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Cathepsin H deficiency decreases hypoxia-
ischemia-induced hippocampal atrophy in
neonatal mice through attenuated TLR3/
IFN-β signaling
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Abstract

Background: Cathepsin H (CatH) is a lysosomal cysteine protease with a unique aminopeptidase activity. Its
expression level is increased in activated immune cells including dendritic cells, macrophages, and microglia. We
have previously reported that CatH deficiency impairs toll-like receptor 3 (TLR3)-mediated activation of interferon
regulatory factor 3 (IRF3), and the subsequent secretion of interferon (IFN)-β from dendritic cells. Furthermore, there
is increasing evidence that IFN-β secreted from microglia/macrophages has neuroprotective effects. These
observations prompted further investigation into the effects of CatH deficiency on neuropathological changes.

Methods: In this study, neuropathological changes were examined using histochemical staining (both hematoxylin-
eosin (H&E) and Nissl) of the hippocampus of wild-type (WT) and CatH-deficient (CatH−/−) mice after hypoxia-
ischemia (HI). The density and the localization of CatH and TLR3 were examined by immunofluorescent staining.
CatH processing in microglia was assayed by pulse-chase experiments, while immunoblotting was used to examine
TLR3 expression and IRF3 activation in microglia/macrophages in the presence of poly(I:C). Microglial cell death was
examined by fluorescence-activated cell sorting (FACS), and primary astrocyte proliferation in the presence of IFN-β
was examined using scratch wound assay.

Results: WT mice displayed severe atrophy in association with neuronal death and moderate astrogliosis in the
hippocampus following neonatal HI. Somewhat surprisingly, CatH−/− mice showed marked neuronal death without
severe atrophy in the hippocampus following HI. Furthermore, there was notable microglia/macrophages cell death
and strong astrogliosis in the hippocampus. The TLR3 and phosphorylated IRF3 expression level in the hippocampus or
splenocytes (mainly splenic macrophages); from CatH−/− mice was lower than in WT mice. In vitro experiments
demonstrated that recombinant IFN-β suppressed HI-induced microglial cell death and astrocyte proliferation.
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Conclusion: These observations suggest that CatH plays a critical role in the proteolytic maturation and stabilization of
TLR3, which is necessary for IFN-β production. Therefore, impaired TLR3/IFN-β signaling resulting from CatH deficiency
may induce microglial cell death after activation and astrogliosis/glial scar formation in the hippocampus following HI
injury, leading to suppression of hippocampal atrophy.
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Background
Neonatal hypoxia-ischemia (HI) induces brain injury,
causing neurological impairment, including cognitive
impairment, motor dysfunction, and seizures [1]. Glial
cells play a crucial role in the pathomechanism of neo-
natal HI [2, 3]. Microglia, the resident mononuclear
phagocyte population in the brain, play essential roles in
chronic neuroinflammation, which constitutes a funda-
mental process involved in the progression of neuronal
death after HI injury. Microglia are the first cell type to
respond to early neuronal death caused by HI. Activated
microglia play a central role in triggering neuroinflam-
mation, leading to delayed cell death of other neurons
and subsequent immature cerebral injury. However, acti-
vated microglia have now been identified as homeostatic
keepers in the brain. These microglia are also involved
in the resolution of the neuroinflammatory response and
neuroprotection.
Conversely, proinflammatory cytokines secreted by ac-

tivated microglia and reactive species released by dam-
aged neurons can trigger astrogliosis [4–6]. Reactive
astrogliosis is a hallmark of the neuroprotective [7] or
neurotoxic [8] reaction of astrocyte, depending on the
context of damage. An astrogliosis further results in a
characteristic structure called a glial scar. Glial scar for-
mation prevents infiltration of peripheral inflammatory
cells or molecules, whereas it can also be detrimental to
neuronal recovery by constituting a physical and bio-
chemical barrier that inhibits axonal regeneration [4, 9].
CatH (EC 3.4.22.16) is a lysosomal cysteine protease

with a unique aminopeptidase activity, and its expression
level is increased in activated immune cells [10, 11]. Re-
cently, we have reported that CatH deficiency impaired
toll-like receptor 3 (TLR3)-mediated activation of inter-
feron regulatory factor 3 (IRF3) and consequent secre-
tion of interferon-β (IFN-β) from dendritic cells [11].
Furthermore, there is increasing evidence that IFN-β se-
creted from microglia/macrophages has neuroprotective
effects.
These observations prompted us to further investigate

the precise roles of CatH in HI-induced neuropatho-
logical changes with a special focus on microglia by
using genetic inhibition approaches. In this study, CatH
deficiency revealed a novel mechanism underlying
microglia-astrocyte communication that is crucial for
brain damage after HI injury. In CatH−/− mice, HI-

induced hippocampal atrophy was significantly reduced.
However, a significant neuronal death was still observed
in the hippocampus. Therefore, it is conceivable that
neuroprotection resulting from CatH deficiency is not
responsible for the improvement of HI-induced hippo-
campal atrophy in CatH−/− mice. Somewhat surprisingly,
we found notable cell death of microglia/macrophages,
strong reactive astrogliosis and reduced TLR3/IFN-β sig-
naling molecules in the hippocampus of CatH−/− mice
following HI. Therefore, reduced TLR3/IFN-β signaling
resulting from CatH deficiency is responsible for patho-
logical changes observed in the hippocampus of CatH−/−

mice following HI.

