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ABSTRACT

Ventriculomegaly induced by the abnormal accumulation of cerebrospinal fluid (CSF) leads to
hydrocephalus, which is accompanied by neuroinflammation and mitochondrial oxidative stress. The
mitochondrial stress activates mitochondrial unfolded protein response (UPRmt), which is essential for
mitochondrial protein homeostasis. However, the association of inflammatory response and UPRmt in
the pathogenesis of hydrocephalus is still unclear. To assess their relevance in the pathogenesis of
hydrocephalus, we established a kaolin-induced hydrocephalus model in 8-week-old male C57BL/6J
mice and evaluated it over time. We found that kaolin-injected mice showed prominent ventricular
dilation, motor behavior defects at the 3-day, followed by the activation of microglia and UPRmt in
the motor cortex at the 5-day. In addition, PARP-1/NF-kB signaling and apoptotic cell death appeared
at the 5-day. Taken together, our findings demonstrate that activation of microglia and UPRmt occurs
after hydrocephalic ventricular expansion and behavioral abnormalities which could be lead to
apoptotic neuronal cell death, providing a new perspective on the pathogenic mechanism of

hydrocephalus.

INTRODUCTION

Hydrocephalus is a common neurological disorder caused by abnormalities in cerebrospinal fluid (CSF)
circulation and absorption, which results in the accumulation of CSF in the ventricular system and the
dilation of ventricles (1). Increased CSF volume in ventricles generates shear stress, which leads to
deformation of the ventricles and cortical thinning (2, 3). The dysregulation of the neuronal activity in
the motor cortex is responsible for gait disturbances in patients with idiopathic normal pressure
hydrocephalus (iNPH) (4). And, iNPH patient’s motor function can be recovered by CSF drainage,

which is related to enhanced activity of frontal motor areas (5). Although the ventriculomegaly
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correlated with motor deficits in kaolin-induced hydrocephalus rats, the underlying mechanisms are

not yet clear (6).

Neuroinflammation-related biomarkers in CSF are increasingly being used to diagnose patients with
hydrocephalus (7). Neuroinflammation and brain injury within the white matter of the corpus callosum,
accompanied by the increased pro-inflammatory factors such as interleukin-6 (IL-6) and interleukin-
1B (IL-1pB) has been shown in the neonatal hydrocephalus model (8). The production of IL-6 and
interleukin-8 (IL-8) were up-regulated in idiopathic hydrocephalus patients (9). Moreover, interleukin-
10 (IL-10) and interleukin-33 (IL-33) in CSF can be used to monitor the hydrocephalus progression
and the effectiveness of shunt surgery (10). In neuroinflammation, glial cells produce pro-inflammatory
factors, such as tumor necrosis factor-o (TNF-a) and IL-6, that promote neuroinflammation and
secondary brain damage (11). The increased expression of TNF-a is associated with periventricular
white matter lesions and demyelination in patients with normal pressure hydrocephalus (NPH) (12).
The neuroinflammatory changes caused by ventriculomegaly could be a trigger for neuronal damage
in the brain, which eventually leads to behavioral and cognitive problems in iNPH (13). Nevertheless,
little evidence has been provided in support of the relevance of neuroinflammation in hydrocephalus-

related ventricular dilation and behavioral abnormalities.

Mitochondria have been considered to be responsible for stress adaptation response against external
insult such as inflammation, oxidative stress that could be attenuated disease progression (14). The
protective pathway that enhances stress resilience through the strengthening of mitochondrial function
includes mitochondrial unfolded protein response (UPRmt) (15). To maintain the integrity of
mitochondrial structure and function, UPRmt leads to the increase of the mitochondrial molecular
chaperones and proteases expression such as heat shock protein 60 (HSP60), mitochondrial protease
Lon protease (LONP1), and caseinolytic peptidase P (CLPP) (16) These molecules promote the

recovery of the mitochondrial network to ensure optimal cellular function (17). Importantly, activated
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UPRmt has been reported as a pathological feature of neurological diseases, including Alzheimer's
disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD), and amyotrophic lateral sclerosis
(ALS) (18). Nevertheless, little evidence has been provided in support of the UPRmt is involved in
hydrocephalus. We hypothesized that gliosis and the UPRmt are involved in the pathological process
of hydrocephalus. Here, to test this hypothesis, we observed a kaolin-induced hydrocephalus mouse
model over time, based on the well-established kaolin injection model described in rats (19). The
elucidating for the involvement of UPRmt and gliosis in kaolin-injected mice would contribute to

demonstrating a novel opinion on the pathogenesis of hydrocephalus.

