min
(B) or 30 min (C) to the context memory on the second day. The images show microglial TNF-a (M1 microglia production) levels in the hippocampus on day 3 after the
footshock (Time: F2,30 = 4.860; P < 0.05. M: F1,30 = 66.44; P < 0.001. Interaction: F2,30 = 2.308; P = 0.117). FS0, footshock 0-min reexposure, FS3, footshock 3-min reexposure,
FS30, footshock 30-min reexposure, Time, reexposure time. Interaction, time vs M. M, minocycline. (A-C) Effect of minocycline on the microglial TNF-a levels in the mouse
hippocampus (M1marker, upper, green) and IBA-1 (microglia marker, middle, red). TNF-a levels without or with minocycline on day 3 after the footshock. The merged image
shows the distribution of TNF-a/IBA1 (lower). Nuclei were stained with 4,6-diamidino-2-phenylindole (blue). Scale bar = 20 lm. Arrows indicate single TNF-a -positive cells.
(D) Percentage of TNF-a-positive cells per IBA-1-positive microglia. M, minocycline. P < 0.05, in comparison between FS30 and FS0. ##P < 0.01, in comparison between
minocycline-treated and control groups. Two-way ANOVA followed by Tukey’s post-hoc test was applied to all comparisons. Data are presented as the mean ± SEM (n = 6 mice
per group). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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3.6. Expression of serum TNF-a in processes of fear memory retention
and extinction

There were no significant differences in the levels of serum TNF-
a among the groups regardless of being footshocked or duration of
reexposure, representing retention or extinction of fear memory
(Suppl. Fig. 10).
4. Discussion

In the present study, we observed characteristic changes of
microglia in fear memory. For example, M1-microglial production
of TNF-a was significantly increased in contextual fear memory
retention and returned to baseline in fear memory extinction. Fur-
ther, the inhibition of TNF-a significantly promoted fear memory
extinction (Suppl. Table 2). The levels of M1-specific cell markers
CD16/CD32 and M1-related proinflammatory cytokines, other than
TNF-a, were not altered during retention or extinction of fear
memory. These findings suggest the possibilities as follows: (1)
polarization into M1-microglia is unrelated to fear memory reten-
tion; (2) microglial TNF-a production is specifically activated by
acute fearful stimuli, which may in turn facilitate fear memory
retention; (3) microglial TNF-a production decreases in fear mem-
ory extinction; and (4) sustained microglial TNF-a production dis-
turbs fear memory extinction, whereas inhibition of microglial
TNF-a production facilitates fear memory extinction.

In contrast, the levels of the M2-microglial cell surface markers
CD206 (MMR), CD209 (DC-SIGN), and YM1 were significantly
decreased in fear memory retention, and the levels of these M2-
microglial cell surface markers returned to the baseline along with
the increase in the mRNA levels of the M2-type microglia-related
neurotrophic factors Igf1 and Tgfb1 in fear memory extinction
(Suppl. Table 2). The levels of the mRNAs encoding the M2
microglia-marker Arg1; the M2 microglia-related cytokines Il4,
Il5, and Il10; and the neurotrophic factors Igf1, Vegfa, Vefgb, and
Vefgc were not altered in fear memory retention or extinction.
Moreover, minocycline treatment did not detectably affect the
levels of M2-related molecules.

The C-type lectin receptors MMR and DC-SIGN mediate inter-
nalization of self-antigens, cell–cell adhesion, immune responses
to pathogens, and apoptosis (Lech et al., 2012; Vazquez-Mendoza
et al., 2013), and the number of MMR or DC-SIGN molecules per
macrophage decrease when macrophages are activated by LPS or
human herpesvirus 8 (Rappocciolo et al., 2006; Shepherd et al.,
1990). Therefore, our present findings indicate that changes in
the levels of MMR and DC-SIGN did not alter the levels of the sev-
eral M2-related molecules in the retention and extinction of fear
memory. Moreover, these changes may not reflect the number of
M2-type cells, but implicate changes in the functions of each
M2-microglial cell, such as internalization of self-antigens, cell–
cell adhesion, or apoptosis.

Our findings suggest the following: (1) MMR- and DC-SIGN-
related M2-type microglial functions such as internalization of
self-antigens, cell–cell adhesion, or apoptosis may be suppressed
in fear memory retention. (2) M2-type cell surface molecule-
related microglial functions may be reactivated in fear memory
extinction. (3) M2-specific anti-inflammatory cytokines or neu-
rotrophic factors may not contribute to fear memory retention.
(4) M2-type microglia may produce the neurotrophic factors IGF-
1 and TGF-b1 during fear memory extinction.

As described previously, the present study was motivated
by indirect evidence indicating that increased levels of the proin-
flammatory cytokines, IL-1b, IL-6, and TNF-a in the cerebral
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parenchyma may suppress fear memory retention and extinction.
However, we present direct evidence that microglial production
of IL-1b and IL-6 is not involved in retention or extinction of fear
memory. Increases in the levels of IL-1b in the hypothalamus of
mice with EAE and in the hippocampus and cerebral cortex of
socially isolated mice suppress fear memory consolidation
(Acharjee et al., 2013; Pugh et al., 1999). Similarly, an increase in
the level of IL-6 in the hippocampus of LPS-administered mice sup-
presses fear memory consolidation (Burton and Johnson, 2012).
These studies evaluated the interaction between the levels of
proinflammatory cytokines and fear memory consolidation in the
mouse under conditions of increased inflammation or stress. EAE,
LPS, or social isolation should exert significant effects on cytokine
levels, and the design of these studies may not reveal the physio-
logical associations between cytokine levels and fear memory
formation.