Methods
Animals
Heterozygous mice of C57BL/6N background were kept
under specific pathogen-free conditions at Kyushu Uni-
versity Faculty of Dental Sciences. Genotyping of
CatH−/− mice was performed according to the method
described previously [12]. The wild-type (WT) mice
were derived from the same breeding colony. All experi-
mental procedures of this study were approved by the
Animal Care and Use Committee of Kyushu University.

HI injury model
A neonatal HI brain injury was essentially induced in
WT and CatH−/− mice at P7, using the methods of the
Rice-Vannucci model, with minor modifications [13].
After inhalation anesthesia, the left common carotid ar-
tery was dissected and ligated with silk sutures (6/0).
After the surgical procedure, the pups were allowed to
recover for 1 h at 37 °C in an incubator. They were then
placed in chambers maintained at 37 °C through which
8% humidified oxygen (balance, nitrogen) flowed for 45
min. After hypoxic exposure, the pups were returned to
their dams and the plastic cages. The animals were
allowed to recover for 72 h. The brains were processed
for biochemical or morphological analyses. This proced-
ure resulted in brain injury in the ipsilateral hemisphere,
consisting of cerebral infarction that was mainly local-
ized to the hippocampus. To minimize experimental var-
iations, the same person conducted the surgery
throughout this study. Furthermore, both WT and
CatH−/− mice were exposed to the hypoxic condition
simultaneously by placing them in the same chamber.
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Hematoxylin-eosin staining
The histological changes in WT and CatH−/− mice were
performed using hematoxylin-eosin (H&E). Briefly,
mouse brain sections (20 μm) were immersed in
Hematoxylin (Sigma) solution for 5 min, rinsed vigor-
ously with distilled water for 15 min, and immersed in
Eosin Y solution for 30 s. The sections were then dehy-
drated by immersing in gradient ethanol (70%, 80%,
90%, 95%, and 100%) for 5 min and Xylene for 30 s. The
sections were mounted in microscopy Entellan® new
(Millipore). Images were taken using a microscope (BX-
41, Olympus).

Immunofluorescent staining
The brains from WT and CatH−/− mice (P7) were ob-
tained 72 h after HI. The samples were cryoprotected in
30% sucrose and embedded in an optimal cutting
temperature (OCT) compound (Sakura Fine Technical).
Frozen sections (20 μm) of the samples for immunofluor-
escent staining were prepared as previously reported [14].
The sections were incubated with antibodies: goat anti-
CatH (1:1000; Santa Cruz Biotechnology) with rabbit anti-
ionized calcium-binding adapter protein 1 (Iba1, 1:10,000;
Wako), rabbit anti-glial fibrillary acidic protein (GFAP, 1:
5000; Sigma-Aldrich), or mouse anti-NeuN (1: 5000;
Millipore), rabbit anti-Iba1 with NeuroTrace Fluores-
cent Nissl Stains (1:200; Molecular Probes), rabbit
anti-TLR3 (1:500, Santa Cruz) with rat anti-F4/80 (1:
1000; Abcam), rabbit anti-phosphorylated signal trans-
ducers and activators of transcription 1 (p-STAT1, 1:
500; Cell signaling), at 4 °C overnight. After washing
with phosphate-buffered saline (PBS), the sections
were incubated with donkey anti-goat Alexa 488 (1:
1000; Jackson ImmunoResearch), donkey anti-rabbit
Cy3 (1:1000; Jackson ImmunoResearch) and donkey
anti-mouse Cy3 (1:1000; Jackson ImmunoResearch),
donkey anti-rabbit Alexa 488 (1:1000; Jackson Immu-
noResearch), and donkey anti-rat Cy3 (1:1000; Jackson
ImmunoResearch) at 4 °C for 2 h. The sections were
mounted in Vectashield anti-fading medium (Vector
Laboratories). The cultured microglia were fixed with
4% paraformaldehyde and incubated with the goat
anti-CatH with rabbit anti-Rab5 (1:1000; Abcam)
overnight at 4 °C. After washing with PBS, the sections
were incubated with donkey anti-goat Alexa 488 (1:1000;
Jackson ImmunoResearch) and donkey anti-rabbit Cy3 (1:
1000; Jackson ImmunoResearch), then incubated with
Hoechst (1:200) and mounted in Vectashield anti-fading
medium. Fluorescence images were taken using a confocal
microscope (C2si, Nikon).

Cell culture
Primary cultured microglia were prepared from mixed
cell cultures of the cerebral cortex from 3-day-old

Wistar rats according to the previously described methods
[15]. The cells were maintained in minimum essential
medium (MEM, Gibco) containing 10% fetal bovine
serum, 2 mg/ml Glucose, 1% Penicillin-Streptomycin, at
37 °C, and 10% CO2. The MG6 cell was a c-myc-
immortalized mouse microglial cell line (Riken Cell Bank)
which was maintained in Dulbecco’s modified Eagle
medium (DMEM) with 10% fetal bovine serum (Gibco)
supplemented with 10 μg/ml insulin, 1% penicillin-
streptomycin (Gibco), and 2 mg/ml Glucose (Sigma). Pri-
mary astrocytes were prepared from mixed cell cultures of
the cerebral cortex from neonatal mice according to the
previously described methods [15]. After 10–14 days in
culture, floating cells, weakly attached cells, and non-
astroglial cells on the mixed glial cell layer were eliminated
by shaking the flask. The resultant cell layer was then har-
vested and transferred to 24-well plates with polyethyleni-
mine (PEI)-coated glasses.