RESULTS

Ventricular enlargement and neurobehavioral defects appear at the 3-day after kaolin injection

The pathological symptoms of hydrocephalus begin with ventricular dilation (20). Injection of kaolin
into the cisterna magna resulted in disruption of CSF flow and an increase in ventricular size (21). To
determine whether kaolin-injected mice developed hydrocephalus, we measured the size of the lateral
ventricle (Lv), the dorsal part of the 3rd ventricle (d3v), the ventral part of the 3rd ventricle (v3v), and
the 4th ventricle (4v), in the saline-treated group and 1-, 3-, 5-day kaolin-treated groups. There were
no significant changes in the sizes of these ventricles in the 1-day group, but obvious ventricular
enlargement in the 3-day and 5-day group, compared with the saline group (Fig. 1A-E). The size of
the Lv, d3v, v3v, and 4v increased over 2-fold in the 3-day group, and more than 3-fold in the 5-day
group, compared with the saline group (Fig. 1A-E). These results indicate that kaolin induces

ventricular expansion starting at the 3-day, and continue expansion at the 5-day after injection.

The behavioral symptoms of hydrocephalus are associated with ventricular dilatation, such as
shuffling gait (22). As we found a significant change of ventricular dilatation from the 3-day after

kaolin injection, we assessed the behavior test in the 3-day group. We initially used the open-field test



90

91

92

93

94

95

96

97

98

99

100

101

102

to measure the mice's distance traveled for 10 min (23). We found saline-treated mice moved normally
in the apparatus, but kaolin-treated mice showed difficulty walking and traveled distance 60% shorter

than the saline group (Fig. 1F, G).

To verify whether the hypokinetic movement in kaolin mice is correlated with neurologic
dysfunction, we evaluated the differences in neurobehavioral function between saline and 3-day groups,
according to the modified neurological score (24). In the 3-day group, 75% of the mice showed
decreased scavenging and scatter reflexes, indicative of neurological dysfunction (Fig. 1H). We next
performed a horizontal grid test to examine the muscle strength and motor ability of kaolin mice, by
analyzing hang time, successful steps, and total steps (25). Compared with saline mice, kaolin mice
showed that the average hang time was reduced by 75% (Fig. 11), the number of successful steps and
total steps was decreased by ~90% (Fig. 1J, K), and the percentage of successful steps was
approximately halved (Fig. 1L). Taken together, these results showed that locomotor ability and

muscular strength prominently are reduced with ventricular enlargement at the 3-day.
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Microglia activates at the 5-day after kaolin injection

In the kaolin-induced hydrocephalic rats, neuroinflammation and microglial reaction followed by
ventricular enlargement (26). Moreover, the expression of the inflammatory factor TNF-a. is increased
in the CSF of NPH patients (12). To investigate whether microglia and TNF-a increase in our kaolin-
induced hydrocephalic mice, we monitored the expression of the microglia marker Iba-1, and
inflammatory factor, TNF-a in the motor cortex. Microglia in the kaolin group exhibited an altered
morphology, characterized by an enlarged cell body and a “bushier” appearance, accompanied by the
expression of TNF-a up-regulated in the 5-day group, compared with the saline group (Fig. 2A).
Immunofluorescence staining showed that the expression of Iba-1 increased 2.3-fold, with TNF-a
staining intensity increased by 1.5-fold in the 5-day group, compared with the saline group (Fig. 2B,

