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Abstract: Microglial cells are a macrophage-like cell type residing within the CNS. These cells evoke
pro-inflammatory responses following thrombin-induced brain damage. Inflammasomes, which are
large caspase-1-activating protein complexes, play a critical role in mediating the extracellular release
of HMGB1 in activated immune cells. The exact role of inflammasomes in microglia activated by
thrombin remains unclear, particularly as it relates to the downstream functions of HMGB1. After
receiving microinjections of thrombin, Sprague Dawley rats of 200 to 250 gm were studied in terms of
behaviors and immunohistochemical staining. Primary culture of microglia cells and BV-2 cells were
used for the assessment of signal pathways. In a water maze test and novel object recognition analysis,
microinjections of thrombin impaired rats’ short-term and long-term memory, and such detrimental
effects were alleviated by injecting anti-HMGB-1 antibodies. After thrombin microinjections, the
increased oxidative stress of neurons was aggravated by HMGB1 injections but attenuated by anti-
HMGB-1 antibodies. Such responses occurred in parallel with the volume of activated microglia cells,
as well as their expressions of HMGB-1, IL-1β, IL-18, and caspase-I. In primary microglia cells and
BV-2 cell lines, thrombin also induced NO release and mRNA expressions of iNOS, IL-1β, IL-18, and
activated caspase-I. HMGB-1 aggravated these responses, which were abolished by anti-HMGB-1
antibodies. In conclusion, thrombin induced microglia activation through triggering inflammasomes
to release HMGB1, contributing to neuronal death. Such an action was counteracted by the anti-
HMGB-1 antibodies. The refinement of HMGB-1 modulated the neuro-inflammatory response, which
was attenuated in thrombin-associated neurodegenerative disorder.

Keywords: thrombin; inflammasome; endoplasmic retinaculum stress; high-mobility group box
chromosomal protein 1(HMGB-1)
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1. Introduction

Neuro-inflammation has been implicated in neurodegenerative disorders for decades.
However, the exact timing and mechanism of the inflammation process in neurodegen-
erative disorders remains poorly understood [1]. Specifically, whether inflammation is
a trigger that results in neurodegeneration remains to be clarified. Growing evidence
supports the role of microglial activation in neuronal damage leading to neurodegenera-
tion [2–4]. Microglia, the tissue macrophages of the brain, under healthy conditions, are
a resting phenotype characterized by a ramified morphology, and they extend their fine
processes to scan the environment [5,6]. In response to a homeostatic disturbance, microglia
rapidly change their phenotype, thereby contributing to processes such as inflammation,
stroke, trauma, tissue remodeling, and neurogenesis [4,7–10].

Recently, mounting evidence has shown that certain elements of the coagulation
cascade initiated and propagated the inflammation response in the central nervous sys-
tem. The potentially important protein related to both coagulation and inflammation is
thrombin [11,12]. Thrombin is well known as the serine protease in the blood coagulation
cascade [13], and it also functions as a potent signaling molecule that widely regulates
physiologic and pathogenic responses across cell populations and tissues [1,4,14,15]. Fol-
lowing brain injury and other cerebrovascular damage, the activation of prothrombin
and the leakage of active thrombin into brain parenchyma cause overactive inflammatory
responses, often leading to irreversible neuronal damage. Thrombin not only activates
endothelial cells and induces leukocyte infiltration and edema but also causes microglia to
propagate focal inflammation and potentially neurotoxic effects [4,14,15].

NOD (nucleotide-binding oligomerization domain)-like receptors (NLRs) are a family
of intracellular sensors of microbial motifs and ‘danger signals’. NLRs are crucial compo-
nents of the innate immune responses and inflammation [16–18]. NLRs sense nonmicrobial
danger signals and form large cytoplasmic complexes called inflammasomes that link
the sensing of microbial products and metabolic stress to the proteolytic activation of the
proinflammatory cytokines of IL-1β and IL-18 by activating caspase-1 [19–21]. The NLRP3
(NLR family pyrin domain containing 3) inflammasome is implicated in inflammatory
conditions, such as trauma, atherogenesis, and bacterial infection. Activated NLRP3 inflam-
masomes sense a variety of diverse molecules, and they are associated with inflammatory
disorders [22–24].

High-mobility group box chromosomal protein 1 (HMGB-1), a DNA (deoxyribonucleic
acid)-binding protein, has been recognized as a novel candidate in a specific upstream pro-
inflammation pathway after brain injury [25–27]. Minocycline, a semisynthetic tetracycline
antibiotic, has a palliative action with a new therapeutic potential for treating post-ischemic
injury via an HMGB1 inhibitor action [28–39]. Emerging evidence has shown that activated
microglia express HMGB1 activation in cerebral ischemia, leading to marked neurological
impairments. Paradoxically, HMGB1 is involved in silencing innate immunity at the cellular
and molecular levels, and suppresses inflammation. On the contrary, HMGB1 promotes
neurogenesis and participates in brain tissue remodeling [31–34]. HMGB1 is a prototypical
danger signal that regulates inflammatory and repair responses. With infection, injury
and sterile inflammation, HMGB1 is passively released from damaged cells or actively
secreted from activated immune cells. Inflammasomes, large caspase-1-activating protein
complexes, play a critical role in mediating the extracellular release of HMGB1 from
activated and infected immune cells [35–37]. However, the role of HMGB1 regulated by
the inflammasome in thrombin activated microglia cells either in vitro or in vivo has not
been well defined.

In this study of inflammatory processes, we investigated thrombin-induced microglia
activation and focused on the involvement of inflammasomes related to the cascade of
HMGB1 production. These processes contributed to neuronal death and were either exag-
gerated by HMGB1 or countered by the administration anti-HMGB-antibodies. Through a
better understanding of the role of HMGB-1 in the suppression of neuro-inflammatory reac-
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tions, the refined anti-HMGB-1 antibodies could shed light on treating thrombin-associated
neuro-inflammation diseases.

2. Results
2.1. Deterioration of Short- and Long-Term Memory by Co-Administration of Thrombin and
HGMB1 and Its Alleviation by Anti-HGMB1 Antibodies (NA-HMGB1)

To investigate effects of HMGB1 on thrombin-activated microglia related to the oxida-
tive stress of neurons, we stereotactically micro-injected a mixture of thrombin with either
LPS or HMGB1 along with anti-HMGB1 antibody at the hippocampus CA3 region. The
LPS group served as the positive control. In the water maze test, we measured parameters,
like swimming speed, latency to the target, % of time in target quadrant, % of time in target
quadrant in extinction, number of times crossing over the target, and % of time in reverse
target quadrant. We found that either LPS or thrombin exerted a significant memory impair-
ment compared to the PBS control. The co-administration of LPS and thrombin produced
the worst memory impairment, compared to LPS or thrombin alone. The deterioration of
memory caused by thrombin was aggravated by the addition of HMGB1, and the effect was
attenuated by the anti-HMGB1 antibody (Figure 1A–F). For more details on the comparison
of the different groups as a function of time, the plots illustrated in bar graph form are
shown in Supplementary Figure S1. Similar results or trends were found with the novel
object recognition in the short- and long-term memory tests when compared to the water
maze test (Figure 2A,B).
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Figure 1. Representative water maze tests in different treatment groups. (A) Quantitative analysis of
swimming speed in different treatment groups. (B) Quantitative analysis of swimming latency to the
target in different treatment groups. (C) Quantitative analysis of percentage of time in quadrant target
in different treatment groups. (D) Quantitative analysis of percentage of time in quadrant target at
the extinction in different treatment groups. (E) Quantitative analysis of times of cross over to the
target at the extinction in different treatment groups. (F) Quantitative analysis of the percentage in the
reverse target in different treatment groups. PBS, L, T, T + L, HMGB1, T + HMGB1, T + NA-HMGB1:
see text. N = 6, ** p < 0.01.
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Figure 2. Representative novel object recognition tests in different treatment group. (A) Quantitative
analysis of percentage of time in novel object recognition one hour after alteration. (B) Quantitative
analysis of percentage of time in novel object recognition 24 h after alteration. PBS, L, T, T + L,
HMGB1, T+ HMGB1, T + NA-HMGB1: see text. N = 6; * p < 0.05; ** p < 0.01.