Pulse-chase experiments
Detailed procedure for pulse-chase experiments are de-
scribed in previous studies [15]. Briefly, primary cultures
of rat microglia (106–107 cells/dish) were preincubated
at 37 °C for 90 min in methionine-free MEM containing
10% fetal calf serum. The cells were pulse-labeled for 30
min with [35S] methionine (> 37TBq/mmol, Du Pont-
New England Nuclear; 1 mCi/2 ml per dish), and chased
in fresh DMEM containing the excess of unlabeled me-
thionine and 10% fetal calf serum. At the indicated times
of chase, the cells were separated from the medium. After
centrifugation, radiolabeled CatH in the precleared lysates
and media were immunoreacted by incubation first with
the anti-CatH antibody. Immune complexes were isolated
by mixing at 4 °C for 3 h with 50 μl of an 80% suspension
of protein A-Sepharose beads (Pharmacia LKB Biotech-
nology Inc.) in PBS with gentle agitation. The beads were
boiled for 3 min at 100 °C, and the supernatant was ana-
lyzed by SDS-polyacrylamide gel electrophoresis (PAGE).
Radioactive bands were detected by fluorography using
Amplify (Amersham) on Konica Medical X-ray film. Ap-
parent molecular weights were determined using 14C-
methylated standards (Amersham).

CatH knockdown with small interfering RNAs
MG6 cells were seeded in 96-well and 6-well plates.
Twelve hours after seeding, the cells were transiently
transfected with control siRNA and CatH siRNA (Invitro-
gen) using RNAi transfection reagent (Invitrogen) accord-
ing to the manufacturer’s protocol. The CatH knockdown
efficiency was examined by Western blotting.

Real-time polymerase chain reaction
The mRNAs isolated from non- and poly(I:C)-treated
MG6 microglia in the absence or presence of CatH
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siRNA were subjected to a real-time quantitative real-
time polymerase chain reaction (RT-PCR). The total
RNA was extracted with the RNAiso Plus (Takarada,
Japan) according to the manufacturer’s instructions. A
total of 1000 ng of extracted RNA was reverse tran-
scribed to cDNA using the QuantiTect Reverse Tran-
scription Kit (QIAGEN, Japan). After an initial
denaturation step at 95 °C for 5 min, temperature
cycling was initiated. Each cycle consisted of denatur-
ation at 95 °C for 5 s, annealing at 60 °C for 10 s,
and elongation for 30 s. In total, 40 cycles were per-
formed. The cDNA was amplified in duplicate using a
Rotor-Gene SYBR Green RT-PCR Kit (QIAGEN,
Japan) with a Corbett Rotor-Gene RG-3000A Real-
Time PCR System. The data were evaluated using the
RG-3000A software program (version Rotor-Gene
6.1.93, Corbett). The sequences of primer pairs were
as follows: CatH: 5′-TACAACAAGGGCATCATGGA-
3′ and 5′-TTCTTGACGAATGCAACAGC-3′; TLR3:
5′-CCTCCAACTGTCTACCAGTTCC-3′ and 5′-
GCCTGGCTAAGTTAT TGTGC-3′; IFN-β: 5′-
AGGGCGGACTTCAAGATC-3′ and 5′-CTCATTCC
ACCC AGTGCT-3′; and Actin: 5′-AGAGGGAAAT
CGTGCGTGAC-3′ and 5′-CAATAG TGATGACCTG
GCCGT-3′. For data normalization, an endogenous
control (actin) was assessed to control the cDNA in-
put, and the relative units were calculated using a
comparative Ct method. All of the real-time RT-PCR
experiments were repeated three times, and the re-
sults are presented as the means of the ratios ±
standard deviation of the mean (SD).

Enzyme-linked immunosorbent assay
The concentration of IFN-β in the cell culture medium
prepared from non-, control siRNA-, and CatH siRNA-
treated MG6 microglia subjected to standard and
oxygen-glucose deprivation (OGD) conditions was quan-
titatively measured by enzyme-linked immunosorbent
assay (ELISA) according to the manufacturer’s instruc-
tions (PBL Interferon Source).

OGD and re-oxygenation
To mimic HI conditions in vitro, MG6 cells were ex-
posed to glucose deprivation and hypoxia for 6 h. In the
OGD phase, the various media were changed to glucose-
free Hank’s balanced salt solution. The cells were then
placed in a hypoxia incubator (Model: MCO 18M; Sanyo
Biomedical Electrical Co., Ltd., Tokyo, Japan), which
contained a gas mixture composed of 1% O2, 5% CO2,
and 92% N2. After OGD, the cultures were replaced with
DMEM and subjected to re-oxygenation in normoxia in-
cubator (20% O2, 5% CO2).

Isolation of splenocytes
WT and CatH−/− mice anesthetized and perfused
transcardially with PBS, and then the spleens were
cut into small pieces. After enzymatic digestion using
the Neural Tissue Dissociation Kit (Papain), the cell
suspensions were further mechanically dissociated
using a gentle MACS Dissociator (Milteny Biotec).
The red blood cells were removed by Red Blood Cell
Lysis Solution (Miltenyi Biotec).

