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Abstract: The present study investigated expression of endogenous interleukin-13 (IL-13) and its possible function in the hippocampus of prothrombin kringle-2 (pKr-2)-lesioned rats. Here we report that
intrahippocampal injection of pKr-2 revealed a significant loss of NeuN-immunopositive (NeuN+ )
and Nissl+ cells in the hippocampus at 7 days after pKr-2. In parallel, pKr-2 increased IL-13 levels,
which reached a peak at 3 days post pKr-2 and sustained up to 7 days post pKr-2. IL-13 immunoreactivity was seen exclusively in activated microglia/macrophages and neutrophils, but not in neurons
or astrocytes. In experiments designed to explore the involvement of IL-13 in neurodegeneration,
IL-13 neutralizing antibody (IL-13Nab) significantly increased survival of NeuN+ and Nissl+ cells.
Accompanying neuroprotection, immunohistochemical analysis indicated that IL-13Nab inhibited
pKr-2-induced expression of inducible nitric oxide synthase and myeloperoxidase within activated
microglia/macrophages and neutrophils, possibly resulting in attenuation of reactive oxygen species
(ROS) generation and oxidative damage of DNA and protein. The current findings suggest that the
endogenous IL-13 expressed in pKr-2 activated microglia/macrophages and neutrophils might be
harmful to hippocampal neurons via oxidative stress.
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1. Introduction
Reactive oxygen species/reactive nitrogen species (ROS/RNS), such as superoxide
anion (O2 − ), nitric oxide (NO), peroxynitrite (ONOO- ) and hydrogen peroxide (H2 O2 ), are
byproducts during metabolic processes from endogenous sources including mitochondria,
peroxisomes, and the endoplasmic reticulum [1–3]. Either excess production of ROS/RNS
or a deficiency of antioxidants in the system cause oxidative/nitrosative stress, which
can potentially cause damage to cellular biomolecules, including lipids and membranes,
proteins, and DNA [2,4]. Especially in the central nervous system (CNS), regulating the
oxidative/nitrosative stress is essential for brain cell survival and is associated with the
initiation and progression of neurodegenerative disease, including Alzheimer’s disease
(AD), Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS) and stroke [1,4–6].
Accordingly, regulation of molecular mechanisms of oxidative/nitrosative stress is still an
unmet need for developing potential therapeutic targets against neurodegeneration.
Microglia, a subset of macrophages in the CNS, play a variety of roles in CNS-related
immune response and the maintenance of brain homeostasis [7–9]. In pathological conditions, resting microglia develop into an activated state with amoeboid morphology and
mediate the inflammatory responses associated with altered diverse cell-surface receptor expression [10,11], increased phagocytic activities [12], and production of proinflam-
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matory cytokines and oxidative/nitrosative stress [13,14]. Furthermore, microglia are
known to participate in ROS/RNS production during neurodegenerative process in AD
and dementia [8,15].
Prothrombin kringle-2 (pKr-2) is the second domain of prothrombin and is derived
from prothrombin to active thrombin. pkr-2 is known to induce microglial activation,
ROS/RNS generation, and production of proinflammatory cytokines, such as tumor necrosis factor-alpha (TNF-α) and interleukin-1beta (IL-1β) in vivo and in vitro [16–20]. Levels of
pKr-2 and thrombin were elevated in the postmortem brains of AD and PD patients [21,22],
suggesting that pkr-2 might be involved in neuropathological processes as an endogenous
neurotoxin. Regarding this, we also demonstrated that pKr-2-induced microglial activation and microglial proinflammatory cytokines cause neurodegeneration in rat cortices,
substantiae nigrae, and hippocampi in vivo [16–18].
Interleukin-13 (IL-13) is a well-known anti-inflammatory cytokine produced by Th2
cells, mast cells, basophils, eosinophils, and B cells. IL-13 modulates the function of mast
cells, macrophages, eosinophils, and B cells, and inhibits production of inflammatory
cytokines [23,24]. In the CNS, microglia and neurons have been identified as the source of
IL-13 [25]. IL-13 has a neuroprotective effect which works by modulating microglial polarity to an anti-inflammatory state [23,26] and promoting death of activated microglia [27,28].
By contrast, IL-13 can induce immune-mediated neurotoxicity through producing proinflammatory cytokines and ROS/RNS stress in activated microglia/macrophages and
neutrophils, indicating that IL-13 is harmful to neurons [17,19,29]. Thus, the current
study investigated whether activated microglia/macrophages and neutrophils-derived
from IL-13 could contribute to pKr-2-induced hippocampal neuronal death by regulating
oxidative/nitrosative stress in vivo.
2. Results
2.1. pKr-2 Induces Degeneration of Hippocampal Neurons and Activation of Microglia/Macrophages
and Neutrophils in the Hippocampus In Vivo
pKr-2 (48 µg) or PBS as a control was unilaterally injected into the CA1 layer of the
hippocampus of rats. Seven days later, the brains were removed, and sections were processed for immunostaining for neuronal nuclei (NeuN) to detect general neurons or Nissl
staining. There was a considerable loss of NeuN-immunopositive (NeuN+ ) (Figure 1E) and
Nissl-stained cells (Figure 1F) at 7 days in the pKr-2-injected hippocampus compared with
PBS-injected controls (Figure 1A,B). In parallel, pKr-2-activated microglia/macrophages
and neutrophils, visualized by immunohistochemical staining using antibody against the
complement receptor type 3 (OX-42) (Figure 1G) and the major histocompatibility complex
class II antigens (OX-6) (Figure 1H), were also observed in the CA1 layer of the hippocampus, where degeneration of hippocampal neurons was found compared with PBS-injected
controls (Figure 1C,D). pKr-2 triggered profound activation of microglia/macrophages and
neutrophils in the hippocampus, with enhanced staining and activated morphology (large
cell bodies with short, thick, or no processes) in OX-42+ cells (Figure 1G) compared with
PBS-injected control (Figure 1C) showing the resting state of OX-42+ cells (small cell bodies
with ramified processes). These data also showed that pKr-2 treatment resulted in many
OX-6+ cells in the CA1 layer of the hippocampus (Figure 1H), whereas few of OX-6+ cells
were seen in PBS-treated controls (Figure 1D).
2.2. pKr-2-Induced IL-13 Expression Is Localized within Activated Microglia/Macrophages and
Neutrophils in the Hippocampus In Vivo
We examined whether intrahippocampal injection of pKr-2 induced expression of
interleukin 13 (IL-13) in the hippocampus. Analysis by immunohistochemical staining
demonstrated that pKr-2 induced IL-13 expression as early as 1 day after injection, with
maximal levels reached 3 days after injection and sustained up to 7 days after injection
(Figure 2B–E). In contrast to pKr-2-injected hippocampus, IL-13 expression was inconsiderable in PBS-injected hippocampus as control (1 day; Figure 2A,E).
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Figure 1. Prothrombin kringle-2(pKr-2) induces neurodegeneration and activation of microglia/macrophages and neutrophils in the CA1 area of the hippocampus in vivo. PBS (A–D)
as a control or prothrombin kringle-2 (pKr-2; E–H; 48 µg/µL) was unilaterally injected into the
CA1 layer of rat hippocampus. Animals were transcardially perfused and brains were prepared
for immunohistochemical staining at 7 days after pKr-2 injection. Every sixth serial section was
immunostained for NeuN (neuronal nuclei), Nissl, OX-42 (complement receptor 3, CR3) or OX-6
(major histocompatibility complex class II, MHC II). (A,E) NeuN immunostaining to identify neurons in the CA1 layer of hippocampus. Scale bar, 500 µm. (B,F) Nissl substance was stained in
the CA1 layer of hippocampus. Scale bar, 500 µm. (C,G) OX-42 immunostaining to identify microglia/macrophages and neutrophils in the CA1 layer of hippocampus. Scale bar, 100 µm. (D,H)
OX-6 immunostaining to identify activated microglia. Scale bar, 100 µm. Note the morphological
changes of microglia/macrophages and neutrophils from resting state (small and ramified) to activated state (large, short, and thick) in the pKr-2-injected CA1 layer of hippocampus, compared with
the PBS-injected control. Insets are magnified from rectangles (A,B,E,F). Dotted lines indicate the
CA1 layer of the hippocampus (A–H).