2.2. Detrimental Effects on Neurons Exerted by Activated-Microglia-Paralleled Behavioral Results
Especially in Memory Impairments

An increased expression of 8-oxo-dG was observed in animals subjected to a microin-
jection of either LPS or thrombin. A marked expression of 8-oxo-dG was found in the
group with the co-administration of LPS and thrombin. HGMB1 synergistically increased
8-oxo-dG expressions in thrombin-activated microglia cells, but this change was counter-
acted by the administration of NA- HMGB1 (Figure 3A). The number of activated microglia
cells reflected the status of the inflammatory response. Either LPS or thrombin induced a
substantially greater number of microglia cells. The synergistic effect was observed with
the combined administration of LPS and thrombin, and the effect was abolished by admin-
istration of the neutralized antibody of HMGB1. HMGB1 itself had only a mild effect on
the activation of microglia, but it significantly increased the number of thrombin-activated
microglia cells (Figure 3B). To investigate if the activation of microglia by thrombin was
correlated to the cascades of inflammasomes, we subjected the activated microglia to the
assessment of the co-localization of HMGB1, IL-1β, IL-18, and caspase-I with microglia
cells. We found significant expressions of HMGB1, IL-1β, IL-18, and caspase-I in the groups
receiving combined treatments of thrombin and LPS compared to groups receiving either
thrombin or LPS. HMGB1 synergistically increased the endogenous expressions of HMGB1,
IL-1β, IL-18, and caspase-I in microglia activated by thrombin, while these expressions were
attenuated by NA-HMGB1 (Figure 3C–F). In further quantitative analysis of the number of
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activated microglia cells and 8-oxo-dG, results further confirmed the immunohistochemical
findings (Figure 4A,B). The obtained tissue in the region of hippocampus were subjected to
Western blot analysis. The intensity of immunohistochemistry staining was also quantified
(Supplementary Figure S2), and the analysis showed the same expression pattern consistent
with the representative Western blots.
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Figure 3. Illustration of oxidized status of neuron and activated microglia cells subjected to different
treatment groups 7 days after operation. (A) Merged imaging of Neu-N (red) and 8-oxo-dG (green)
over the CA3 region of the hippocampus in different treatment groups. (B) Illustration of IBA1 (green)
surrounding the CA3 region in different treatment groups. (C) Merged imaging of IBA1 (green) and
HMGB1 (red) in the different treatment groups. (D) Merged imaging of IBA1 (green) and IL-1β (red)
in the different treatment groups. (E) Merged imaging of IBA1 (green) and IL-18 (red) in the different
treatment groups. (F) Merged imaging of IBA1 (green) and caspase I (red) in the different treatment
groups. T = thrombin; L = LPS; L + T = co-injection of LPS and thrombin; PBS, L, T, T + L, HMGB1,
T+ HMGB1, T + NA-HMGB1: see text. Bar length = 100 µm.

2.3. Thrombin-Triggered Activation of Inflammasomes in Microglia Cells

Nitrite formation and iNOS expression are hallmarks of microglia activation. At a
dose of 10 units of thrombin, only minimal NO production was observed. However, with
dosages >25 units, we found greater NO expression. LPS synergistically enhanced NO
production even with thrombin at a dose of 1 unit, and escalated responses were found
with doses ranging from 5 to 25 units (Figure 5A). The iNOS were induced in microglia cells
subjected to either thrombin or LPS treatment. However, LPS exerted a synergistic effect on
thrombin in augmenting iNOS expression (Figure 5B,C). The cell morphological alteration
and cell viability were shown in Supplementary Figure S3. The MTT assay mirrored the
trend of NO production.
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Figure 4. Quantitative analysis of oxidative stress of neuron and activated microglia cells. (A)
Quantitative analysis of 8-oxo-dG expressed in pixel in different treatment groups. (B) Quantitative
analysis of the number of IBA-1 in different treatment groups; N = 3, * p < 0.05; ** p < 0.01; ## p < 0.01
indicated T + NA-HMGB1 related to T + HMGB1.Black dot: PBS group; Black square: Thrombin(T)
group; Back triangle: LPS (L) group; Inverted triangle: T+L group; Black diamond: HMGB1 group;
Open circle: T + HMGB1; Open square: T + NA-HMGB1.
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Figure 5. Release of NO and iNOS in microglia cells subjected to thrombin stimulation. (A) Mi-
croglial cells were incubated for 24 h with the indicated amount of thrombin (U/mL) and LPS. The
amount of nitrite formed from NO was determined as described in the Methods section. Each value
represents the mean ± SEM of three samples. (B) The representative of iNO expression detected by
immunoblotting in microglia cells subjected to the stimulation by thrombin, LPS, or a combination of
the two for the indicated times. (C) The quantitative analysis of immunoblotting of iNOS in microglia
cells subjected to the stimulation by thrombin, LPS, or a combination of the two for the indicated
times. Each value is the mean ± SEM of three samples. *: p < 0.05; ** p < 0.01, indicating a significant
difference between experimental and control groups.
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To investigate the involvement of inflammasomes in the above thrombin activation,
we determined the mRNA expressions of IL-1β and IL-18 in microglia cells. Thrombin had
activated a marked expression of IL-1β with a progressive increase in this response from 1 to
50 units thrombin, whereas LPS served as the positive control. LPS synergistically increased
the mRNA expressions of IL-1β in microglia cells following the dosage of thrombin from
1 to 10 units (Figure 6A). The escalated dosage of thrombin from 1 to 50 units exerted
the significant expression of IL-18 mRNA, and LPS was used as a positive control. LPS
synergistically increased mRNA expressions of IL-18 in microglia cells following the dosage
of thrombin from 1 to 10 units (Figure 6B).
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Figure 6. The expression of IL-1β and IL-18 mRNA in primary mouse brain microglia cells subjected
to stimulation by thrombin, LPS, or the combination of the two. Primary microglia cells were
stimulated with thrombin, LPS, or both thrombin and LPS for the 4 h, after which the total RNA
was extracted, and cDNA was synthesized and subjected to analysis using real-time PCR. (A) The
expression of IL-1β mRNA was qualitatively analyzed with escalating doses of thrombin from 1 to
50 units, and LPS served as a positive control. The expression of IL-1β mRNA was qualitatively
analyzed in primary microglia subjected to combined escalating dosage of thrombin and LPS. (B) The
expression of IL-18 mRNA was qualitatively analyzed with escalating doses of thrombin 1 to 50 units,
and LPS served as a positive control. The expression of IL-18 mRNA was qualitatively analyzed in the
primary microglia subjected to combined escalating dosage of thrombin and LPS. The data represent
relative units (RU), that is, fold change in gene expression, which is normalized to an endogenous
reference gene (18S rRNA) and is relative to no-template-control (NTC)-calibrator. Each microglia
cell sample represents a pool of separately stimulated cells, and the results are representative of three
independent but similarly performed experiments. Each value is the mean ± SEM of three samples.
*: p < 0.05; **: p < 0.01; ***: p < 0.001, indicating a significant difference between experimental and
control groups.

In the supernatant of microglia cells subjected to thrombin stimulation, the expres-
sion trend of IL-1β and IL-18 paralleled the results of mRNA expression (Figure 7A,B).
The whole cell lysate analysis in the Western blot analysis revealed that thrombin had
triggered expressions of IL-1β and IL-18 in microglia, and there was an additional effect
with LPS administration (Figure 7C,D). The caspase-I expression, especially at its P20
form, showed phenomena similar to those observed with IL-1β and IL-18 (Figure 7E). The
quantitative analyses with IL-1β, IL-18, and caspase-I further confirmed the above findings
(Figure 7F–H).
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Figure 7. The increased activity of inflammasome in activated microglia subjected to thrombin
and LPS stimulation. Microglia cells were activated with thrombin, LPS, or combination of the
two for 24 h. IL-1β and IL-18 secretion from microglia cells was analyzed using ELISA. The total
cellular protein lysates were prepared and subjected to Western blot analysis for pro-IL-1β, pro-IL-18,
IL-1β, IL-18, and caspase I. (A) The quantitative analysis of IL-1β in microglia cells subjected to
thrombin, LPS, or a combination of the two. (B) The quantitative analysis of IL-18 in microglia
cells subjected to thrombin, LPS, or a combination of the two. (C) A representative Western blot
analysis of pro-IL-1β, and IL-1β subjected to stimulation by thrombin, LPS, or a combination of the
two. (D) A representative Western blot analysis in pro-IL-18, and IL-18 subjected to stimulation by
thrombin, LPS, or the combination of the two. (E) A representative Western blot analysis of caspase I
(P17 and P23) subjected to stimulation by thrombin, LPS, or a combination of the two. (F–H) The
quantitative analysis of Western blot analysis in pro-IL-1β, pro-IL-18, IL-1β, IL-18, and caspase I was
subjected to stimulation by thrombin, LPS, or a combination of the two. Each microglia cell sample
represents a pool of separately stimulated cells. Each value is the mean ± SEM of three samples.
*: p < 0.05; **: p < 0.01, indicating a significant difference between experimental and control groups.