Q).
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In addition, Iba-1 protein levels also increased ~12-fold, accompanied by a 1.6-fold increase in TNF-
a in the 5-day group, compared with the saline group, whereas Iba-1 and TNF-a protein levels in the
1- and 3-day groups showed no significant changes compared with the saline group (Fig. 2D-F).
Consistently, TNF-a levels in brain tissue lysates, determined by ELISA, increased 1.5-fold in the 5-
day group, compared with the saline group (Fig. 2G). These results suggest that inflammatory response

occurs after the enlargement of the ventricle in the kaolin-induced hydrocephalic mice.
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Apoptotic neuronal cell death occurs in the motor cortex at the 5-day after kaolin injection

Microglia promote the release of inflammatory cytokine TNF-a, resulting in progressive neuronal cell
death (27). Furthermore, nuclear factor kappa B (NF-xB) is coactivated with poly (ADP-ribose)
polymerase-1 (PARP-1), which participates in cell death in microgliosis (28). Therefore, to examine
neuronal cell death under the condition of increased TNF-a in kaolin-injected mice, we assessed the
expression of PARP-1 and cleaved PARP-1, as well as NF-xB p65 and phospho-NF-«kB p65, the hub
subunit of NF-kB, in the motor cortex (29). This analysis showed that compared with the saline group,

mice in the 5-day group showed a 3.1-fold increase in PARP-1 expression, a 1.5-fold increase in

7
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cleaved PARP-1 (Fig. 3A-C), a 1.7-fold increase in NF-kB p65, and 1.4-fold increase phospho-NF-
kB p65 (Fig. 3D-F). By contrast, none of these proteins exhibited a change in expression in 1-day or
3-day groups. Using TUNEL staining and Nissl staining, we observed the number of neuronal cells
decreased in the 5-day group compared with the saline group (Supplemental fig. 1). Collectively, these
results suggest that coactivated PARP-1 and NF-kB are involved in the neuronal apoptosis that

occurred at 5-day after kaolin injection.
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UPRmt activates at the 5-day after kaolin injection

Both neuroinflammation and mitochondrial dysfunction are crucial pathomechanisms in neurological
diseases (30). During mitochondrial dysfunction, cells activate several defense mechanisms that serve
to maintain optimal cellular function, in particular, UPRmt (15). To determine whether the UPRmt is
activated in kaolin-injected mice, we assessed the expression of mitochondrial molecular chaperones
and proteases LONP1, HSP60, and CLPP (17). The expression of three proteins was significantly
increased in the 5-day group compared with the saline group, with LONP1 increasing 1.9-fold (Fig.
4A, B), HSP60 increasing 3-fold (Fig. 4A, C), and CLPP increasing 3.9-fold (Fig. 4A, D). Consistent

with the protein results, the transcriptional level of Lonpl, Hspdl, and Clpp roughly increased 2-fold
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147  that activation of microglia and UPRmt in the motor cortex are following hydrocephalic ventricular

148  expansion and behavioral abnormalities, that could contribute the apoptotic neuronal cell death.
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150 DISCUSSION

151  Hydrocephalic patients show behavioral abnormalities with abnormal accumulation of CSF in
152  ventricles (1). In addition, inflammatory cytokines such as TNF-a, IL-1p, IL-6 were suggested as the
153  biomarkers of NPH patients because the cytokines increased in CSF of NPH patients (31). However,
154  the association between neuroinflammatory response and behavior symptoms as well as the mechanism
155  underlying the ventricular enlargement that may induce behavior defects are still unclear. Kaolin

156  (aluminum silicate) has been used to generate hydrocephalus by direct cisterna magna injection in
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animal models (32). The kaolin-induced hydrocephalus is a well-established animal hydrocephalus
model, to study the pathogenesis of hydrocephalus (33). Kaolin was localized to the fourth ventricle
by the cisterna magna injection, the obstructive hydrocephalus was expected to develop within seven
days after induction (19). Many researchers have been reported that ventricular dilation, behavioral
defects, and neuroinflammation in the kaolin-induced hydrocephalus model (34-36). However, the
mitochondria-related pathogenesis in the kaolin-induced hydrocephalus model is not fully understood.
In the present study, we sequentially investigated the symptoms of the kaolin-induced hydrocephalus
mice over time after the injection of kaolin. We observed enlarged ventricle and behavior defects at
the 3-day after that time, microglia activated and TNF-a level increased at the 5-day after kaolin
injection. We also demonstrated that UPRmt were induced at the 5-day when inflammatory response

occurred with apoptotic neuronal cell death in the kaolin-induced hydrocephalus mice.