To identify the cell type expressing endogenous IL-13, double immunofluorescence
staining was performed in combination with IL-13 with tomato lectin (TL)+ microglia/
macrophages and neutrophils, NeuN+ neurons, or glial fibrillary acidic protein (GFAP)+
astrocytes at 12 h after pKr-2 injection. Endogenous IL-13 was mainly expressed in TL+
microglia/macrophages and neutrophils (Figure 2F–H), but neither in NeuN+ neurons
(Figure 2I–K) nor GFAP+ astrocytes (Figure 2L–N) in the CA1 layer of hippocampus in vivo.
2.3. Neurotoxic Action of IL-13 on Degeneration of Hippocampal Neurons via iNOS and MPO in
the CA1 Layer of Hippocampus In Vivo
To elucidate the physiological functions of IL-13 mainly expressed in microglia/
macrophages and neutrophils after pKr-2 injection, we examined whether pKr-2-induced
degeneration of hippocampal neurons could be affected by treatment of IL-13 neutralizing
antibody (IL-13Nab) for blocking the function of IL-13. For this purpose, IL-13Nab was
unilaterally co-injected with pKr-2 into the CA1 layer of hippocampus (Figure 3E,F).
Seven days later, NeuN immunostaining (A,C,E) and Nissl (B,D,F) staining demonstrated
protective effects of IL-13Nab on hippocampal neurons in vivo. When NeuN+ cells on
the ipsilateral side were quantified, it was found that IL-13Nab significantly increased
the number of NeuN+ cells in the CA1 layer of the hippocampus compared with pKr-2
only (Figure 3I). As controls, IL-13Nab alone (Figure 3I) and nonspecific goat IgG in the
absence (Figure 3G,H) or presence of pKr-2 [16] (data not shown) did not affect neuronal
survival [16,19,29,30], similar to that observed with PBS or pKr-2 only.
Activated microglia/macrophages and neutrophils produce inducible nitric oxide
synthase (iNOS) and myeloperoxidase (MPO), which induces oxidative/nitrosative stress,
resulting in neurodegeneration [4,16]. Thus, we examined whether intrahippocampal injection of pKr-2 induced expression of iNOS and MPO in activated microglia/macrophages
and neutrophils. pKr-2 (48 µg) or PBS as a control was unilaterally injected into the
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CA1 layer of the hippocampus of rats. Three days later, immunohistochemical analysis
showed that pKr-2 significantly increased expression of iNOS (Figure 4B,G) and MPO
(Figure 4E,G) within OX-42+ microglia/macrophages and neutrophils, respectively, compared to PBS-injected control (Figure 4A,D,G). To verify involvement of iNOS and MPO
with IL-13-induced neurotoxicity, IL-13Nab was unilaterally co-injected with pKr-2 into
the CA1 layer of hippocampus. Three days later, immunohistochemical analysis demonstrated that treatment of IL-13Nab significantly reduced pKr-2-triggered expression of
iNOS (Figure 4C,G) and MPO (Figure 4F,G).