Western blotting
The cells extracts were prepared by ultrasonication in
RIPA buffer in the presence of a protease inhibitor cock-
tail (Sigma). Proteins in the fraction were separated into
7.5%, and 12% SDS-polyacrylamide gels. After transfer
and blocking, the PVDF membranes were incubated at 4
°C overnight under gentle agitation with each primary
antibody: goat anti-CatH (1:500), rabbit anti-toll-like re-
ceptor 3 (TLR3, 1:500, Santa Cruz), rabbit anti-
phosphorylated interferon regulatory factor 3 (p-IRF3, 1:
1000, Cell Signaling Technology), rabbit anti-IRF3 (1:
1000, Cell Signaling Technology), and mouse anti-actin
(1:5000; Abcam). After washing, the membranes were in-
cubated with horseradish peroxidase (HRP)-labeled anti-
goat (1:2000; GE Healthcare), anti-mouse (1:2000 R&D
Systems) and anti-rabbit (1:2000; GE Healthcare) for 2 h
at room temperature. Subsequently, the membrane-
bound, HRP-labeled antibodies were detected using an
enhanced chemiluminescence detection system (ECL kit;
GE Healthcare) with an image analyzer (LAS-3000; Fuji
Photo Film).

Cell viability assay
MG6 cells were seeded in 96-well plates at 104 cells/well
in a 100 μl suspension. After various treatments, a cell
viability assay was conducted using a Cell-Counting Kit
(CCK-8, Dojindo). CCK-8 ( μl) was added to each well
and incubated in a CO2 incubator for 1 h. The optical
density was read at a wavelength of 450 nm with a mi-
croplate reader, and the cell viability was calculated
using the following formula: Cell viability = optical dens-
ity of treated group/indicated control group.

Flow cytometry
The MG6 cells were seeded in 6-well plates at a density
of 2.5 × 105 cells/ml. After various treatments, the cells
were harvested and stained with Annexin V FITC (Bio-
Vision) according to the manufacturer’s protocol. A total
of 5000 events were analyzed using flow cytometry (BD
FACSVerse). Propidium Iodide (BioVision) was used to
indicate the dead cells from flow cytometric analysis.
The FACS data were analyzed by FlowJo software (Tree
star).
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Scratch wound assay
The scratch wound assay is a common in vitro method
used to measure cell migration/proliferation [16]. The
capacity of the astrocytes to induce repopulation of the
wound was examined by scratching confluent astrocyte
monolayers. The wound was induced by dragging a ster-
ile pipette tip (200 μl) across the surface of astrocyte
monolayers. The detached cells and debris were re-
moved immediately by washing with PBS. The cells were
maintained for an additional 72 h in the presence or ab-
sence of 100 U/ml human recombinant IFN-β (PBL
Assay Science). Bright-field images at the region of inter-
est were taken at 0, 24, 48, and 72 h after incubation
under an inverted microscope (Ti-S, Nikon). The cells
were then fixed and stained for GFAP to further exam-
ine the effects of IFN-β on the migration/proliferation of
astrocytes.

Statistical analysis
The data are represented as mean ± SD. Statistical ana-
lyses were performed using a one-way ANOVA with a
post hoc Tukey’s test and Student’s t test using the
GraphPad Prism software package. A value of p < 0.05
was considered to indicate statistical significance
(GraphPad Software).

Results
Reduction in HI-induced brain atrophy in the
hippocampus resulting from CatH deficiency
To investigate the role of CatH in HI-induced neuronal
damage, the pyramidal regions of the hippocampus ipsi-
lateral to the ligated side of both the neonatal WT and
CatH−/− mice after HI were compared. The damaged
area (%), 72 h after HI, was examined by calculating the
ratio of shrunken area to the total area of the pyramidal
regions of the hippocampus of the neonatal WT and
CatH−/− mice using H&E staining. Considerable damage,
ranging from moderately severe to complete loss of pyr-
amidal cell layer was observed in neonatal WT mice
(Fig. 1A, B), which were consistent with the previously
reported results [13, 17]. In contrast, the variation of
the hippocampal damage in the neonatal CatH−/−

mice was minimal, and the mean ratio of the dam-
aged area was significantly lower than in the neonatal
WT mice (Fig. 1A, B).
Interestingly, even CatH deficiency prevented the

shrinkage of the pyramidal regions of the hippocampus
of neonatal mice, and the cell density was markedly
lower than that in the contralateral side in both WT and
CatH−/− mice after HI (Fig. 1A). The results were further
confirmed using the fluorescent Nissl stain. An increase
in the number of pyknotic neurons was also observed in
the pyramidal regions of the hippocampal of both WT
and CatH−/− mice after HI (Fig. 1C), while pyknotic

neurons in CatH−/− mice exhibited relatively well-
defined cell margins and significantly higher cell number
compared with WT mice after HI (Fig.1 C, D).