Reactive microglia serve as a potential pathogenic mechanism for neonatal hydrocephalus (37).
Activation of microglia in the white matter is related to ventricular dilatation (6). After the change to
reactive microglia by ventriculomegaly, it starts to release the inflammatory mediator TNF-o, which
can provide a positive feedback loop to spread the inflammatory reaction around the microenvironment
which is called gliosis (38). TNF-o was correlated with the severity of congenital hydrocephalic mice
(12, 39, 40). Similarly, the level of TNF-a in CSF is positively correlated with the severity of NPH
patients, and drainage surgery can not only improve the clinical symptoms of hydrocephalus but also
completely reduce the secretion of TNF-a (12). The presence of TNF-a could explain the reactive
gliosis is closely associated with the severity of ventricular dilation in hydrocephalic rats (35).
Consistent with our findings, inflammatory responses result from ventricle enlargement in the
hydrocephalic brain. Although we investigated microglia activation by observing morphological
changes of microglia and increase of Iba-1 expression, we can not find a profound change of astrocyte

within 5-days in the kaolin-induced hydrocephalic mice (Supplemental fig. 2), unlike in the
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hydrocephalic rat model (35). Astrocyte alteration needs to be in further investigation in the

hydrocephalus mice over time.

In neurodegenerative diseases, glia-mediated neuroinflammation aggravates neuronal degeneration
and increases neuronal cell death (41, 42). PARP-1 acts as the coactivator of NF-kB, which plays a
crucial role in inflammatory disorders (43). Furthermore, PARP-1 promotes DNA repair, cleaved
PARP-1 initiates the apoptotic cell death pathway (44). In a mouse model of traumatic brain injury
(TBI), PARP-1 induces neuronal cell death through microglial activation (45). These reports indicate
that neuronal cell death is related to microglial activation by the PARP-1/NF-kB signaling pathway.
Consistent with these results, the expression of PARP-1, cleaved PARP-1, and NF-«B is increased at
the 5-day after kaolin injection, suggesting the presence of apoptotic neurons in kaolin-treated mice.
Although we labeled broken DNA strands in the motor cortex using TUNEL staining, which is a well-
known assay of neuronal apoptosis, axonal damage-associated molecules, such as neurofilament light

(NFL) and total-tau (T-tau) in kaolin mice need to be further investigated (46).

Mitochondrial oxidative stress is the common feature of chronic neurodegenerative diseases (47).
Mitochondrial oxidative phosphorylation (OXPHOS) dysfunction produces reactive oxygen species
(ROS), which mediates neuronal dysfunction and aggravates perinatal hydrocephalus (14, 48). During
mitochondrial and cellular dysfunction, mitochondrial stress responses intervene to rebuild correct
protein and maintain cellular homeostasis, UPRmt. This pathway mediates the adaptative responses
against microenvironmental stimuli (49). In the case of Surfl (-/-) mice which showed reduced
cytochrome c oxidase (CcO) activity, UPRmt might contribute to the enhancement of stress adaptation
response by increased expression of UPRmt components CLPP, HSP60, and LONP1 (50). We also
found that LONP1, HSP60, and CLPP protein expression and mRNA level increased at the 5-day after
kaolin injection when inflammatory response upregulated. Taken together, we demonstrated that
inflammatory response and UPRmt activation simultaneously occurred with neuronal cell death after

11
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ventricular enlargement. Although we assumed that UPRmt progresses neuronal cell death by
observing apoptotic neuronal cells, the role of UPRmt that may induce or alleviate apoptosis remains

unclear and require further investigation.