Figure 2. Endogenous expression of IL-13 in the CA1 layer of pKr-2-injected hippocampus in vivo.
PBS (A) or pKr-2 (B–D,F–N) was unilaterally injected into the CA1 layer of rat hippocampi. At indicated time points, animals were transcardially perfused and brains were prepared for immunohistochemical staining. (A–E) Immunofluorescence images of endogenous interleukin-13 (IL-13)
(A–D) and quantification (E) in the CA1 layer of rat hippocampus at indicated time points. Scale bar,
40 µm. * p < 0.001, significantly different from PBS (control). Mean ± SEM; n = 4 to 6 in each group,
ANOVA and Newman–Keuls analysis. (F–N) Double immunofluorescence images of tomato lectin
(TL; F, green) for microglia/macrophages and neutrophils and IL-13 (G, red) or NeuN (I, green) for
neurons and IL-13 (J, red) or glial fibrillary acidic protein (GFAP; L, green) for astrocytes and IL-13
(M, red) and both images are merged (yellow, H,K,N) in the CA1 layer of hippocampus at 12 h after
pKr-2 injection. Scale bar, 25 µm. These data are representative of four to five animals per group.
Dotted lines indicate the CA1 layer of the hippocampus.
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Figure 3. IL-13 contributes to neurodegeneration in the CA1 layer of hippocampus in vivo. PBS
(A,B) or pKr-2 was unilaterally injected into the CA1 layer of hippocampus in the absence (C,D) or
presence of IL-13 neutralizing antibody (IL-13Nab; E,F; 1 µg). Non-specific IgG (1 µg; G,H) was
used as a control of IL-13Nab. Animals were transcardially perfused and brains were prepared for
NeuN immunostaining and Nissl staining at 7 days after pKr-2 injection. (A,C,E,G) NeuN immunostaining to identify neurons in the CA1 layer of hippocampus. Scale bar, 500 µm. (B,D,F,H) Nissl
substance was stained in the CA1 layer of hippocampus. Scale bar, 500 µm. (I) Quantification of
NeuN-immunopositive (NeuN+ ) cells in the CA1 layer of pKr-2-injected hippocampus. * p < 0.001,
significantly different from PBS (control). # p < 0.001, significantly different from pKr-2. Mean ± SEM;
n = 4 to 6 in each group, ANOVA and Newman–Keuls analysis. Insets are magnified from rectangles
and dotted lines indicate the CA1 layer of the hippocampus (A–H).
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Figure 4. IL-13 is involved in expression of microglia/macrophages and neutrophils -derived
myeloperoxidase (MPO) and inducible nitric oxide synthase (iNOS) in the CA1 layer of pKr-2injected hippocampus in vivo. PBS (A,D) or pKr-2 (B,C,E,F) was unilaterally injected into the CA1
layer of hippocampus in the absence (B,E) or presence of IL-13Nab (C,F; 1 µg). Animals were
transcardially perfused and brains were prepared for immunohistochemical staining at 3 days after
pKr-2 injection. (A–C) Double immunofluorescence images of iNOS (red) and OX-42 (green) for
microglia/macrophages and neutrophils and both images are merged (yellow) in the CA1 layer of
hippocampus. Scale bar, 20 µm. (D–F) Double immunofluorescence images of MPO (red) and OX-42
(green) for microglia/macrophages and neutrophils and both images are merged (yellow) in the CA1
layer of hippocampus. Scale bar, 20 µm. (G) Quantification of iNOS (left y axis; black rectangle) or
MPO (right y axis; white rectangle) expression in OX-42+ microglia/macrophages and neutrophils.
* p < 0.01, ** p < 0.001, significantly different from PBS (control). # p < 0.01, significantly different from
pKr-2. Mean ± SEM; n = 4 in each group, ANOVA and Newman–Keuls analysis.

2.4. IL-13 Is Associated with Oxidative/Nitrosative Stress in the CA1 Layer of pKr-2-Injected
Hippocampus In Vivo
We hypothesized that oxidative/nitrosative stress as a result of IL-13-stimulated
expression of iNOS and MPO contributes to pKr-2-induced neurodegeneration in hippocampus in vivo. To test this, we investigated whether IL-13Nab altered the effects of
pKr-2 on oxidative/nitrosative stress by analyzing levels of reactive oxygen species (ROS)
(O2 − production), DNA oxidation, and protein nitration at 3 days post pKr-2. For O2 −
production, oxidized hydroethidine (red fluorescent products) was analyzed by hydroethidine histochemistry. As a result, pKr-2 injection correlated with increased O2 − production
in CA1 layer of hippocampus in vivo (Figure 5B,J), compared to PBS-injected control
(Figure 5A,J). By contrast, treatment of IL-13Nab significantly reduced pKr-2-triggered
O2 − production (Figure 5C,J). For DNA oxidation, we measured the levels of 8-OHdG at
3 days post pKr-2. Immunohistochemical analysis showed pKr-2-stimulated increase in
levels of 8-OHdG (Figure 5E,K) compared to PBS-injected control (Figure 5D,K). Treatment
with IL-13Nab significantly attenuated pKr-2-increased levels of 8-OHdG (Figure 5F,K).
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For protein nitration, analysis by nitrotyrosine immunohistochemistry revealed pKr-2stimulated increase in protein nitration (Figure 5H,L) compared to PBS-injected control
(Figure 5G,L). Treatment with IL-13Nab dramatically mitigated pKr-2-stimulated increase
in levels of nitrotyrosine (Figure 5I,L).

Figure 5. IL-13 modulates oxidative/nitrosative stress in the CA1 layer of pKr-2-injected hippocampus in vivo. Sections (A,D,G; PBS, B,E,H; pKr-2, C,F,I; pKr-2 + IL-13Nab) adjacent to those used
in Figure 4 were processed for hydroethidine histochemistry or immunohistochemical staining.
(A–C) Hydroethidine histochemistry to detect oxidant production (reactive oxygen species; ROS;
red) in the CA1 layer of hippocampus. Nuclei were counterstained with DAPI (blue). Scale bar,
50 µm. (D–F) 8-OHdG immunostaining with Nissl staining to detect oxidative DNA damages in the
CA1 layer of hippocampus. Scale bar, 100 µm. (G–I) Immunofluorescence images of nitrotyrosine
immunostaining (green) to detect protein nitration in the CA1 layer of hippocampus. Nuclei were
counterstained with DAPI (blue). Scale bar, 40 µm. (J) Quantification of ROS expression. * p < 0.001,
significantly different from PBS (control). # p < 0.05, significantly different from pKr-2. Mean ± SEM;
n = 4 to 5 in each group, ANOVA and Newman-Keuls analysis. (K) Quantification of 8-OHdG
expression. * p < 0.001, significantly different from PBS (control). ## p < 0.001, significantly different from pKr-2. Mean ± SEM; n = 4 to 5 in each group, ANOVA and Newman–Keuls analysis.
(L) Quantification of nitrotyrosine expression. * p < 0.001, significantly different from PBS (control).
## p < 0.001, significantly different from pKr-2. Mean ± SEM; n = 4 in each group, ANOVA and
Newman–Keuls analysis. Dotted lines indicate the CA1 layer of the hippocampus (A–I).