Distribution and processing of CatH in the hippocampus
after HI
Next, the expression and localization of CatH after HI
were examined. The immunoreactivity for CatH in the
pyramidal regions of the ipsilateral hippocampus was
markedly increased from 48 h after HI (Fig. 2A). At 72 h
after HI, intense CatH immunoreactivity was observed
in Iba1+ cells (72 h after HI), but not in astrocytes and
neurons (Fig. 2B). Iba1+ cells in the hippocampus con-
sisted of resident microglia and infiltrating blood-
derived macrophages even at 24 h after HI [18]. To fur-
ther clarify the biosynthesis and processing of CatH in
microglia, the primary cultures of microglia were labeled
with [35S] methionine for 30 min and then chased for up
to 6 h. Labeled polypeptides present in the cells and se-
creted in the medium were immunoprecipitated and an-
alyzed by SDS-PAGE under reducing conditions
followed by fluorography. CatH was initially observed as
a polypeptide with an apparent molecular mass of 41
kDa (Fig. 2C), which corresponded well with pro-CatH.
After a chase for 2 h, most of the polypeptide was con-
verted to a 28-kDa polypeptide corresponding to the
single-chain form. After a chase for 6 h, the 28-kDa
polypeptide was slightly processed to a 22-kDa polypep-
tide corresponding to the heavy chain form. These re-
sults indicate that the initially synthesized pro-CatH
with a molecular mass of 41 kDa rapidly underwent
complete proteolytic processing yielding the mature
form (28 kDa), which corresponded well with that in pri-
mary cultured rat hepatocytes [19]. However, the further
processing of the single chain form to the double-chain
form is relatively slow in microglial cells. Notably, a
small amount (< 10%) of the precursor form of CatH
was secreted as a polypeptide (41 kDa) and accumulated
in the medium during a 2-h chase period. Microglia
displayed punctate fluorescence of CatH immunoreac-
tivity over the whole cytoplasm colocalized with Rab5,
indicating the early endo-lysosomal localization of
CatH (Fig. 2D).

CatH deficiency prevents the increased expression of
TLR3 by microglia/macrophages in the ipsilateral
hippocampus after HI
TLR3 is known to be a substrate of CatH, and the N-
terminal cleavage of TLR3 by CatH plays an important
role in TLR3 maturation [20]. Therefore, we proposed
that CatH may also involve in the activation of TLR3 in
microglia/macrophages after HI. The TLR3 expression
level was determined by immunofluorescent staining
and immunoblot analyses with the use of rabbit antibody
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against TLR3 that recognizes the epitope corresponding
to amino acids 26–325 mapping within an N-terminal
domain. The relative immunoreactivity for TLR3 in the
pyramidal regions of the hippocampus of WT mice was
significantly increased in comparison to that in the
contralateral side at 72 h after HI (Fig. 3A, C). Most of
the TLR3 were expressed in F4/80+ cells (Fig. 3A). In
contrast, there were no significant increase in the immu-
noreactivity for TLR3 in the pyramidal regions of the
hippocampus of CatH−/− mice at 72 h after HI (Fig. 3B,
C). It was also noted that the number of F4/80+ cells
with amoeboid morphology was markedly decreased in
the pyramidal regions of the hippocampus of CatH−/−

mice (Fig. 3B).

Next, we tried to compare the protein levels of TLR3
and p-IRF3 in microglia acutely isolated from the hippo-
campus of WT and CatH−/− mice. However, it was very
hard to detect the protein bands of TLR3 and p-IRF3
even after treatment with poly(I:C) in microglia isolated
from the hippocampus, probably because of localized ex-
pression of TLR3 in microglia of the hippocampus. We
then decided to use splenocytes isolated from WT and
CatH−/− mice, because splenic macrophages/dendritic
cells express TLR3. As shown in Fig. 3D, only faint
bands corresponding to full-length TLR3 were observed
in the soluble fractions of both WT and CatH−/− spleno-
cytes. After treatment with poly(I:C), the mean protein
level of full-length TLR3 was significantly increased in

Fig. 1 CatH deficiency prevents neuronal damage in hippocampus of neonatal mice 72 h after HI injury. A The histological changes in the
hippocampus of WT and CatH−/− mice72 h after HI injury indicated with HE staining. Scale bar, 400 μm. B The quantification of the ipsi
hippocampal area loss of WT (n = 25) and CatH−/− (n = 13) mice 72 h after HI injury. The asterisks indicate a statistically significant difference from
the WT ipsi value (***p < 0.001, Student’s t tests). C Fluorescent CLSM images of the hippocampal region of WT and CatH−/− mice 72 h after HI
injury. Scale bar, 50 μm. D The quantification of the ratio of pyknotic neuronal cells in the hippocampal CA1 region of WT and CatH−/− mice 72 h
after HI injury. The columns and bars represent the mean ± SD (n = 6). The asterisks indicate a statistically significant difference from the
indicated contra value (***p < 0.001, one-way ANOVA test). Contra contralateral, ipsi ipsilateral
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WT splenocytes, but not in CatH−/− splenocytes (Fig. 3D,
E). Conversely, p-IRF3 was constitutively expressed in
both WT and CatH−/− splenocytes. Poly(I:C) significantly
increased the mean protein level of p-IRF3 in WT spleno-
cytes, but not in CatH−/− splennocytes (Fig. 3D, F). These
results suggest that CatH is critical in the expression and
activation of TLR3/IRF3 signaling, which is necessary for
IFN-β production in TLR3-expressing cells including
microglia/macrophages.