2.4. Release of HMGB1 Triggered by Thrombin with a Parallel Upregulation of IL-1β and IL 18

There was a mildly increased secretion of HMGB1 in microglia subjected to thrombin
stimulation at doses as high as 10 units. Thrombin at doses up to 25 units caused a
significant secretion of HMGB1 in microglia cells. Furthermore, LPS had an augmented
effect on thrombin in escalating HMGB1 secretion, even at doses as low as 10 units, and the
response reached a plateau at a dose of 20 units. This augmentation was strongly attenuated
by the neutralized antibodies of HMGB1 (Figure 8A). The increased secretion of IL-1β was
induced by thrombin at a dose of 20 units, and this response was also escalated by HMGB1
(Figure 8B). Similar phenomena were also observed on IL-18 secretion. Increased secretion
of IL-18 was induced by 20 units of thrombin, and this response was also accelerated by
HMGB1 (Figure 8C).
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bin, we found roughly a 2.5-fold increase in cathepsin B activity at a thrombin dose of 25 
units, and the increase went up to three fold at a dose of 50 units (Figure 9A). Cathepsin B 
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Figure 8. Release of HMGB1 in line with up-regulation of inflammasomes stimulated by thrombin and
abolished by HMGB1 neutralized antibody. (A) The quantitative analysis of HGMB1 in supernatant
in microglia subjected to thrombin or LPS stimulation as well as counteracted by Neutralize antibody
HMGB1. Primary microglia cells were activated with thrombin or LPS for 18 h, after which total
supernatant was synthesized for the determination of HMGB1. Neutralize antibody HMGB1 (NA-
HMGB1, 20 µg/mL) was incubated in thrombin and/or LPS condition. (B) The quantitative analysis
of the expression for IL-1β in microglia cells subjected to thrombin stimulation demonstrated an
escalating response by adding HMGB1 recombinant protein. (C) The quantitative analysis in the
expression of IL-18 in microglia cells subjected to thrombin stimulation and escalating response by
adding HMGB1 recombinant protein. Each microglia cell sample represents a pool of separately
stimulated cells. The results are representative of three independents, but similarly performed
experiments. Values are means± SEM from three independent analyses. *: p < 0.05; **: p < 0.01;
***: p < 0.001.

2.5. HMGB1 Released Regulated by Cathepsin B Activity in Microglia Triggered by Thrombin

Cathepsin B is required for inflammasome activation in immune cells through NLRP3
interaction. To investigate the possibility of the inflammasome involvement in the pathway
of cathepsin B, we measured the cathepsin B activity of microglia cells after thrombin
stimulation. In LPS-pretreated microglia cells, after further additions of thrombin, we
found roughly a 2.5-fold increase in cathepsin B activity at a thrombin dose of 25 units, and
the increase went up to three fold at a dose of 50 units (Figure 9A). Cathepsin B inhibitors,
at a dose of 5 unit, reduced HMGB1 activity in thrombin-activated microglia cells, and they
completely abolished the activity at a dose of 10 units (Figure 9B). The results indicated the
involvement of cathepsin B in the release of HGMB1 triggered by thrombin.
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Figure 9. The expression of Cathepsin B activity related to HMGB1 expression when triggered by
thrombin in primary mouse brain microglia cells. Primary microglia cells were stimulated with
thrombin for 4 h. (A) The quantitative analysis of Cathepsin B activity related to an escalating
thrombin dose. (B) The quantitative analysis of HMGB1 activity determined in microglia cells
subjected to thrombin stimulation or combined with Cathepsin B inhibitors. Cathepsin B activity
was measured via the degradation of a fluorescent substrate, Z-RR-AMC Cathepsin B Substrate.
Magic Red Cathepsin B Substrate was added to microglia cells treated or not treated with thrombin.
Thrombin-treated cells were also treated with 10 µM Ca-074-me, a specific inhibitor of cathepsin B.
Degradation of the Z-RR-AMC Cathepsin B Substrate was measured via fluorescence ELISA reader.
Values are means± SEM from three independent analyses. *: p < 0.05; **: p < 0.01; ***: p < 0.001.
indicated the value related to the control group.

3. Discussion

In the current study, we have demonstrated that thrombin-treated microglia showed
a downstream activation of inflammasomes, thereby contributing to HMGB1 secretion.
The thrombin-activated expressions of IL-1β and IL-18, coupled with the activation of
caspase-I, were augmented by HMGB1 but abolished by anti-HMGB1 antibody. These
effects were highly correlated with changes in neurobehavior and neuronal survival. Hence,
modulating HMGB1 in the thrombin-activated inflammatory responses can play a potential
role in the reversal of a neurodegenerative disorder.

In the brain, iNOS is expressed in glial cells, such as astrocytes and microglia [38,39].
The expression of iNOS is induced or stimulated, typically by proinflammatory cytokines
and/or bacterial lipopolysaccharide (LPS) [40,41]. An overexpression or dysregulation of
iNOS may be toxic, as it is associated with a number of disorders, like septic shock, cardiac
dysfunction, pain, diabetes, and cancer [40]. NO produced by activated microglia is toxic
to neighboring cells [42–44]. The expression of iNOS is markedly increased in microglia
cells after thrombin treatment both in vitro and in vivo [45,46]. In this study, we found
that LPS increased iNOS production, and it was synergetic when combined with thrombin.
Our results indicated their successful induction of inflammatory responses, which was
consistent with previous studies.

NLRs likely detect non-microbial danger signals and form large cytoplasmic complexes
called inflammasomes that link the sensing of microbial products and metabolic stress to
the proteolytic activation of proinflammatory cytokines, such as IL-1β and IL-18, through
caspase-1 activation [19–21]. NLRP3 inflammasomes contain NLRP3, apoptosis-associated
speck-like protein (ASC) and caspase-1. ASC regulates interactions between NLRP3 and
caspase-1. It senses a variety of danger signals, and it activates caspase-1 and promotes
the release of IL-1β, IL-18, and IL-33 [40,41]. NLRP3 is located mostly in microglia [47–49].
The activation of NLRP 3 by thrombin in BV-2 microglia cells is a subsequent inflammatory
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response, and it is attenuated by various pharmacological agents [50–52]. In this study,
primary microglia cells triggered by thrombin increased the production of the IL-1β and
IL-18 via caspase-I activation. Our finding of its simultaneous detection with pro-caspase I
enzyme is consistent with the activation of caspase-I in triggering the downstream response
of IL-1β and IL-18.

In lipopolysaccharide (LPS)-induced endotoxemia and sepsis, HMGB1 is an extra-
cellularly released mediator in both inflammatory and repair responses [53]. In animal
models of endotoxemia and sepsis, passive immunization with HMGB1-neutralizing anti-
bodies prevents organ damage [53–56]. HMGB1 induces the recruitment of inflammatory
cells, and it contributes to dendritic cell maturation and the proliferation of activated T
cells [57,58]. Therefore, extracellular HMGB1 is associated with both inflammatory and
repair responses in infectious diseases, trauma, and autoimmune disorders. HMGB1 repre-
sents a danger-sensing molecule through its immune receptors. During infection or injury,
activated immune cells and damaged cells release HMGB1 into the extracellular space,
where HMGB1 functions as a pro-inflammatory mediator and plays an important role in
the pathogenesis of inflammatory diseases [59,60].

Double-stranded RNA-dependent kinase, an intracellular danger-sensing molecule,
physically interacts with inflammasomes, and it is important for inflammasome activation
and HMGB1 release. Together, the previous studies described above not only better define
novel mechanisms of HMGB1 release during inflammation, but they also provide potential
therapeutic targets to treat HMGB1-related inflammatory diseases [37]. In this study, we
had found that thrombin activated inflammasomes, which was determined by pro-caspase
I activation followed by an increase in IL-1β and IL-18 expression. Such responses were
aggravated by HMGB1 but attenuated by HGMB1-neutralizing antibodies. Such results
are consistent with thrombin triggering the activation of inflammasomes with HMGB1
release, contributing to neuronal death. This response was abolished by the HMGB1
neutralizing antibodies.