3. Discussion
The cytokine IL-13 is secreted protein and can play both beneficial and detrimental
roles in the CNS [23,26]. A study in humans with multiple sclerosis found that high levels of
IL-13 in the cerebral spinal fluid might exert a neuroprotective effect by enhancing gamma
aminobutyric acid over glutamate transmission [31]. Intracerebral injection of IL-13 reduced
amyloid deposition and improved spatial learning and memory in an AD transgenic
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mouse model, indicating neuroprotection [32]. By marked contrast, IL-13 contributed
to degeneration of cortical neurons in pKr-2-treated rat cortex [17] and nigral dopamine
neurons in mice lacking IL-13 receptor alpha 1 [33], suggesting a neurotoxic action of
IL-13. In addition, intrahippocampal injection of amyloid beta1-42 [19] and thrombin [29]
produced IL-13-mediated neurodegeneration in CA1 layer of rat hippocampus. In the
current study, blocking action of IL-13 by IL-13Nab results in survival of hippocampal
neurons against pKr-2-induced neurotoxicity. These data suggest that endogenous IL-13 is
an important determinant in pKr-2-induced neurotoxicity in the CA1 layer of hippocampus
in vivo.
Microglia, resident immune cells of the CNS, are associated with a variety of neuropathologies [13,34,35]. Upon activation, microglia contribute to oxidative/nitrosative
stress by producing considerable ROS/RNS, which cause the death of microglia as well
as neurons [5,30,36–38]. Activated microglia can induce increased levels of iNOS, one
of the major sources for excessive production of ROS/RNS and resultant oxidative damage to proteins, lipids, and DNA in neurodegenerative diseases [3,4,6]. Many in vivo
studies, including ours, showed iNOS-induced generation of ROS/RNS in the cerebral
cortex, substantia nigra, and hippocampus treated with thrombin, pKr-2, LPS, and betaamyloid1-42 [17,19,39,40]. Accompanying the attenuation of neurotoxicity, treatment with
IL-13Nab attenuated expression of iNOS, ROS/RNS, and oxidative damages in DNA
and proteins in pKr-2-treated hippocampus in vivo, indicative of IL-13-induced oxidative/nitrosative damage in neurons. This is consistent with our findings that neutralization
of IL-13 by IL-13Nab significantly reduced the expression of iNOS and/or ROS/RNS
from activated microglia in pKr-2-treated cortex [17] and in hippocampus treated with
thrombin- [29] or beta-amyloid1-42 [19] and the resultant survival of neurons in vivo.
MPO, a critical inflammatory enzyme, is present in infiltrated neutrophils, monocytes/macrophages, and neurons as well as activated microglia and astrocytes [5,41–43].
Activation of MPO can catalyze the reaction of chloride and H2 O2 to produce hypochlorous
acid (HOCl), which is a crucial cytotoxic factor and has oxidative activity able to react with
DNA, proteins, and lipids [44,45]. MPO mediates oxidative stress by promoting the production of ROS/RNS, which can modulate the inflammation-related signaling pathways
in microglia and cause oxidative damages to DNA, proteins and lipids, resulting in neurodegeneration in vivo [39,46–51]. Many reports, including ours, have shown that various
antioxidants, such as compounds from medicinal herbs, capsaicin, and ethyl pyruvate,
inhibited expression of MPO-derived ROS/RNS, reduced oxidative damage, and prevented neurodegeneration [42,52,53]. Our data demonstrated that treatment with IL-13Nab
significantly mitigated pKr-2-induced MPO expression with attenuation of ROS/RNS
levels and oxidative damages in the hippocampus in vivo, resulting in survival of neurons.
This indicates that like the iNOS, IL-13 regulates the production of ROS/RNS derived
from MPO.
In summary, neuroinflammation is associated with glial activation and glia-derived
oxidative stress and inflammatory molecules, resulting in pathology of neurodegenerative
diseases. Among them, oxidative/nitrosative stress (the imbalance between production and
destruction of ROS/RNS) has been considered as a major risk factor of neurodegeneration.
Here, we show that microglia/macrophages and neutrophils-derived from IL-13 plays a
critical role on pKr-2-induced neurodegeneration of hippocampal CA1 areas in vivo. IL-13
neutralization attenuates levels of iNOS and MPO expression on microglia/macrophages
and neutrophils, ROS production, and oxidative damages, resulting in neuronal survival.
This suggests that endogenous IL-13 might be associated with neuropathological processes
in which neuroinflammation and/or oxidative stress are involved.
4. Materials and Methods
4.1. Animals
Animal care, handling, and all experiments were performed according to the guideline
set by Committee on Animal Research of Kyung Hee University (KHU-ASP-20-235; 30 June
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2020). Female Sprague–Dawley rats were kept in temperature- (21–23 ◦ C) and humiditycontrolled conditions under a 12-h light/dark cycle. Throughout animal housing and the
experiment, all animals had free access to food and water. All experiments were carried
out to minimize animal suffering and the minimal number of animals necessary to produce
significant scientific data were used.
4.2. Intrahippocampal Microinjection
For pKr-2 injection, rats (10-week-old. 240–260 g) were anesthetized by intraperitoneal
injection of chloral hydrate (360 mg/kg; Sigma-Aldrich., St. Louis, MO, USA) and immobilized on stereotaxic instruments [16,17]. According to the atlas of Paxinos and Watson
(ref), rats received unilateral injection of 48 µg pKr-2 (Haematologic Technologies., Essex
Junction, VT, USA) in 4 µL of phosphate-buffered saline (PBS; Gibco., Palsey, UK) into the
right CA1 of hippocampus (3.6 mm posterior to bregma, 2.0 mm lateral to the midline,
2.8 mm beneath the skull of the brain) with 30 gauge of Hamilton syringe at a rate of 0.2 µL
per minute. For IL-13 neutralization [17,19], IL-13 neutralizing antibody (IL-13Nab; R&D
system., Minneapolis, MN, USA) or 1 µg non-specific IgG (R&D system., Minneapolis, MN,
USA) as a control together with pKr-2 were injected into the equivalent coordinate of right
CA1 layer of hippocampus.
4.3. Immunohistochemistry (IHC) and Nissl Staining
Animals were transcardially perfused with physiological saline containing 0.5%
sodium nitrate and heparin (10 U/mL) and fixed by 4% paraformaldehyde in 0.1 M
phosphate buffer (pH 7.4). After post-fixing with 30% sucrose solution, rat brains were
coronally cut at 40-µm-thick using sliding microtome. Serial coronal sections were processed for immunohistochemical staining as previously described [16,17]. Briefly, brain
sections were rinsed with PBS 2 times, quenched in PBS containing 3% H2 O2 , rinsed with
PBS 3 times, blocked in PBS containing 1% bovine serum albumin (BSA; Millipore Corporation., Kankakee, IL, USA) with 0.2% Triton X-100 (Sigma-Aldrich., St. Louis, MO, USA),
and then incubated with primary antibodies at room temperature on a shaker overnight
(Table 1). After rinsing in PBS containing 0.5% BSA 2 times, sections were incubated
with biotin-conjugated mouse IgG (Seracare., Milford, MA, USA) for 1 h, rinsed with PBS
containing 0.5% BSA 2 times, and processed with avidin-biotin complex kit (Vector Laboratories., Burlingame, CA, USA). After that, sections were visualized by the mixture of 0.05%
3,30 -diaminobenzidine tetrahydrochloride (DAB; Sigma-Aldrich., St. Louis, MO, USA) with
0.003% H2 O2 . Finally, labeled brain sections were mounted on adhesive microscope slides
and dried. A series of sections were viewed under a bright-field microscope (Olympus
Optical., Tokyo, Japan). The antibodies used for immunohistochemical staining (IHC) are
shown below (Table 1).
Table 1. Antibodies used for immunohistochemical staining (IHC).
Category