CatH deficiency prevents the increased expression of p-
STAT1 by microglia/macrophages in the ipsilateral
hippocampus after HI
We further detected a significant increase in immunoreac-
tivity for p-STAT1 by use of rabbit monoclonal antibody
against STAT-1 phosphorylated at Ser727 in activated
microglia/macrophages of the ipsilateral hippocampus of
WT mice after HI (Fig. 4A, C). In contrast, there was no
significant increase in the immunoreactivity for p-
STAT1in CatH−/− mice after HI (Fig. 4B, C). We next ex-
amined effects of decreased expression of CatH on the se-
cretion of IFN-β from MG6 microglia subjected to ODG.
The mean amount of IFN-β secreted from MG6 microglia
was significantly increased by OGD (Fig. 4D). CatH siRNA
significantly inhibited the OGD-induced secretion of IFN-
β from MG6 microglia (Fig. 4D).
These results suggest that microglia/macrophages in

the ipsilateral hippocampus can secrete IFN-β to stimu-
late themselves in an autocrine manner, because p-

STAT1 is a functional footprint of IFN-β. Furthermore,
CatH is essential for the production of functional TLR3
and the subsequent production of IFN-β.

Loss of activated microglia/macrophages in ipsilateral
cortex and hippocampus after HI injury by CatH
deficiency
The number of Iba1+ cells in the pyramidal regions of
the hippocampus of CatH−/− mice after HI was reduced
compared to that in WT mice (Fig. 5B). Furthermore,
most of Iba1+ microglia/macrophages phagocytosed the
damaged neurons (Fig. 5A). These results indicated that
microglia/macrophages in the CatH−/− mice after HI
may have low activation level or die after activation.
To address the mechanism for the reduced number of

microglia/macrophages, the activation stage of micro-
glia/macrophages was examined. No significant differ-
ence was observed in the mean cell number of Iba1+

microglia in the ipsilateral hippocampal CA1 subfield of
WT and CatH−/− mice at 24 h after HI injury (Fig. 5D,
E). We further examined the mechanism by use of MG6
microglia. CatH siRNA significantly increased the
oxygen-glucose deprivation and re-oxygenation (OGD/
R)-induced apoptosis of MG6 microglia (Fig. 5F). To ad-
dress the effect of IFN-β on the OGD/R-induced MG6
microglia, we applied human recombinant IFN-β to
MG6 microglia. Pretreatment with 1000 U/ml IFN-β sig-
nificantly inhibited the OGD/R-induced microglial cell
death (Fig. 5G).

Fig. 2 Distribution and processing of CatH in microglia. A, B Immunofluorescent CLSM images of CatH (green) with Iba1, GFAP, and NeuN (red)
in the ipsi hippocampus of WT mice 72 h after HI injury. Scale bar, 50 μm. Contra contralateral, ipsi ipsilateral. C Pulse-chase analysis of CatH in
primary cultured microglia. The cells were labeled with [35S] methionine for 30 min and chased for the indicated time. At indicated time, cell
lysate was prepared and used for immunoprecipitation of CatH. The immunoprecipitates were analyzed by SDS-PAGE and fluorography. D
Immunofluorescent CLSM images of CatH (green) and Rab5 (red) in microglia. Scale bar, 10 μm
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These observations supported the latter possibility.
Furthermore, the results here further explained the data
in Fig. 1C, D. Firstly, pyknotic neurons without well-
defined cell margins may be phagocyted by activated
microglia/macrophages and undergoing digestion in WT
mice after HI, while the pyknotic neurons with well-
defined cell margins may be consequence of escape from
the phagocytosis by only small amount alive microglia/
macrophages in the CatH−/− mice after HI. Secondly,
the less effective resolution of the pyknotic neurons may
have resulted in maintaining of hippocampal structure
in CatH−/− mice after HI.

Inhibition of astrocyte proliferation by IFN-β
The hippocampus in CatH−/− mice was found to have a
small number of activated microglia and pyknotic

neurons without atrophy after HI, which promoted us to
examine the possibility of other cell types that supported
the structure of the hippocampus in CatH−/− mice after
HI. Histological estimates indicate that that there are at
least five times more astrocytes than the central nervous
system (CNS) neurons and that astrocytes occupy 50%
of the total CNS volume. The cell density of the astrocytes
was then examined by staining. Reactive astrocytes were
only occasionally observed, and a glial scar was not very
evident in the hippocampus of WT mice. Somewhat sur-
prisingly, a large glial scar was formed by the accumula-
tion of astrocytes in the hippocampal CA1, CA3, and
dentate gyrus (DG) regions of CatH−/− mice (Fig. 6A, B).
Furthermore, the effects of IFN-β on the proliferation of
astrocytes were examined by the scratch wound assay. Pri-
mary astrocytes were cultured and responses to the

Fig. 3 CatH deficiency prevents the increased expression of TLR3 in microglia/macrophages after HI. A, B CLSM images of TLR3 (green), F4/80
(red), and their merged images with overlay of Hoechst staining (blue) in the cortex of WT (A) and CatH−/− (B) mice 72 h after HI injury. Contra
contralateral, ipsi ipsilateral. Scale bar, 50 μm. C The mean relative immunoreactivity for TLR3 in the pyramidal regions of the hippocampus of WT
and CatH−/− mice. The columns and bars represent the mean ± SD (n = 9). The asterisks indicate a statistically significant difference from contra
(**p < 0.01, one-way ANOVA test). D immunoblots show the full-length TLR3, p-IRF3, and IRF3 expression in splenocytes from WT and CatH−/−

mice 48 h after treatment with 10 μg/ml poly(I:C). E, F The quantitative analyses of TLR3 (E) and p-IRF3 (F) in the immunoblots in (D). The
columns and bars represent the mean ± SD (n = 3). The asterisks indicate a statistically significant difference from WT poly group value (**p <
0.01, one-way ANOVA test)
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mechanical injury induced by the scratch wound were ob-
served in a time-dependent manner. Pretreatment with
IFN-β significantly reduced the accumulation of the react-
ive astrocytes in the scratch (Fig. 6C, D), thereby support-
ing the role of IFN-β in the hippocampal structure
maintenance by astrocytes after HI injury.