An intriguing question that has attracted considerable attention is how HMGB1 travels
from the nucleus to the extracellular milieu given the absence of a classical secretion signal
since such signaling peptides are typically required for transporting secretory proteins
through the endoplasmic reticulum (ER) lumen to the extracellular space via Golgi-derived
secretory vesicles [61,62]. However, certain cytoplasmic and nuclear proteins that lack
classical secretion-signal peptides can still reach the extracellular milieu through ER- and
Golgi-independent pathways [63]. Indeed, HMGB1 was shown to be released from LPS-
activated monocytes and macrophage cell lines, a finding that is consistent with its role as
a prototypical alarmin [36]. Cathepsin B is synthesized at the rough endoplasmic reticulum
as a pre-proenzyme that consists of 339 amino acids with a signal peptide of 17 amino
acids [64,65]. Procathepsin B of 43/46 kDa is then transported to the Golgi apparatus,
where cathepsin B is formed. Cathepsin B may enhance the activity of other proteases,
including matrix metalloproteinase, urokinase (serine protease urokinase plasminogen
activator), and cathepsin D [66,67], as well as the mannose-6 phosphate- and mannose-6
phosphate-receptor-mediated transport of pro-cathepsin from the trans-Golgi network to
endo/lysosome. In lysosomes, pro-Cathepsin is further processed via autocatalysis into
a mature two-chain form composed of an N-terminal light chain and a C-terminal heavy
chain [68,69]. Thus, cathepsin B likely has essential roles in proteolyzing the extracellular
matrix, disrupting intercellular communication, and reducing the expression of protease
inhibitors [70]. The thrombin-activation of cathepsin B, which we found in this study, was
related to the release of HMGB1. This process is likely related to transporting secretory
proteins through the endoplasmic reticulum (ER) lumen to the extracellular space in Golgi-
derived secretory vesicles through the means reported in the literature [61,62].

The hippocampus is part of the limbic system. It plays a critical role in emotion, fear,
learning, and memory [71–74]. The major functions of the CA1 sector and CA3 sector of the
hippocampus proper are spatial and contextual memory, respectively [75,76]. Neurotoxic
lesions or the pharmacological inactivation of these areas impair the encoding and retrieval
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of contextual memory [77,78]. CA3 sector supports processes involved in spatial pattern
association, spatial pattern completion, novelty detection, and short-term memory. The
CA1 sector is responsible for the temporal pattern completion and intermediate-term
memory [79]. In some aspects, the CA1 sector plays a role as a ‘novelty’ detector since it
appears to identify the mismatches between the set of inputs from the entorhinal cortex
(regarding the current situation) and those from the CA3 sector [10]. In a water maze test,
recent and remote memory are similarly impaired after damaging the hippocampus [9]. In
this study, thrombin triggered neuronal death, which was aggravated by the administration
of HMGB1, but thrombin was attenuated by HMGB1-neutralizing antibodies. The extent of
neuronal death was highly correlated to the neuro-behavior as demonstrated in the water
maze and EthoVison tests. In general, these results support a possible role of HMGB1 in
thrombin-related neurodegenerative disorder.

4. Materials and Methods
4.1. Cell Culture

Microglia cells were cultured from cerebral cortices of Sprague Dawley rats as previ-
ously described [80–82]. In brief, cell cultures were prepared from 17-day-old fetal brains
through mechanically triturating the neocortex. Dissociated cells were plated on a 12 mm
round plastic coverslip in 24-well plates at a density of 1.5 × 105 cells/coverslip. Plat-
ing media consisted of Eagle’s minimal essential medium (MEM, Earle’s salts, supplied
glutamine-free) supplemented with 5% horse serum, 5% fetal bovine serum (FBS), 21 mM
glucose, 26.5 mM bicarbonate, and 2 mM L-glutamine. For neuron-rich cultures (95%
pure), 2.5 µM arabinoside C was added between the 2nd and 3rd day in vitro (DIV 2–3).
Cortices were triturated into single cells in DMEM containing 10% fetal bovine serum and
plated into 75 cm2 T-flasks (0.5 hemispheres per flask) for 2 weeks. Microglia cells were
detached from the flasks after mild shaking, and a nylon mesh was applied to remove
astrocytes and cell clumps. Cells were plated into 24-well plates. Plates were washed 1 h
later with the medium to remove unattached cells. In some experiments, an immortalized
microglial cells of cell line BV-2 were cultured and maintained in DMEM medium con-
taining 10% heat-inactivated low-endotoxin FBS (Life Technologies, Carlsbad, CA, USA)
and streptomycin/penicillin (Life Technologies) in a humidified atmosphere containing
5% CO2.

4.2. Immunoblotting Analysis

Proteins levels were determined according to methods reported previously [80–82]. In
brief, protein (60 µg) was separated by SDS-PAGE, electrophoretically transferred to nitro-
cellulose membranes, and blocked for 1 h in phosphate-buffered saline containing Tween
20 (0.1%) and nonfat milk (5%). Blots were incubated for 1 h with iNOS (# 06-573; Rabbit
Polyclonal; 1:200; Merck Millipore) and caspase-I (# No:bs-0169R; Rabbit Polyclonal; 1:200;
Bioss, Woburn, MA, USA), and β actin (# A2228; Mouse Monoclonal; 1:200; Sigma-Aldrich,
St. Louis, MO, USA) antibodies were incubated with horseradish peroxidase-conjugated
secondary antibody, which were developed using ECL Western blotting reagents. The
intensity of protein bands was determined with a computerized image analysis system
(IS1000, Alpha Innotech Corporation, Santa Clara, CA, USA).

4.3. ELISA

HMGB-1, IL-1, and IL-18 were detected using commercial kits as follows: ELISA kits
for HMGB-1 (Cat# No: CSB-E08225m; abs, ASIA Bioscience Co. Ltd., Woburn, MA, USA),
IL-1β (Catalog No:559630; BD Biosciences, San Diego, CA, USA), and IL-18 (Catalog No:
50073-MNCE; abs, ASIA Bioscience Co. Ltd.), respectively. Equal amounts of protein were
used for ELISA according to manufacturer’s instructions.
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4.4. Stereotaxic Surgery and Reagents Microinjection

The method of modified stereotaxic microinjection was developed in our laboratory
and published [9]. Sprague Dawley rats (230–250 gm) were first anesthetized with chloral
hydrate (400 mg/kg i.p.) and then fixed in a stereotaxic apparatus. We stereotactically
injected into the right cerebral cortex (AP + 1.4 mm, ML −2.0 mm, DV −2.0 mm from
bregma) either PBS, LPS (L) (# L4391, Sigma, St. Louis, MO, USA), thrombin (T) (# T4648,
Sigma-Aldrich, St. Louis, MO, USA), HMGB1 (#1690-HMB-050, R&D, Minneapolis, MN,
USA), HMGB1-neutralized antibody (NA-HMGB1) (# GTX629400, GeneTex, Irvine, CA,
USA), or any combination of the above 2 or 3 items). In this study, we applied injections at
0.5 µL/min with a 26-gauge Hamilton syringe attached to an automated pump and left in
situ for an additional 5 min to avoid reflux along the injection tract. The injections were
either 5 µg of LPS, 20 units of thrombin, HMGB1 (20 µg), or HMB1 neutralized antibody
(NA-HMGB1) (20 µg) dissolved in 5 µL of phosphate-buffered saline. PBS 5 µL served as
the control injection.

4.5. Water Maze Test

The method involving the modified water maze was reported in our previous study [9].
In brief, a 1.5 m diameter, 45 cm deep Morris water maze tank was filled with water to a
depth of 26.5 cm. Water temperature was kept at 26 ± 2 ◦C. A circular platform, 25 cm
high and 12 cm in diameter was placed into the tank at a fixed location at the center of one
of four imaginary quadrants. Approximately 1.5 L of milk was added to make the water
opaque. Immediately prior to behavior testing, rats were allowed to adapt for 10–15 min
to the experimental area (to the white light). Each rat was given 1 min to stay on the
platform before undergoing 3 swim training trials. During each training trial the rat was
removed from the stand and released facing the platform at a distance of 12–18 inches.
The rat was guided by the experimenter to swim toward the platform. A rest period of
30 s was followed by 12 test trials: two sets each of 6 trials, with 4 trials from each of the
3 starting positions and a rest period of 30–45 min (in a small warm cage in a different
room) separating the two test periods. During the test trial, each rat was released into the
water at one of the 3 different starting positions facing the wall and presumably using distal
cues (e.g., cabinets, doors, posters, etc.) to navigate to the platform. The starting positions
were all at equal distance from the platform, located immediately adjacent to the wall at
the respective center of the 3 quadrants excluding the platform. The rat was allowed to
swim for up to 1 min to locate the platform. If it failed the test, escape was assisted. Rats
were given a 60 s inter-trial interval to stay on the platform. Distance traveled and escape
latency were measured for each trial. Swim speeds (cm/s) were calculated by dividing
the distance traveled by the escape latency. Rats were subjected to analysis one day before
stereotactic injection (−1) and then after stereotactic injection, on days 3, 7, 14, 21, and 28.