Primary
Antibody

Secondary
Antibody

Antibody

Company

Cat. No.

Dilution Factor

Detection Target

NeuN

Merck

MAB377

1:1000

Neurons

OX-42

Bio-rad

MCA275G

1:400

Microglia/
Macrophages/
Neutrophils

OX-6

BD Bioscience

554926

1:400

Activated microglia

8-OHdG

Jaica

MOG-100P

1:300

Oxidative DNA damage

Biotin-conjugated
anti-mouse IgG

Seracare

5260-0051

1:400

Mouse IgG

For Nissl staining, brain sections were mounted on adhesive microscope slides and
dried. After that, sections were stained with 0.5% cresyl violet acetate solution (SigmaAldrich., St. Louis, MO, USA), dehydrated and viewed under a bright-field microscope.
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4.4. Immunofluorescence (IF) Staining
Serial coronal sections (40-µm-thick) were processed for immunofluorescence staining
as previously described [16,17]. Briefly, brain sections were mounted on adhesive microscope slides and dried. After that, sections were rinsed with PBS 3 times, blocked in PBS
containing 1% BSA with 0.2% Triton X-100, and then incubated with primary antibodies at
4 ◦ C overnight (Table 2). After rinsing in PBS containing 0.5% BSA 2 times, sections were
incubated with the appropriate fluorescence-conjugated secondary antibodies for 1 h and
rinsed with PBS 3 times. Finally, labeled brain sections were covered with the Vectashield
mounting medium (Vector Laboratories., Burlingame, CA, USA) for fluorescence with
DAPI and analyzed under a confocal microscope (Carl Zeiss., Oberkochen, Germany). The
antibodies used for IF are shown below (Table 2).
Table 2. Antibodies used for immunofluorescence staining (IF).
Category

Primary
Antibody

Secondary
Antibody

Antibody

Company

Cat. No.