Discussion
In this study, the immunoreactivity for TLR3 was negli-
gible in the hippocampus of either WT or CatH−/− mice.
After being subjected to HI, the TLR3 immunoreactivity
was markedly increased in the ipsilateral hippocampus
of WT mice, but not CatH−/− mice. Similar results were
also observed in the splenocytes, where only a faint pro-
tein band corresponding to TLR3 in both WT and
CatH−/− mice was detected. After stimulation with
poly(I:C), the mean protein levels of TLR3 and p-IRF3
were significantly increased in the splenocytes prepared

from WT mice, but not from CatH−/− mice. These ob-
servations may be explained by the requirement for
CatH in the maturation and stability of TLR3.
The full-length TLR3 is continuously exported to the

Golgi apparatus and then rapidly transported to the
endolysosomes where it undergoes a single cleavage by
cathepsins [21]. Cathepsins process TLR3 within Loop1
of the leucine-rich repeat 12. When proteolytic cleavage
is inhibited by either a cathepsin inhibitor or deletion of
Loop1, TLR3 can still be activated by poly(I:C) in many
types of cell lines that express transiently transfected
TLR3. Although proteolytic processing is not required
for TLR3 signaling [22], unprocessed TLR3 is degraded
more rapidly than processed TLR3 fragments, suggesting
that the CatH deficiency shifted TLR3 localization to
endosomes and lysosomes recycling. In the present
study, the mean protein level of TLR3 was very low, be-
cause the anti-TLR3 antibody used in this study detects

Fig. 4 CatH deficiency prevents the increased expression of p-STAT1 in microglia/macrophages. A, B CLSM images of Hoechst (blue), p-STAT1
(green, arrows), F4/80 (red), and their merged images in the cortex of WT (A) and CatH−/− (B) mice 72 h after HI injury. Contra contralateral, ipsi
ipsilateral. Scale bar, 50 μm. C The mean relative immunoreactivity for p-STAT1 in the pyramidal regions of the hippocampus of WT and CatH−/−

mice. The columns and bars represent the mean ± SD (n = 9). The asterisks indicate a statistically significant difference from contra (**p < 0.01,
one-way ANOVA test). D The amount of released IFN-β from the MG6 microglia after OGD/R in the presence of cont or CatH siRNA. The columns
and bars represent the mean ± SD (n = 3). The asterisks indicate a statistically significant difference from indicated group (**p < 0.01 and ***p <
0.001, one-way ANOVA test)
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only full-length TLR3. Furthermore, the mean protein
level of full-length TLR3 was not increased in splenic
macrophages prepared from CatH−/− mice even after
stimulation with poly(I:C) in this study, probably be-
cause the unprocessed TLR3 was degraded more rapidly
in the endolysosomes [22], suggesting that the CatH de-
ficiency shifted TLR3 localization to endosomes and ly-
sosomes recycling. Therefore, we can infer that the
TLR3 protein level in the neonatal mouse brain is tightly
regulated, because TLR3 signaling inhibits the prolifera-
tion of neural stem/progenitor cells and the outgrowth
of developing neurons [23]. Upon stimulation, the bio-
synthesis and maturation of TLR3 are promoted in a

CatH-dependent manner. Besides viral double-stranded
RNA, TLR3 can recognize self-nucleic acids [24] or en-
dogenous protein agonists such as stathmin [25].
We found that WT mice displayed severe atrophy in

association with neuronal death in the hippocampus fol-
lowing HI. In contrast, CatH−/− mice did not exhibit
marked atrophy in the hippocampus following HI, sug-
gesting the inhibition of neuronal death. However, de-
tailed histological analyses revealed a marked cell death
of neurons and microglia/macrophages and excessive
astrogliosis in the hippocampus. The reduction of TLR3/
IFN-β signaling might be responsible for the HI-induced
pathological changes observed in CatH−/− mice. There is

Fig. 5 CatH deficiency induces cell death of microglia/macrophages in ipsilateral hippocampus after HI injury. A, B Immunofluorescent CLSM
images of Nissl (green) and Iba1 (red) in contra and ipsi cortex and hippocampus of WT (A) and CatH−/− (B) mice 72 h after HI injury. Scale bar,
100 μm. Contra contralateral, ipsi ipsilateral. C The quantitative analyses of cell number of activated and non-activated microglial cells in WT and
CatH−/− mice 72 h after HI injury. The columns and bars represent the mean ± SD (n = 9). The asterisks indicate a statistically significant difference
from WT ipsi group (***p <0.001, one-way ANOVA test). D CLSM images of Hoechst (blue) and Iba1 (red) in the hippocampus of WT and CatH−/−