4.6. EthoVison XT with Novel Object Test

The test of novel objects was used to assess visual memory of rodents according to
published procedure [83]. Animals were first exposed to two identical visual objects, and
then one object was replaced by a new (novel) object. The time spent in exploring each of
the two objects was measured. This novel object test consisted of three phases: First phase:
the animal was placed in the empty arena for 10 min to habituate to the environment. After
10 min, the animal was returned to its home cage. Second phase: after staying 15 min in its
home cage, the animal was put back in the arena, where the two objects were lastly placed.
The animal was put at a position midway between the two objects, with its nose pointing
towards the wall. The animal was tracked for 3 min and then returned to its home cage.
Third phase: one of the two objects was replaced with a novel object and the animal was
put back in the arena again. Animal tracking was performed for 3 min. For the assessment
of its short- and long-term memory, the study was conducted 1 h and 24 h after the change
of novel object.
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4.7. Immunohistochemistry

Animals were perfused transcardially with saline solution containing 0.5% sodium
nitrate and heparin (10 U/mL) followed by 4% paraformaldehyde in 0.1 M phosphate buffer
(PB). Brains were removed and post-fixed for 1 h, washed in 0.1 M PB and then immersed
in 30% sucrose solution until they sank. Tissues were sectioned on a sliding microtome at
40 µm thickness, and every 6th serial section was processed for immunostaining. In brief,
brain sections were incubated in 0.2% Triton X-100 for 30 min, rinsed twice in PBS with
0.5% bovine serum albumin (BSA), and finally incubated overnight at room temperature
with primary antibodies. The various primary antibodies used were against CD11b (#1457;
1:400; Serotec, Oxford, UK), IL-1β (#SC-7884; 1:100; Santa Cruz, Santa Cruz, CA, USA),
IL-18 (#SC-7954; 1:100; Santa Cruz), caspase -I (#bs-0169R; 1:200; Bioss), and HMGB1
(#3939S, 1:400; Cell Signaling Technology) for microglia, and NeuN (#MAB377B; 1:500;
Chemicon, Tokyo, Japan) and 8-oxo-dG (#4354-MC-050;1:500; R&D, Minneapolis, MN,
USA) for neurons. AF 488 donkey anti-mouse IgG and AF594 donkey anti-rabbit (1:200;
Invitrogen, Waltham, MA, USA) were used for secondary antibodies, and sections were
viewed through an immunofluorescence microscope. Five consecutive sections of interest
were chosen and measured with the IS 1000 image analysis system according to procedures
we described previously [9]. The numbers of cells (CD11b-positive) were counted in
20 square areas randomly selected from a 100-square ocular grid. Six samples in each
immunohistochemical staining were analyzed. Fluorescent imaging was performed using
an Olympus BX40 Research Microscope, using the same laser power and exposure time.
Images were quantitatively analyzed using software ImageJ V1.52 and UN-SCAN-IT gelTM
(Gel & Graph Digitizing Software Version 6.1). The counts of CD11b were analyzed using
UN-SCANT-IT gel TM software version 6.1 and the others were analyzed using ImageJ
software V1.52. In brief, the imaging of immunohistochemistry staining was imported.
Next, the original image is then split into 3 single-colored images, and the unwanted image
was closed. The desired images were saves as TIFF files. In the threshold window, pixels
that were within the red box were selected, and a dark background was also selected. The
bar was dragged as needed to modify the selected area. A binary image was created and
fluorescence intensity and signal were determined. All the stained pixels were converted to
black, and all the non-stained pixels were converted to white. The number of black pixels
then indicated the area showing positive staining. The data were shown in the number of
back pixel/mm2.

4.8. Nitrite/Nitrate Assay

Concentrations of nitrite in the cell culture supernatant were determined using the
nitrite/nitrate colorimetric assay kit (R&D Systems, Minneapolis, MN, USA). Nitrite, an
end-product of NO oxidation, was used as an indicator of NO production. Nitrite in
the conditioned medium was determined using the Griess reagent. Absorbency was
determined at 550 nm using a thermos-microplate reader (Molecular Devices, San Jose,
CA, USA) [82].

4.9. Cathepsin B Activity Assay Kit

Microglia cells (1–5 × 106 cells) were collected by centrifugation. Cells were lysed
in 50 µL of chilled CB Cell Lysis Buffer and incubated on ice for 10 min before micro-
centrifuged at top speed for 5 min. Supernatants were transferred to a 96-well plate, in,
with 50 µL of each cell lysate, and a similar process was also followed for the uninduced
control cell lysate. Assay procedures were conducted according to manufacturer’s rec-
ommendation: 50 µL of CB reaction buffer was added to each induced and control well,
followed by 2 µL of 10 mM CB substrate Ac-RR-AFC. Samples were incubated at 37 ◦C for
1–2 h. Fluorescence (RFU) was determined at 505 nm.
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4.10. Statistical Analyses

Experimental values were presented as mean ± S.E.M. All analyses were performed
by ANOVA followed by a Fisher’s least significant difference test. Statistical significance
was set at p < 0.05.

5. Conclusions

Thrombin may induce microglia-activation-triggered inflammasomes to produce
HMGB-1 downstream and resulted in detrimental effects to nearby neurons. Such ef-
fects were attenuated by HMGB1-neutralizing antibodies. The refinement of HMGB-1
expression may be a useful tool for modulating neuro-inflammatory responses, thereby
attenuating a thrombin-associated central nervous system degenerative disorder cascade.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ijms241612664/s1.

Author Contributions: M.-L.S., H.-S.C. and L.-Y.P. (Liang Yi Pan) collected the data and drafted the
manuscript; M.-L.S., C.-N.Y., L.-Y.P. (Liang Yi Pan) and J.S. participated in the study design; L.-Y.P.
(Liang-Yu Pan) participated in the data collection; W.-C.Y. and C.-C.W. participated in the study
design and in the statistical analysis; J.S. participated in the study design and helped with drafting
the manuscript; H.-C.P. participated in the study design and coordination and helped with drafting
the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the grant of TCVGH-PU1088103, TCVGH-1117303C, and
TCVGH-1117303D from Taichung Veterans General Hospital and the grant of MOST 108-2314-B-010-
024 from the National Science and Technology Council, Taiwan.

Institutional Review Board Statement: All animals were treated and cared for in accordance with
the guidelines recommended by the Institutional Animal Care and Use Committee or the Panel of
Taichung Veterans General Hospital (La-1001602).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The author would like to thank the Biostatistics Task Force of Taichung Veterans
General Hospital for their kind assistance in statistical analysis.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Krause, D.L.; Müller, N. Neuroinflammation, Microglia and Implications for Anti-Inflammatory Treatment in Alzheimer’s Disease.

Int. J. Alzheimer’s Dis. 2010, 2010, 732806. [CrossRef]
2. Bamberger, M.E.; Landreth, G.E. Inflammation, Apoptosis, and Alzheimer’s Disease. Neuroscientist 2002, 8, 276–283. [CrossRef]
3. Thameem Dheen, S.; Kaur, C.; Ling, E.-A. Microglial Activation and its Implications in the Brain Diseases. Curr. Med. Chem. 2007,

14, 1189–1197. [CrossRef]
4. Lull, M.E.; Block, M.L. Microglial activation and chronic neurodegeneration. Neurotherapeutics 2010, 7, 354–365. [CrossRef]
5. Eggen, B.J.L.; Raj, D.; Hanisch, U.-K.; Boddeke, H.W.G.M. Microglial Phenotype and Adaptation. J. Neuroimmune Pharmacol. 2013,

8, 807–823. [CrossRef]
6. Ni, J.; Lan, F.; Xu, Y.; Nakanishi, H.; Li, X. Extralysosomal cathepsin B in central nervous system: Mechanisms and therapeutic

implications. Brain Pathol. 2022, 32, e13071. [CrossRef]
7. Michael, A.B.; Badruddoja, M.A.; Black, K.L. Improving the delivery of therapeutic agents to CNS neoplasms: A clinical review.

Front. Biosci. 2006, 11, 1466–1478. [CrossRef]
8. Nakagawa, Y.; Chiba, K. Diversity and plasticity of microglial cells in psychiatric and neurological disorders. Pharmacol. Ther.