Dilution Factor

Detection Target

IL-13

R&D systems

AF1945

1:200

IL-13

FITC-TL

Vector
Laboratories

FL-1171

1:1000

Microglia/
Macrophage/
Neutrophils

NeuN

Merck

MAB377

1:1000

Neurons

GFAP

Sigma-Aldrich

G3893

1:500

Astrocytes

OX-42

Bio-rad

MCA275G

1:400

Microglia/
Macrophage/
Neutrophils

iNOS

BD Biosciences

610333

1:200

iNOS

MPO

Dakocytomation

A0398

1:500

MPO

Nitrotyrosine

Abcam

Ab7048

1:50

Oxidative protein
damage

FITC-conjugated anti-mouse IgG

Sigma-Aldrich

AP124F

1:500

Mouse IgG

Fluorescein conjugated
anti-mouse IgG

Vector
Laboratories

FL-2000

1:300

Mouse IgG

Cy3-conjugated anti-rabbit IgG

Sigma-Aldrich

AP132C

1:1000

Rabbit IgG

Alexa Fluor 594-conjugated
anti-goat IgG

Invitrogen

A11058

1:1000

Goat IgG

4.5. Hydroethidine Histochemistry for Detecting O2 − and O2 − -Derived Oxidants
Hydroethidine (Dihydroethidium; DHE) histochemistry was performed to evaluate
O2 − and O2 − -derived oxidants production [16,17]. DHE freely permeate the cell membrane
and react with superoxide anions to form a red fluorescent product (2-hydroxyethidium) [54].
At 3 days after pKr-2 injection, hydroethidine (1 mg/kg, reconstituted in PBS containing
1% dimethyl sulfoxide) (Invitrogen., Carlsbad, CA, USA) was intravenously injected into
the rat tail vein. After 45 min, rats were transcardially perfused and fixed. After postfixing, rat brains were coronally cut at 40-µm-thick using sliding microtome and mounted
on adhesive microscope slides. The labeled brain sections were covered with the Vectashield mounting medium (Vector Laboratories., Burlingame, CA, USA) and the oxidized
hydroethidine product (ethidium) was investigated by confocal microscope (Carl Zeiss.,
Oberkochen, Germany).
4.6. Image J Analysis
Imaging data obtained from bright-field microscope and confocal microscope were
analyzed as pixel values using the Image J program (National Institutes of Health, Washington County, MD, USA). Image J was used to quantify the chromogenic signal intensity
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of images adjusted above the threshold to rule out unspecific background signal. For
measurement of IL-13, ROS, 8-OHdG, and nitrotyrosine, images were transformed to 8-bit
grayscale and adjusted at the endpoint of threshold histogram. Then the pixel value was
quantified and normalized by unstained area. For measurement of iNOS and MPO within
OX-42+ microglia/macrophages and neutrophils, the adjusted images of each channel are
colocalized using a colocalization plugin, then the overlaid signal are quantified.
4.7. Statistical Anaylsis
Statistical analyses were performed using GraphPad Prism 5 (GraphPad Software., San
Diego, CA, USA). Results are expressed as mean ± standard error of the mean (SEM). For
statistical evaluation between two groups, p value was assessed by Student’s unpaired t-test.
For comparison of multiple groups, p value was assessed by one-way of variance (ANOVA)
with Newman–Keuls analysis. p < 0.05 was considered to indicate statistical significance.
Author Contributions: Conceptualization, J.Y.J., R.W., Y.C.C. and B.K.J.; methodology, J.Y.J., R.W.,
and Y.C.C.; validation, J.Y.J., R.W., Y.C.C. and B.K.J.; formal analysis, J.Y.J., R.W. and Y.C.C.; investigation, J.Y.J., R.W. and Y.C.C.; resources, Y.C.C. and B.K.J.; data curation, J.Y.J., R.W., Y.C.C. and
B.K.J.; writing—original draft preparation, J.Y.J., R.W., Y.C.C. and B.K.J.; writing—review and editing,
J.Y.J., R.W. and Y.C.C.; visualization, J.Y.J., R.W. and Y.C.C.; supervision, B.K.J.; project administration,
Y.C.C. and B.K.J.; funding acquisition, Y.C.C. and B.K.J. All authors have read and agreed to the
published version of the manuscript.
Funding: This work was supported by a National Research Foundation of Korea (NRF) grant funded by
the Korean Government (NRF-2016R1A2B4010692, NRF-2019R1A2C2007897, NRF-2017M3C7A1031105,
and NRF-2018R1A6A1A03025124).
Institutional Review Board Statement: The study was conducted according to the guidelines of the
Committee on Animal Research of Kyung Hee University (KHU-ASP-20-235; 30 June 2020).
Informed Consent Statement: Not applicable.
Data Availability Statement: The data used to support the funding of this study are all provided
within the article.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.

Di Meo, S.; Reed, T.T.; Venditti, P.; Victor, V.M. Role of ROS and RNS sources in physiological and pathological conditions.
Oxidative Med. Cell Longev. 2016, 2016, 1245049. [CrossRef]
Kurutas, E.B. The importance of antioxidants which play the role in cellular response against oxidative/nitrosative stress: Current
state. Nutr. J. 2016, 15, 71. [CrossRef]
Liochev, S.I. Reactive oxygen species and the free radical theory of aging. Free Radic. Biol. Med. 2013, 60, 1–4. [CrossRef] [PubMed]
Cobb, C.A.; Cole, M.P. Oxidative and nitrative stress in neurodegeneration. Neurobiol. Dis. 2015, 84, 4–21. [CrossRef] [PubMed]
Chung, Y.C.; Ko, H.W.; Bok, E.; Park, E.S.; Huh, S.H.; Nam, J.H.; Jin, B.K. The role of neuroinflammation on the pathogenesis of
Parkinson’s disease. BMB Rep. 2010, 43, 225–232. [CrossRef] [PubMed]
Dasuri, K.; Zhang, L.; Keller, J.N. Oxidative stress, neurodegeneration, and the balance of protein degradation and protein
synthesis. Free Radic. Biol. Med. 2013, 62, 170–185. [CrossRef]
Butovsky, O.; Weiner, H.L. Microglial signatures and their role in health and disease. Nat. Rev. Neurosci. 2018, 19, 622–635.
[CrossRef] [PubMed]
Li, Q.; Barres, B.A. Microglia and macrophages in brain homeostasis and disease. Nat. Rev. Immunol. 2018, 18, 225–242. [CrossRef]
Yin, J.; Valin, K.L.; Dixon, M.L.; Leavenworth, J.W. The role of microglia and macrophages in CNS homeostasis, autoimmunity,
and cancer. J. Immunol. Res. 2017, 2017, 5150678. [CrossRef] [PubMed]
Doens, D.; Fernandez, P.L. Microglia receptors and their implications in the response to amyloid beta for Alzheimer’s disease
pathogenesis. J. Neuroinflamm. 2014, 11, 48. [CrossRef] [PubMed]
Izquierdo, P.; Attwell, D.; Madry, C. Ion channels and receptors as determinants of microglial function. Trends Neurosci. 2019, 42,
278–292. [CrossRef] [PubMed]
Galloway, D.A.; Phillips, A.E.M.; Owen, D.R.J.; Moore, C.S. Phagocytosis in the brain: Homeostasis and disease. Front. Immunol.
2019, 10, 790. [CrossRef] [PubMed]
Hickman, S.; Izzy, S.; Sen, P.; Morsett, L.; El Khoury, J. Microglia in neurodegeneration. Nat. Neurosci. 2018, 21, 1359–1369.
[CrossRef]

Int. J. Mol. Sci. 2021, 22, 3486

14.
15.
16.
17.
18.

19.

20.
21.
22.

23.
24.
25.
26.
27.
28.
29.
30.
31.

32.

33.

34.
35.
36.
37.
38.
39.

40.
41.