In conclusion, kaolin-induced hydrocephalus mice showed prominent dilation of ventricles and
motor behavior defects at the 3-day. The inflammatory response such as microglia activation and
increase of TNF-a occurred with PARP-1/NF-kB signaling and UPRmt upregulation at the 5-day. By
demonstrating that activated microglia and UPRmt are following hydrocephalic ventricular expansion
and behavioral abnormalities, our findings provide new insights into the pathogenic mechanism of

hydrocephalus (Fig. 4H).

MATERIALS AND METHODS

Materials and methods are available in the supplemental material.
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FIGURE LEGENDS

Fig. 1. Kaolin-induced hydrocephalus mice show ventricular enlargement and motor disturbances. (A)
Coronal sections showed ventricles saline and 1, 3, 5-day after kaolin injection. (B—E) Bar plots were
showed the Lv, d3v, v3v, and 4v areas. Black arrowheads indicate the ventricles, in the 3v figures, the
arrowheads represent the d3v (top) and the v3v (bottom). (F, G) Movement activity was measured for
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10 min in the open-field test. (H) The neurological function was scored by a 5-point paradigm and
plotted. (I-L) Bar plots showed the results were calculated for 30 s in a horizontal grid test. Bregma in
Lv (+0.14 mm), in 3v (-1.12 mm ~ -1.46 mm), in 4v (-5.88 mm). Ventricles size (n = 6), behavior test
(n (saline) = 16, n (3-day) = 24 for the neurological score, n (3-day) = 23 for the open-field test and

horizontal grid test, ** P < 0.01, *** P < 0.001; n.s., not significant). Scale bar: A: 200 um.

Fig. 2. Kaolin-induced hydrocephalus mice activate microglia at the 5-day. (A) The motor cortex was
stained for Iba-1 (red) and TNF-a (green). (B, C) The immunofluorescence intensity of Iba-1 and TNF-
a was quantified. (D) The expression of Iba-1 and TNF-a in the motor cortex was analyzed by western
blotting. (E, F) The intensity value of Iba-1 and TNF-o was shown. (G) The TNF-a level was analyzed
by ELISA. Western blotting (n = 3, from three independent samples performed twice independently),
immunofluorescence and ELISA (n =6, ** P < 0.01, *** P < 0.001; n.s., not significant). Scale bar:

A: 20 um, the enlarged images: 10 um.

Fig. 3. Kaolin-induced hydrocephalus mice show neuronal apoptosis associated with PARP-1 and NF-
kB up-regulated at the 5-day. (A) The protein expression of PARP-1 and cleaved PARP-1 in the motor
cortex were analyzed by western blotting. (B, C) The intensity value of PARP-1 and cleaved PARP-1
was shown. (D) The expression of NF-kB p65 and phospho-NF-kB p65 in the motor cortex were
analyzed by western blotting. (E, F) The intensity value of NF-kB p65 and phospho-NF-kB p65 was
shown. PARP-1 and NF-kB p65 proteins levels were normalized to B-actin, cleaved PARP-1 protein
level was normalized to PARP-1, and phospho-NF-«xB p65 protein level was normalized to NF-kB p65.
(n = 3, from three independent samples performed twice independently, * P < 0.05, ** P < 0.01; n.s.,

not significant).

Fig. 4. Kaolin-induced hydrocephalus mice activate UPRmt at the 5-day. (A) The expression of

LONP1, HSP60, and CLPP in the motor cortex was analyzed by western blotting. (B—D) The intensity
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value of LONP1, HSP60, and CLPP was shown. (E-G) The expression of Lonpl, Hspd1, and Clpp in
the motor cortex was analyzed by qPCR. Western blotting (n = 3, from three independent samples
performed twice independently), PCR n =6 (* P <0.05, ** P <0.01; n.s., not significant). (H) The
schematic represents the presence of microglia and UPRmt in the motor cortex are following