2015, 154, 21–35. [CrossRef]
9. Pan, H.C.; Yang, C.N.; Hung, Y.W.; Lee, W.J.; Tien, H.R.; Shen, C.C.; Sheehan, J.; Chou, C.T.; Sheu, M.L. Reciprocal modulation of

C/EBP-α and C/EBP-β by IL-13 in activated microglia prevents neuronal death. Eur. J. Immunol. 2013, 43, 2854–2865. [CrossRef]
10. Sheu, M.-L.; Pan, L.-Y.; Yang, C.-N.; Sheehan, J.; Pan, L.-Y.; You, W.-C.; Wang, C.-C.; Pan, H.-C. Thrombin-Induced Microglia

Activation Modulated through Aryl Hydrocarbon Receptors. Int. J. Mol. Sci. 2023, 24, 11416. [CrossRef]
11. De Luca, C.; Virtuoso, A.; Maggio, N.; Papa, M. Neuro-Coagulopathy: Blood Coagulation Factors in Central Nervous System

Diseases. Int. J. Mol. Sci. 2017, 18, 2128. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms241612664/s1
https://doi.org/10.4061/2010/732806
https://doi.org/10.1177/1073858402008003013
https://doi.org/10.2174/092986707780597961
https://doi.org/10.1016/j.nurt.2010.05.014
https://doi.org/10.1007/s11481-013-9490-4
https://doi.org/10.1111/bpa.13071
https://doi.org/10.2741/1896
https://doi.org/10.1016/j.pharmthera.2015.06.010
https://doi.org/10.1002/eji.201343301
https://doi.org/10.3390/ijms241411416
https://doi.org/10.3390/ijms18102128
https://www.ncbi.nlm.nih.gov/pubmed/29023416


Int. J. Mol. Sci. 2023, 24, 12664 16 of 18

12. Göbel, K.; Eichler, S.; Wiendl, H.; Chavakis, T.; Kleinschnitz, C.; Meuth, S.G. The Coagulation Factors Fibrinogen, Thrombin, and
Factor XII in Inflammatory Disorders—A Systematic Review. Front. Immunol. 2018, 9, 1731. [CrossRef] [PubMed]

13. Narayanan, S. Multifunctional roles of thrombin. Ann. Clin. Lab. Sci. 1999, 29, 275–280.
14. Keep, R.F.; Xi, G.; Hua, Y.; Hoff, J.T. The Deleterious or Beneficial Effects of Different Agents in Intracerebral Hemorrhage: Think

big, think small, or is hematoma size important? Stroke 2005, 36, 1594–1596. [CrossRef]
15. Nakanishi, H. Microglial Functions and Proteases. Mol. Neurobiol. 2003, 27, 163–176. [CrossRef]
16. Brown, J.; Wang, H.; Hajishengallis, G.N.; Martin, M. TLR-signaling Networks: An Integration of Adaptor Molecules, Kinases,

and Cross-Talk. J. Dent. Res. 2011, 90, 417–427. [CrossRef]
17. Philpott, D.J.; Girardin, S.E. Nod-like receptors: Sentinels at host membranes. Curr. Opin. Immunol. 2010, 22, 428–434. [CrossRef]
18. Shaw, P.J.; Lamkanfi, M.; Kanneganti, T.-D. NOD-like receptor (NLR) signaling beyond the inflammasome. Eur. J. Immunol. 2010,

40, 624–627. [CrossRef]
19. Eisenbarth, S.C.; Flavell, R.A. Innate instruction of adaptive immunity revisited: The inflammasome. EMBO Mol. Med. 2009, 1,

92–98. [CrossRef] [PubMed]
20. Lamkanfi, M.; Kanneganti, T.-D. Nlrp3: An immune sensor of cellular stress and infection. Int. J. Biochem. Cell Biol. 2010, 42,

792–795. [CrossRef]
21. Williams, A.; Flavell, R.A.; Eisenbarth, S.C. The role of NOD-like Receptors in shaping adaptive immunity. Curr. Opin. Immunol.

2010, 22, 34–40. [CrossRef]
22. Bryant, C.; Fitzgerald, K.A. Molecular mechanisms involved in inflammasome activation. Trends Cell Biol. 2009, 19, 455–464.

[CrossRef] [PubMed]
23. Franchi, L.; Warner, N.; Viani, K.; Nuñez, G. Function of Nod-like receptors in microbial recognition and host defense. Immunol.

Rev. 2009, 227, 106–128. [CrossRef] [PubMed]
24. Rosenstiel, P.; Schreiber, S. NOD-Like Receptors—Pivotal Guardians of the Immunological Integrity of Barrier Organs. Adv. Exp.

Med. Biol. 2009, 653, 35–47. [CrossRef] [PubMed]
25. Pisetsky, D.S.; Erlandsson-Harris, H.; Andersson, U. High-mobility group box protein 1 (HMGB1): An alarmin mediating the

pathogenesis of rheumatic disease. Arthritis Res. Ther. 2008, 10, 209. [CrossRef]
26. Suda, K.; Takeuchi, H.; Ishizaka, A.; Kitagawa, Y. High-mobility-group box chromosomal protein 1 as a new target for modulating

stress response. Surg. Today 2010, 40, 592–601. [CrossRef]
27. Voll, R.E.; Urbonaviciute, V.; Herrmann, M.; Kalden, J.R. High mobility group box 1 in the pathogenesis of inflammatory and

autoimmune diseases. Isr. Med. Assoc. J. IMAJ 2008, 10, 26–28.
28. Andersson, U.; Erlandsson-Harris, H. HMGB1 is a potent trigger of arthritis. J. Intern. Med. 2004, 255, 344–350. [CrossRef]
29. Harris, H.E.; Andersson, U. Mini-review: The nuclear protein HMGB1 as a proinflammatory mediator. Eur. J. Immunol. 2004, 34,

1503–1512. [CrossRef]
30. Zhou, J.G.; Zheng, M. Role of HMGB1 in rheumatic diseases. J. Zhejiang Univ. Med. Sci. 2007, 36, 412–416. [CrossRef]
31. Andersson, U.; Erlandsson-Harris, H.; Yang, H.; Tracey, K.J. HMGB1 as a DNA-binding cytokine. J. Leukoc. Biol. 2002, 72,

1084–1091. [CrossRef] [PubMed]
32. Friedman, S.G.; Czura, C.J.; Tracey, K.J. The gesture life of high mobility group box 1. Curr. Opin. Clin. Nutr. Metab. Care 2003, 6,

283–287. [CrossRef]
33. Landsman, D.; Bustin, M. A signature for the HMG-1 box DNA-binding proteins. Bioessays 1993, 15, 539–546. [CrossRef]
34. Ulloa, L.; Batliwalla, F.M.; Andersson, U.; Gregersen, P.K.; Tracey, K.J. High mobility group box chromosomal protein 1 as a

nuclear protein, cytokine, and potential therapeutic target in arthritis. Arthritis Rheum. 2003, 48, 876–881. [CrossRef] [PubMed]
35. Lamkanfi, M.; Dixit, V.M. Inflammasomes: Guardians of cytosolic sanctity. Immunol. Rev. 2008, 227, 95–105. [CrossRef]
36. Scaffidi, P.; Misteli, T.; Bianchi, M.E. Release of chromatin protein HMGB1 by necrotic cells triggers inflammation. Nature 2002,

418, 191–195. [CrossRef] [PubMed]
37. Walle, L.V.; Kanneganti, T.-D.; Lamkanfi, M. HMGB1 release by inflammasomes. Virulence 2011, 2, 162–165. [CrossRef]
38. Galea, E.; Reis, D.J.; Feinstein, D.L. Cloning and expression of inducible nitric oxide synthase from rat astrocytes. J. Neurosci. Res.

1994, 37, 406–414. [CrossRef]
39. Nomura, Y.; Kitamura, Y. Inducible nitric oxide synthase in glial cells. Neurosci. Res. 1993, 18, 103–107. [CrossRef]
40. Kone, B.C.; Kuncewicz, T.; Zhang, W.; Yu, Z.-Y. Protein interactions with nitric oxide synthases: Controlling the right time, the

right place, and the right amount of nitric oxide. Am. J. Physiol. Physiol. 2003, 285, F178–F190. [CrossRef]
41. Sharma, J.N.; Al-Omran, A.; Parvathy, S.S. Role of nitric oxide in inflammatory diseases. Inflammopharmacology 2007, 15, 252–259.