12 of 13

Wolf, S.A.; Boddeke, H.W.; Kettenmann, H. Microglia in physiology and disease. Annu. Rev. Physiol. 2017, 79, 619–643. [CrossRef]
Simpson, D.S.A.; Oliver, P.L. ROS generation in microglia: Understanding oxidative stress and inflammation in neurodegenerative
disease. Antioxidants 2020, 9, 743. [CrossRef] [PubMed]
Chung, Y.C.; Jeong, J.Y.; Jin, B.K. Interleukin-4-mediated oxidative stress is harmful to hippocampal neurons of prothrombin
kringle-2-lesioned rat in vivo. Antioxidants 2020, 9, 1068. [CrossRef]
Jeong, J.Y.; Chung, Y.C.; Jin, B.K. Interleukin-4 and interleukin-13 exacerbate neurotoxicity of prothrombin kringle-2 in cortex
in vivo via oxidative stress. Int. J. Mol. Sci. 2019, 20, 1927. [CrossRef]
Kim, S.R.; Chung, E.S.; Bok, E.; Baik, H.H.; Chung, Y.C.; Won, S.Y.; Joe, E.; Kim, T.H.; Kim, S.S.; Jin, M.Y.; et al. Prothrombin
kringle-2 induces death of mesencephalic dopaminergic neurons in vivo and in vitro via microglial activation. J. Neurosci. Res.
2010, 88, 1537–1548. [CrossRef] [PubMed]
Nam, J.H.; Park, K.W.; Park, E.S.; Lee, Y.B.; Lee, H.G.; Baik, H.H.; Kim, Y.S.; Maeng, S.; Park, J.; Jin, B.K. Interleukin-13/-4-induced
oxidative stress contributes to death of hippocampal neurons in abeta1-42-treated hippocampus in vivo. Antioxid. Redox Signal.
2012, 16, 1369–1383. [CrossRef]
Won, S.Y.; Choi, S.H.; Jin, B.K. Prothrombin kringle-2-induced oxidative stress contributes to the death of cortical neurons in vivo
and in vitro: Role of microglial NADPH oxidase. J. Neuroimmunol. 2009, 214, 83–92. [CrossRef] [PubMed]
Berzin, T.M.; Zipser, B.D.; Rafii, M.S.; Kuo-Leblanc, V.; Yancopoulos, G.D.; Glass, D.J.; Fallon, J.R.; Stopa, E.G. Agrin and
microvascular damage in Alzheimer’s disease. Neurobiol. Aging 2000, 21, 349–355. [CrossRef]
Shin, W.H.; Jeon, M.T.; Leem, E.; Won, S.Y.; Jeong, K.H.; Park, S.J.; McLean, C.; Lee, S.J.; Jin, B.K.; Jung, U.J.; et al. Induction of
microglial toll-like receptor 4 by prothrombin kringle-2: A potential pathogenic mechanism in Parkinson’s disease. Sci. Rep. 2015,
5, 14764. [CrossRef]
Junttila, I.S. Tuning the cytokine responses: An update on interleukin (IL)-4 and IL-13 receptor complexes. Front. Immunol. 2018,
9, 888. [CrossRef]
McKenzie, A.N.J.; Spits, H.; Eberl, G. Innate lymphoid cells in inflammation and immunity. Immunity 2014, 41, 366–374. [CrossRef]
Mori, S.; Maher, P.; Conti, B. Neuroimmunology of the interleukins 13 and 4. Brain Sci. 2016, 6, 18. [CrossRef] [PubMed]
Quarta, A.; Berneman, Z.; Ponsaerts, P. Neuroprotective modulation of microglia effector functions following priming with
interleukin 4 and 13: Current limitations in understanding their mode-of-action. Brain Behav. Immun. 2020, 88, 856–866. [CrossRef]
Won, S.Y.; Kim, S.R.; Maeng, S.; Jin, B.K. Interleukin-13/Interleukin-4-induced oxidative stress contributes to death of
prothrombinkringle-2 (pKr-2)-activated microglia. J. Neuroimmunol. 2013, 265, 36–42. [CrossRef] [PubMed]
Yang, M.S.; Ji, K.A.; Jeon, S.B.; Jin, B.K.; Kim, S.U.; Jou, I.; Joe, E. Interleukin-13 enhances cyclooxygenase-2 expression in activated
rat brain microglia: Implications for death of activated microglia. J. Immunol. 2006, 177, 1323–1329. [CrossRef]
Park, K.W.; Baik, H.H.; Jin, B.K. IL-13-induced oxidative stress via microglial NADPH oxidase contributes to death of hippocampal
neurons in vivo. J. Immunol. 2009, 183, 4666–4674. [CrossRef]
Shin, W.H.; Lee, D.Y.; Park, K.W.; Kim, S.U.; Yang, M.S.; Joe, E.H.; Jin, B.K. Microglia expressing interleukin-13 undergo cell death
and contribute to neuronal survival in vivo. Glia 2004, 46, 142–152. [CrossRef]
Rossi, S.; Mancino, R.; Bergami, A.; Mori, F.; Castelli, M.; De Chiara, V.; Studer, V.; Mataluni, G.; Sancesario, G.; Parisi, V.; et al.
Potential role of IL-13 in neuroprotection and cortical excitability regulation in multiple sclerosis. Mult. Scler. 2011, 17, 1301–1312.
[CrossRef]
Kawahara, K.; Suenobu, M.; Yoshida, A.; Koga, K.; Hyodo, A.; Ohtsuka, H.; Kuniyasu, A.; Tamamaki, N.; Sugimoto, Y.; Nakayama,
H. Intracerebral microinjection of interleukin-4/interleukin-13 reduces beta-amyloid accumulation in the ipsilateral side and
improves cognitive deficits in young amyloid precursor protein 23 mice. Neuroscience 2012, 207, 243–260. [CrossRef] [PubMed]
Morrison, B.E.; Marcondes, M.C.; Nomura, D.K.; Sanchez-Alavez, M.; Sanchez-Gonzalez, A.; Saar, I.; Kim, K.S.; Bartfai, T.;
Maher, P.; Sugama, S.; et al. Cutting edge: IL-13Ralpha1 expression in dopaminergic neurons contributes to their oxidative
stress-mediated loss following chronic peripheral treatment with lipopolysaccharide. J. Immunol. 2012, 189, 5498–5502. [CrossRef]
Brown, D.R. Role of microglia in age-related changes to the nervous system. Sci. World J. 2009, 9, 1061–1071. [CrossRef]
Kim, S.U.; de Vellis, J. Microglia in health and disease. J. Neurosci. Res. 2005, 81, 302–313. [CrossRef]
Kaur, C.; Rathnasamy, G.; Ling, E.A. Roles of activated microglia in hypoxia induced neuroinflammation in the developing brain
and the retina. J. Neuroimmune Pharmacol. 2013, 8, 66–78. [CrossRef]
Lee, P.; Lee, J.; Kim, S.; Lee, M.S.; Yagita, H.; Kim, S.Y.; Kim, H.; Suk, K. NO as an autocrine mediator in the apoptosis of activated
microglial cells: Correlation between activation and apoptosis of microglial cells. Brain Res. 2001, 892, 380–385. [CrossRef]
Lucas, S.M.; Rothwell, N.J.; Gibson, R.M. The role of inflammation in CNS injury and disease. Br. J. Pharmacol. 2006, 147 (Suppl. 1),
S232–S240. [CrossRef]
Choi, S.H.; Lee, D.Y.; Chung, E.S.; Hong, Y.B.; Kim, S.U.; Jin, B.K. Inhibition of thrombin-induced microglial activation and
NADPH oxidase by minocycline protects dopaminergic neurons in the substantia nigra in vivo. J. Neurochem. 2005, 95, 1755–1765.
[CrossRef] [PubMed]
Ji, K.A.; Yang, M.S.; Jeong, H.K.; Min, K.J.; Kang, S.H.; Jou, I.; Joe, E.H. Resident microglia die and infiltrated neutrophils and
monocytes become major inflammatory cells in lipopolysaccharide-injected brain. Glia 2007, 55, 1577–1588. [CrossRef]
Green, P.S.; Mendez, A.J.; Jacob, J.S.; Crowley, J.R.; Growdon, W.; Hyman, B.T.; Heinecke, J.W. Neuronal expression of myeloperoxidase is increased in Alzheimer’s disease. J. Neurochem. 2004, 90, 724–733. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2021, 22, 3486