Moreover, administration of IL-6 and TNF-a to the amygdala
impairs fear memory extinction (Hao et al., 2014; Jing et al.,
2014). However, these studies do not provide information regard-
ing the role of endogenous cytokines on fear memory retention.
The current study provides direct evidence that among proinflam-
matory cytokines, only microglial TNF-a production was a key
component of the mechanism of sustaining fear memory.

In fear memory retention, increased production of TNF-a by
M1-type microglial cells may enhance the activation of the entire
population of microglia (Mantovani et al., 2004; Sica and
Mantovani, 2012) and may negatively influence neuronal network-
ing. For example, high and low concentrations of TNF-a are neuro-
toxic or impair synaptic strength, respectively (Beattie et al., 2002).
Because TNF-a resides primarily in the microglial cell membrane
and microglial cell-surface TNF-a binds to TNF-a receptors
expressed on the synapses of neurons (Grau et al., 2014; McCoy
and Tansey, 2008), our data suggest that inter-microglia-neuron
interactions modulated by increased TNF-a signaling may repre-
sent a key element that contributes to sustained fear memory.

M2 microglia potentially provide trophic support to neurons in
distress (Fumagalli et al., 2011; Hu et al., 2015). Furthermore, neu-
rotrophic factors are involved in memory. For example, IGF-2-
receptor blockade reduces fear memory extinction (Agis-Balboa
et al., 2011), and TGF-b1 treatment disturbs spatial learning
(Nakazato et al., 2002). Further, IGF-1 and TGF-b abrogate micro-
glial oxidative stress, regulate activation of microglia, and inhibit
TNF-a production (Grinberg et al., 2013; Lodge and Sriram,
1996). Our present results show that M2 microglia expressed high
levels of mRNAs encoding IGF-1 and TGF-b1, indicating decreased
TNF-a production in fear memory extinction.

Minocycline exerted drastic suppression of microglial TNF-a
production in the hippocampus of all of the footshocked mice fol-
lowed by 0, 3 or 30 min of reexposure to the context memory, by
82.1% (P < 0.01), 80.8% (P < 0.01) and 81.9% (P < 0.01), respectively.
On the other hand, minocycline also drastically facilitated a
decrease in freezing time in the footshocked mice followed by
long-duration (30 min) reexposure to context memory by 92.9%
(P < 0.001), whereas the effect of minocycline was minimal in the
footshocked mice followed by non- or short-duration reexposure
to context memory. Considering microglial expression profiles of
TNF-a in concordance with retention and extinction of fear mem-
ory in general, TNF-a should have an important role in facilitating
fear memory extinction; however, there may also be unknown fac-
tors other than TNF-a that make a difference in freezing time
between the non- or short-duration reexposure groups and the
long-duration reexposure group. Long-duration exposure may
reduce some unknown factors along with TNF-a to hinder extinc-
tion processes. Different biochemical mechanisms have been
reported to contribute to consolidation and extinction (Suzuki
et al., 2004). For example, blockade of microglial cannabinoid
receptor 1 (CB1) signaling does not affect fear memory consolida-
tion but impairs fear memory extinction (Marsicano et al., 2002).
Interestingly, administration of cannabinoids to microglial cells
that express CB1 inhibits the production of LPS-induced proinflam-
matory cytokines such as IL-1a, IL-1b, IL-6, and TNF-a
(Puffenbarger et al., 2000). Thus, microglial CB1-signaling can be
a candidate alternative mechanism to modulate fear memory
extinction in cooperation with TNF-a. Application of -omics tech-
nologies to grasp comprehensive molecular profiling of microglia
may shed a light on the remaining unelucidated mechanisms link-
ing microglial function and fear memory formation.

Inadvertent activation of microglia due to isolation procedures
may be a critical issue and probably impossible to avoid in the
study design, indicating a limitation of this study. All we can dis-
cuss in this paper is the difference in expression levels of the M1
and M2 microglial markers in the microglia among mice with or
without a footshock stress with variable reexposure time, all of
which were isolated under the exact same condition. Although
there might be inadvertent activations of microglia due to isolation
procedures, they may be offset in comparison among the groups.

Factors that aggravate PTSD may be relevant to the factors that
disturb fear memory extinction (Quirk and Mueller, 2008). Our
present data provide new indications of microglial TNF-a produc-
tion as a possible aggravating factor of PTSD. Although no studies
have evaluated TNF-a levels in the CNS of patients with PTSD, it
was shown that serum levels of TNF-a were significantly higher
in patients with PTSD compared with controls (Guo et al., 2012)
and LPS-induced TNF-a production by whole blood cells was sig-
nificantly higher in female patients with PTSD compared with
healthy controls (Gill et al., 2008). Furthermore, the severity of
PTSD symptoms was associated with the levels of plasma TNF-a
(von Kanel et al., 2007). Contrary to these previous clinical findings,
our results showed no significant differences in the levels of serum
TNF-a among mice with or without retained fear memories, which
suggests that peripheral TNF-a may not reflect merely retained
fear condition but also other components of the pathophysiology
of PTSD.

Finally, our discovery that the TNF-a inhibitor minocycline
enhances fear memory extinction, indicates that drugs that inhibit
TNF-a production may be beneficial for the treating patients with
PTSD.
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