[CrossRef]
42. Choi, S.-H.; Lee, D.Y.; Ryu, J.K.; Kim, J.; Joe, E.H.; Jin, B.K. Thrombin induces nigral dopaminergic neurodegeneration in vivo by

altering expression of death-related proteins. Neurobiol. Dis. 2003, 14, 181–193. [CrossRef]
43. Katsuki, H.; Okawara, M.; Shibata, H.; Kume, T.; Akaike, A. Nitric oxide-producing microglia mediate thrombin-induced

degeneration of dopaminergic neurons in rat midbrain slice culture. J. Neurochem. 2006, 97, 1232–1242. [CrossRef]
44. Liberatore, G.T.; Jackson-Lewis, V.; Vukosavic, S.; Mandir, A.S.; Vila, M.; McAuliffe, W.G.; Dawson, V.L.; Dawson, T.M.;

Przedborski, S. Inducible nitric oxide synthase stimulates dopaminergic neurodegeneration in the MPTP model of Parkinson
disease. Nat. Med. 1999, 5, 1403–1409. [CrossRef]

https://doi.org/10.3389/fimmu.2018.01731
https://www.ncbi.nlm.nih.gov/pubmed/30105021
https://doi.org/10.1161/01.STR.0000170701.41507.e1
https://doi.org/10.1385/MN:27:2:163
https://doi.org/10.1177/0022034510381264
https://doi.org/10.1016/j.coi.2010.04.010
https://doi.org/10.1002/eji.200940211
https://doi.org/10.1002/emmm.200900014
https://www.ncbi.nlm.nih.gov/pubmed/20049709
https://doi.org/10.1016/j.biocel.2010.01.008
https://doi.org/10.1016/j.coi.2010.01.004
https://doi.org/10.1016/j.tcb.2009.06.002
https://www.ncbi.nlm.nih.gov/pubmed/19716304
https://doi.org/10.1111/j.1600-065X.2008.00734.x
https://www.ncbi.nlm.nih.gov/pubmed/19120480
https://doi.org/10.1007/978-1-4419-0901-5_3
https://www.ncbi.nlm.nih.gov/pubmed/19799110
https://doi.org/10.1186/ar2440
https://doi.org/10.1007/s00595-009-4232-1
https://doi.org/10.1111/j.1365-2796.2003.01303.x
https://doi.org/10.1002/eji.200424916
https://doi.org/10.3785/j.issn.1008-9292.2007.04.019
https://doi.org/10.1189/jlb.72.6.1084
https://www.ncbi.nlm.nih.gov/pubmed/12488489
https://doi.org/10.1097/01.mco.0000068966.34812.b9
https://doi.org/10.1002/bies.950150807
https://doi.org/10.1002/art.10854
https://www.ncbi.nlm.nih.gov/pubmed/12687528
https://doi.org/10.1111/j.1600-065X.2008.00730.x
https://doi.org/10.1038/nature00858
https://www.ncbi.nlm.nih.gov/pubmed/12110890
https://doi.org/10.4161/viru.2.2.15480
https://doi.org/10.1002/jnr.490370313
https://doi.org/10.1016/0168-0102(93)90013-G
https://doi.org/10.1152/ajprenal.00048.2003
https://doi.org/10.1007/s10787-007-0013-x
https://doi.org/10.1016/S0969-9961(03)00085-8
https://doi.org/10.1111/j.1471-4159.2006.03752.x
https://doi.org/10.1038/70978


Int. J. Mol. Sci. 2023, 24, 12664 17 of 18

45. Huang, C.-F.; Li, G.; Ma, R.; Sun, S.-G.; Chen, J.-G. Thrombin-induced microglial activation contributes to the degeneration of
nigral dopaminergic neurons in vivo. Neurosci. Bull. 2008, 24, 66–72. [CrossRef]

46. Ryu, J.; Pyo, H.; Jou, I.; Joe, E. Thrombin Induces NO Release from Cultured Rat Microglia via Protein Kinase C, Mitogen-activated
Protein Kinase, and NF-kappa B. J. Biol. Chem. 2000, 275, 29955–29959. [CrossRef]

47. Elliott, E.I.; Sutterwala, F.S. Initiation and perpetuation of NLRP3 inflammasome activation and assembly. Immunol. Rev. 2015,
265, 35–52. [CrossRef]

48. Latz, E.; Xiao, T.S.; Stutz, A. Activation and regulation of the inflammasomes. Nat. Rev. Immunol. 2013, 13, 397–411. [CrossRef]
49. Yang, F.; Wang, Z.; Wei, X.; Han, H.; Meng, X.; Zhang, Y.; Shi, W.; Li, F.; Xin, T.; Pang, Q.; et al. NLRP3 Deficiency Ameliorates

Neurovascular Damage in Experimental Ischemic Stroke. J. Cereb. Blood Flow Metab. 2014, 34, 660–667. [CrossRef]
50. Lu, B.; Wang, H.; Andersson, U.; Tracey, K.J. Regulation of HMGB1 release by inflammasomes. Protein Cell 2013, 4, 163–167.

[CrossRef]
51. Tang, J.; Chen, R.; Wang, L.; Yu, L.; Zuo, D.; Cui, G.; Gong, X. Melatonin Attenuates Thrombin-induced Inflammation in BV2

Cells and Then Protects HT22 Cells from Apoptosis. Inflammation 2020, 43, 1959–1970. [CrossRef]
52. Ye, X.; Zuo, D.; Yu, L.; Zhang, L.; Tang, J.; Cui, C.; Bao, L.; Zan, K.; Zhang, Z.; Yang, X.; et al. ROS/TXNIP pathway contributes to

thrombin induced NLRP3 inflammasome activation and cell apoptosis in microglia. Biochem. Biophys. Res. Commun. 2017, 485,
499–505. [CrossRef]

53. Wang, H.; Bloom, O.; Zhang, M.; Vishnubhakat, J.M.; Ombrellino, M.; Che, J.; Frazier, A.; Yang, H.; Ivanova, S.;
Borovikova, L.; et al. HMG-1 as a Late Mediator of Endotoxin Lethality in Mice. Science 1999, 285, 248–251. [CrossRef]

54. Lamkanfi, M.; Sarkar, A.; Walle, L.V.; Vitari, A.C.; Amer, A.O.; Wewers, M.D.; Tracey, K.J.; Kanneganti, T.-D.; Dixit, V.M.
Inflammasome-Dependent Release of the Alarmin HMGB1 in Endotoxemia. J. Immunol. 2010, 185, 4385–4392. [CrossRef]

55. Suda, K.; Kitagawa, Y.; Ozawa, S.; Saikawa, Y.; Ueda, M.; Ebina, M.; Yamada, S.; Hashimoto, S.; Fukata, S.; Abraham, E.; et al.
Anti-High-Mobility Group Box Chromosomal Protein 1 Antibodies Improve Survival of Rats with Sepsis. World J. Surg. 2006, 30,
1755–1762. [CrossRef]

56. Yang, H.; Ochani, M.; Li, J.; Qiang, X.; Tanovic, M.; Harris, H.E.; Susarla, S.M.; Ulloa, L.; Wang, H.; DiRaimo, R.; et al. Reversing
established sepsis with antagonists of endogenous high-mobility group box 1. Proc. Natl. Acad. Sci. USA 2003, 101, 296–301.
[CrossRef]

57. Blanco, P.; Palucka, A.K.; Pascual, V.; Banchereau, J. Dendritic cells and cytokines in human inflammatory and autoimmune
diseases. Cytokine Growth Factor Rev. 2008, 19, 41–52. [CrossRef]

58. Sundberg, E.; Fasth, A.E.; Palmblad, K.; Harris, H.E.; Andersson, U. High mobility group box chromosomal protein 1 acts as a
proliferation signal for activated T lymphocytes. Immunobiology 2009, 214, 303–309. [CrossRef]

59. Lamkanfi, M.; Dixit, V.M. IL-33 Raises Alarm. Immunity 2009, 31, 5–7. [CrossRef]
60. Matzinger, P. Tolerance, Danger, and the Extended Family. Annu. Rev. Immunol. 1994, 12, 991–1045. [CrossRef]
61. Lee, M.C.S.; Miller, E.A.; Goldberg, J.; Orci, L.; Schekman, R. Bi-directional protein transport between the ER and Golgi. Annu.

Rev. Cell Dev. Biol. 2004, 20, 87–123. [CrossRef]
62. Trombetta, E.S.; Parodi, A.J. Quality Control and Protein Folding in the Secretory Pathway. Annu. Rev. Cell Dev. Biol. 2003, 19,

649–676. [CrossRef]
63. Nickel, W.; Rabouille, C. Mechanisms of regulated unconventional protein secretion. Nat. Rev. Mol. Cell Biol. 2008, 10, 148–155.

[CrossRef]
64. Kirschke, H.; Barrett, A.; Rawlings, N. Proteinases 1: Lysosomal cysteine proteinases. Protein Profile 1995, 2, 1581–1643.
65. Mort, J.S.; Buttle, D.J. Cathepsin B. Int. J. Biochem. Cell Biol. 1997, 29, 715–720. [CrossRef]
66. Alapati, K.; Kesanakurti, D.; Rao, J.S.; Dasari, V.R. uPAR and cathepsin B-mediated compartmentalization of JNK regulates the

migration of glioma-initiating cells. Stem Cell Res. 2014, 12, 716–729. [CrossRef]
67. Vigneswaran, N.; Zhao, W.; Dassanayake, A.; Muller, S.; Miller, D.M.; Zacharias, W. Variable expression of cathepsin B and D

correlates with highly invasive and metastatic phenotype of oral cancer. Hum. Pathol. 2000, 31, 931–937. [CrossRef]
68. Olah, M.; Biber, K.; Vinet, J.; Boddeke, H.W. Microglia Phenotype Diversity. CNS Neurol. Disord.-Drug Targets 2011, 10, 108–118.