mice 24 h after HI injury. Scale bar, 100 μm. E The mean relative immunoreactivity for Iba1 in the pyramidal regions of the hippocampus of WT
and CatH−/− mice. The columns and bars represent the mean ± SD (n = 9). The asterisks indicate a statistically significant difference from the WT.
F The quantitative analyses of percentage of apoptotic MG6 cells after subjected to OGD/R. The columns and bars represent the mean ± SD (n =
3). The asterisks indicate a statistically significant difference from control group value (***p < 0.001, one-way ANOVA test). The daggers indicate a
statistically significant difference from OGD/R value (†††p < 0.001, one-way ANOVA test). G The quantitative analyses of percentage of apoptotic
MG6 cells after subjected to OGD/R. The columns and bars represent the mean ± SD (n = 3). The asterisks indicate a statistically significant
difference from control group value (***p < 0.01, one-way ANOVA test). The daggers indicate a statistically significant difference from OGD/R
value (††p < 0.01, one-way ANOVA test)
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increasing evidence that IFN-β secreted from microglia
has neuroprotective effects [26–28]. IFN-β also sup-
presses the production of nitric oxide (NO) and TNF-β
[29], which are produced by activated microglia and are
critical for the activation-induced cell death of microglia
[30]. Therefore, it is likely that the reduced level of
TLR3/IFN-β signaling resulting from CatH deficiency
may induce further neuronal death and activation-
induced cell death of microglia/macrophages in the
hippocampus following HI. However, the role of TLR3/
IFN-β signaling in the progression of ischemic brain in-
jury remains the subject of debate. The activation of
TLR3 markedly increased the neonatal brain’s vulner-
ability to HI injury in a toll/interleukin receptor domain-
containing adaptor-inducing IFN-β (TRIF)-dependent
manner [31]. However, stimulation of the TRIF pathway
may be neuroprotective because it reprograms the cere-
bral response to stroke [32].
HI injury includes astrogliosis, neuroinflammation, and

tissue repair and remodeling, which further contributes to
brain cell loss and cerebral atrophy. Pro-inflammatory cy-
tokines and reactive species released by damaged neurons
under HI conditions can trigger astrogliosis [33]. Although

astrogliosis is considered to exert beneficial effects, exces-
sive reactive astrogliosis can impair neuronal recovery by
forming the glial scar that can be detrimental to neuronal
recovery by constituting a physical and biochemical
barrier that inhibits axonal regeneration. In this study,
we found marked astrogliosis without severe atrophy in
the hippocampus of CatH−/− mice following HI. Re-
combinant IFN-β significantly suppressed the migra-
tion/proliferation of primary cultured astrocytes. After
migration into the injury sites, reactive astrocytes initi-
ated glial scar formation [34]. Therefore, a reduced
level of IFN-β secreted from activated microglia/macro-
phages following HI is also responsible for the large
glial scar formation associated with the accumulation of
reactive astrocytes in the hippocampus of CatH−/−

mice, leading to the reduction of cerebral atrophy. Our
study’s results demonstrated that the attenuation of
large glial scar formation by TLR3/IFN-β signaling is
consistent with previous studies [35, 36]. To address
the contribution of cerebral atrophy and glial scar in
the brain recovery after HI injury, we will compare the
restoration of brain functions and behavioral perfor-
mances of WT and CatH−/− mice in future studies.

Fig. 6 CatH deficiency enhanced the proliferation of astrocytes in the hippocampus after HI. A, B Immunofluorescent CLSM images of GFAP
(green) and Hoechst (blue) in the hippocampal CA1, CA3, and dentate gyrus (DG) regions of WT (A) and CatH−/− (B) mice at 72 h after HI injury.
Scale bar, 100 μm. C CLSM images of the astrocyte monolayers immune-stained by anti-GFAP antibody (green) with nuclear staining by Hoechst
(blue) in the astrocyte monolayers 72 h after the scratch in the absence and presence of IFN-β. Dashed lines highlight the area that was
damaged by the scratch. Scale bar, 50 μm. D Quantification of the migration of cultured astrocytes shown in (C). The gap width from three
separate experiments was quantitatively evaluated using ImageJ software. The asterisks indicate a statistically significant difference from control
group value (**p < 0.05, unpaired t test)
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Finally, it is interesting to discuss the differential func-
tion of CatB, another typical cysteine protease, and CatH
in the HI model. CatB can activate TLR4/nuclear factor-
κB (NFκB) signaling pathway through autolysosomal
degradation of inhibitor of κBα (IκBα) in the HI macro-
phages/microglia [10, 13, 37]. Although we speculated that
CatH might have the same functions as CatB in the HI
model, the present study has revealed their differential
pathological roles. Our previous [11] and the present stud-
ies suggest that CatH is necessary for the activation of
TLR3/IRF3 signaling and consequent secretion of IFN-β
through proteolytic maturation and stabilization of TLR3.
It is noted that TLR4 and TLR3 are differentially involved
in the cerebral HI damage. TLR4 activation exacerbates
the cerebral HI damage through induction of neuroin-
flammation [38], whereas TLR3 activation induces protec-
tion against it [39]. Therefore, besides digestive enzymes,
CatH and CatB are inflammatory and immune response-
associated enzymes in microglia/macrophages through
differential TLR signaling pathways in the HI model.

Conclusion
We found that CatH plays a critical role in the proteo-
lytic maturation and stabilization of TLR3, which is ne-
cessary for the TLR3/IFN-β signaling. Therefore, it may
be concluded that impaired TLR3/IFN-β signaling
resulting from CatH deficiency induces microglial cell
death after activation and astrogliosis/glial scar forma-
tion in the hippocampus following HI injury, leading to
suppression of hippocampal atrophy.
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