42.

43.

44.

45.
46.
47.
48.
49.
50.
51.
52.

53.
54.

13 of 13

Huh, S.H.; Chung, Y.C.; Piao, Y.; Jin, M.Y.; Son, H.J.; Yoon, N.S.; Hong, J.Y.; Pak, Y.K.; Kim, Y.S.; Hong, J.K.; et al. Ethyl pyruvate
rescues nigrostriatal dopaminergic neurons by regulating glial activation in a mouse model of Parkinson’s disease. J. Immunol.
2011, 187, 960–969. [CrossRef]
Yu, G.; Liang, Y.; Huang, Z.; Jones, D.W.; Pritchard, K.A., Jr.; Zhang, H. Erratum to: Inhibition of myeloperoxidase oxidant
production by N-acetyl lysyltyrosylcysteine amide reduces brain damage in a murine model of stroke. J. Neuroinflamm. 2016,
13, 166. [CrossRef]
Pattison, D.I.; Hawkins, C.L.; Davies, M.J. Hypochlorous acid-mediated oxidation of lipid components and antioxidants present
in low-density lipoproteins: Absolute rate constants, product analysis, and computational modeling. Chem. Res. Toxicol. 2003, 16,
439–449. [CrossRef]
Yap, Y.W.; Whiteman, M.; Cheung, N.S. Chlorinative stress: An under appreciated mediator of neurodegeneration? Cell. Signal.
2007, 19, 219–228. [CrossRef]
Arnhold, J.; Flemmig, J. Human myeloperoxidase in innate and acquired immunity. Arch. Biochem. Biophys. 2010, 500, 92–106.
[CrossRef]
Hampton, M.B.; Kettle, A.J.; Winterbourn, C.C. Inside the neutrophil phagosome: Oxidants, myeloperoxidase, and bacterial
killing. Blood 1998, 92, 3007–3017. [CrossRef] [PubMed]
Jana, M.; Palencia, C.A.; Pahan, K. Fibrillar amyloid-beta peptides activate microglia via TLR2: Implications for Alzheimer’s
disease. J. Immunol. 2008, 181, 7254–7262. [CrossRef]
Jang, J.H.; Lee, S.H.; Jung, K.; Yoo, H.; Park, G. Inhibitory effects of myricetin on lipopolysaccharide-induced neuroinflammation.
Brain Sci. 2020, 10, 32. [CrossRef] [PubMed]
Marik, C.; Felts, P.A.; Bauer, J.; Lassmann, H.; Smith, K.J. Lesion genesis in a subset of patients with multiple sclerosis: A role for
innate immunity? Brain 2007, 130 Pt 11, 2800–2815. [CrossRef]
Tieu, K.; Ischiropoulos, H.; Przedborski, S. Nitric oxide and reactive oxygen species in Parkinson’s disease. IUBMB Life 2003, 55,
329–335. [CrossRef] [PubMed]
Chung, Y.C.; Baek, J.Y.; Kim, S.R.; Ko, H.W.; Bok, E.; Shin, W.H.; Won, S.Y.; Jin, B.K. Capsaicin prevents degeneration of dopamine
neurons by inhibiting glial activation and oxidative stress in the MPTP model of Parkinson’s disease. Exp. Mol. Med. 2017,
49, e298. [CrossRef] [PubMed]
Pravalika, K.; Sarmah, D.; Kaur, H.; Wanve, M.; Saraf, J.; Kalia, K.; Borah, A.; Yavagal, D.R.; Dave, K.R.; Bhattacharya, P.
Myeloperoxidase and neurological disorder: A crosstalk. ACS Chem. Neurosci. 2018, 9, 421–430. [CrossRef] [PubMed]
Zhao, H.; Joseph, J.; Fales, H.M.; Sokoloski, E.A.; Levine, R.L.; Vasquez-Vivar, J.; Kalyanaraman, B. Detection and characterization
of the product of hydroethidine and intracellular superoxide by HPLC and limitations of fluorescence. Proc. Natl. Acad. Sci. USA
2005, 102, 5727–5732. [CrossRef] [PubMed]