[CrossRef]
69. Xie, Z.; Zhao, M.; Yan, C.; Kong, W.; Lan, F.; Narengaowa; Zhao, S.; Yang, Q.; Bai, Z.; Qing, H.; et al. Cathepsin B in programmed

cell death machinery: Mechanisms of execution and regulatory pathways. Cell Death Dis. 2023, 14, 255. [CrossRef]
70. Yang, W.-E.; Ho, C.-C.; Yang, S.-F.; Lin, S.-H.; Yeh, K.-T.; Lin, C.-W.; Chen, M.-K. Cathepsin B Expression and the Correlation with

Clinical Aspects of Oral Squamous Cell Carcinoma. PLoS ONE 2016, 11, e0152165. [CrossRef]
71. Cardinal, R.N.; Parkinson, J.A.; Lachenal, G.; Halkerston, K.M.; Rudarakanchana, N.; Hall, J.; Morrison, C.H.; Howes, S.R.;

Robbins, T.W.; Everitt, B.J. Effects of selective excitotoxic lesions of the nucleus accumbens core, anterior cingulate cortex, and
central nucleus of the amygdala on autoshaping performance in rats. Behav. Neurosci. 2002, 116, 553–567. [CrossRef]

72. Geinisman, Y. Structural synaptic modifications associated with hippocampal LTP and behavioral learning. Cereb. Cortex 2000, 10,
952–962. [CrossRef]

73. Geinisman, Y.; Disterhoft, J.F.; Gundersen, H.J.; McEchron, M.D.; Persina, I.S.; Power, J.M.; Van Der Zee, E.A.; West, M.J.
Remodeling of hippocampal synapses after hippocampus-dependent associative learning. J. Comp. Neurol. 2000, 417, 49–59.
[CrossRef]

https://doi.org/10.1007/s12264-008-0066-x
https://doi.org/10.1074/jbc.M001220200
https://doi.org/10.1111/imr.12286
https://doi.org/10.1038/nri3452
https://doi.org/10.1038/jcbfm.2013.242
https://doi.org/10.1007/s13238-012-2118-2
https://doi.org/10.1007/s10753-020-01270-5
https://doi.org/10.1016/j.bbrc.2017.02.019
https://doi.org/10.1126/science.285.5425.248
https://doi.org/10.4049/jimmunol.1000803
https://doi.org/10.1007/s00268-005-0369-2
https://doi.org/10.1073/pnas.2434651100
https://doi.org/10.1016/j.cytogfr.2007.10.004
https://doi.org/10.1016/j.imbio.2008.09.006
https://doi.org/10.1016/j.immuni.2009.06.011
https://doi.org/10.1146/annurev.iy.12.040194.005015
https://doi.org/10.1146/annurev.cellbio.20.010403.105307
https://doi.org/10.1146/annurev.cellbio.19.110701.153949
https://doi.org/10.1038/nrm2617
https://doi.org/10.1016/S1357-2725(96)00152-5
https://doi.org/10.1016/j.scr.2014.02.008
https://doi.org/10.1053/hupa.2000.9035
https://doi.org/10.2174/187152711794488575
https://doi.org/10.1038/s41419-023-05786-0
https://doi.org/10.1371/journal.pone.0152165
https://doi.org/10.1037/0735-7044.116.4.553
https://doi.org/10.1093/cercor/10.10.952
https://doi.org/10.1002/(SICI)1096-9861(20000131)417:1&lt;49::AID-CNE4&gt;3.0.CO;2-3


Int. J. Mol. Sci. 2023, 24, 12664 18 of 18

74. McMillan, T.M.; Powell, G.E.; Janota, I.; Polkey, C.E. Relationships between neuropathology and cognitive functioning in temporal
lobectomy patients. J. Neurol. Neurosurg. Psychiatry 1987, 50, 167–176. [CrossRef]

75. Lee, I.; Yoganarasimha, D.; Rao, G.; Knierim, J.J. Comparison of population coherence of place cells in hippocampal subfields
CA1 and CA3. Nature 2004, 430, 456–459. [CrossRef]

76. Leutgeb, S.; Leutgeb, J.K.; Barnes, C.A.; Moser, E.I.; McNaughton, B.L.; Moser, M.-B. Independent Codes for Spatial and Episodic
Memory in Hippocampal Neuronal Ensembles. Science 2005, 309, 619–623. [CrossRef]

77. Daumas, S.; Halley, H.; Francés, B.; Lassalle, J.-M. Encoding, consolidation, and retrieval of contextual memory: Differential
involvement of dorsal CA3 and CA1 hippocampal subregions. Learn. Mem. 2005, 12, 375–382. [CrossRef]

78. Lee, I.; Kesner, R.P. Differential contributions of dorsal hippocampal subregions to memory acquisition and retrieval in contextual
fear-conditioning. Hippocampus 2004, 14, 301–310. [CrossRef]

79. Kesner, R.; Lee, I.; Gilbert, P. A Behavioral Assessment of Hippocampal Function Based on a Subregional Analysis. Rev. Neurosci.
2004, 15, 333–352. [CrossRef]

80. Calabrese, V.; Boyd-Kimball, D.; Scapagnini, G.; Butterfield, D.A. Nitric oxide and cellular stress response in brain aging and
neurodegenerative disorders: The role of vitagenes. In Vivo 2004, 18, 245–267.

81. Liu, S.H.; Shen, C.C.; Yi, Y.C.; Tsai, J.J.; Wang, C.C.; Chueh, J.T.; Lin, K.L.; Lee, T.C.; Pan, H.C.; Sheu, M.L. Honokiol inhibits gastric
tumourigenesis by activation of 15-lipoxygenase-1 and consequent inhibition of peroxisome proliferator-activated receptor-
gamma and COX-2-dependent signals. Br. J. Pharmacol. 2010, 160, 1963–1972. [CrossRef] [PubMed]

82. Liu, S.H.; Yang, C.N.; Pan, H.C.; Sung, Y.J.; Liao, K.K.; Chen, W.B.; Lin, W.Z.; Sheu, M.L. IL-13 downregulates PPAR-γ/heme
oxygenase-1 via ER stress-stimulated calpain activation: Aggravation of activated microglia death. Cell. Mol. Life Sci. 2010, 67,
1465–1476. [CrossRef] [PubMed]

83. Ennaceur, A.; Delacour, J. A new one-trial test for neurobiological studies of memory in rats. 1: Behavioral data. Behav. Brain Res.
1988, 31, 47–59. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1136/jnnp.50.2.167
https://doi.org/10.1038/nature02739
https://doi.org/10.1126/science.1114037
https://doi.org/10.1101/lm.81905
https://doi.org/10.1002/hipo.10177
https://doi.org/10.1515/REVNEURO.2004.15.5.333
https://doi.org/10.1111/j.1476-5381.2010.00804.x
https://www.ncbi.nlm.nih.gov/pubmed/20649594
https://doi.org/10.1007/s00018-009-0255-4
https://www.ncbi.nlm.nih.gov/pubmed/20221786
https://doi.org/10.1016/0166-4328(88)90157-X

	Introduction 
	Results 
	Deterioration of Short- and Long-Term Memory by Co-Administration of Thrombin and HGMB1 and Its Alleviation by Anti-HGMB1 Antibodies (NA-HMGB1) 
	Detrimental Effects on Neurons Exerted by Activated-Microglia-Paralleled Behavioral Results Especially in Memory Impairments 
	Thrombin-Triggered Activation of Inflammasomes in Microglia Cells 
	Release of HMGB1 Triggered by Thrombin with a Parallel Upregulation of IL-1 and IL 18 
	HMGB1 Released Regulated by Cathepsin B Activity in Microglia Triggered by Thrombin 

	Discussion 
	Materials and Methods 
	Cell Culture 
	Immunoblotting Analysis 
	ELISA 
	Stereotaxic Surgery and Reagents Microinjection 
	Water Maze Test 
	EthoVison XT with Novel Object Test 
	Immunohistochemistry 
	Nitrite/Nitrate Assay 
	Cathepsin B Activity Assay Kit 
	Statistical Analyses 

	Conclusions 
	References