hydrocephalic ventricular expansion and behavioral abnormalities.
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Supplemental fig. 1. The percentage of apoptotic neurons increased in the 5-day kaolin group. (A)
The motor cortex above the ventricles was stained for DAPI (blue), NeuN (red), and TUNEL (green).
(B) The NeuN positive cells in field were quantified, n = 6. (C) The motor cortex above the ventricles

was stained by Nissl. (D) The neurons in field were quantified, n = 3 (* P < 0.05; n.s., not significant).
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11  GFAP was shown. (C) The motor cortex was stained for the marker of astrocyte GFAP. (D) The
12 immunofluorescence intensity of GFAP was quantified. Western blotting n (saline) = 4, n (5-day) =5,
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17  n =4 (*P <0.05; n.s., not significant).
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Supplemental fig. 5. Kaolin-induced hydrocephalus mice show motor disturbances in both 3-day and
5-day groups. (A, B) Movement activity was measured for 10 min in the open-field test. (C) The
neurological function was scored by a 5-point paradigm and plotted. (D-G) Bar plots showed the
results were calculated for 30 s in a horizontal grid test. Behavior test n (saline) = 16, n (3-day) = 24,
and n (5-day) = 6. For the neurological score, n (3-day) = 24. For the open-field test and horizontal

grid test, n (3-day) = 23 (* P < 0.05, ** P < 0,01, **** P < 0.0001).
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Supplemental fig. 6. Inflammatory cytokines expression increased in the 5-day kaolin group. (A-E)

The expression of IL-6, IL-10, IL-/p, TNF-a, and IFN-y in the motor cortex was analyzed by qPCR, n

=4 (*P<0.05, ** P <0.01, *** P < 0.001; n.s., not significant).
MATERIALS AND METHODS

Animals

Eight weeks old male C57BL/6J mice (Damul Science, Daejeon, Korea), provided with a standard
chow diet (Research Diets, AIN-76A, New Brunswick, NJ, USA) and water ad libitum. Mice were
maintained at 22°C, 12 h light/dark cycle (light phase: 6:00 to 18:00, dark phase: 18:00 to 6:00). All
the experimental procedures were approved by the Institutional Animal Care and Use Committee of

Chungnam National University (ethical approval number, 202103A-CNU-022).

Mice model of kaolin-induced hydrocephalus

The mouse head was fixed in the stereotactic frame (KOPF, CA), anesthetized with 2.5% sevoflurane
(llsung, Seoul, Korea) in an O air mixture (2:1) delivered by loosely snout mask, anesthesia was
verified by touching the footpad. Wipers tissue to protect mouse eyes, 70% ethanol sterilized mouse
head. Followed midline made 1 cm incision, separated the soft tissue and muscle, exposed the cisterna
magna. In the saline group, cisterna magna was injected with 10 pL saline. In the kaolin group, cisterna

magna was injected with 10 uL 25% kaolin (250 mg/mL in saline; Sigma, K7375), through a 0.5 mL
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insulin syringe (Becton-Dickinson, 328821). After surgery, mice have sutured the muscle and skin,
allowed to recover from anesthesia on a heated surface for 30 min. Returned the mice to their cages,

kept them at room temperature, and provided them with standard chow and water ad libitum.

Measurement of ventricular size

Mice were randomly divided into 3 experimental groups, 6 mice per group: (a) saline group (the fifth
day after 10 pL saline injection), (b) 1-day group (the first day after 10 uL. 25% kaolin injection), (c¢)
3-day group (the third day after 10 uL 25% kaolin injection), and (d) 5-day group (the fifth day after
10 uL 25% kaolin injection). All the mice were euthanized with sevoflurane and then brains were
collected. Mice brains were immersed in 4% paraformaldehyde for 48 h and dehydrated in 30% sucrose
solution at 4°C for another 48 h. Then samples were frozen and sliced into coronal sections, from the
anterior horn of the lateral ventricle (Lv) to the 4th ventricle (4v), the thickness of 100 um using a
cryotome (Leica). Slices were mounted on glass slides and imaged at 20 magnifications under a
microscope (Olympus, Japan). The size of the Lv, the dorsal part of the 3rd ventricle (d3v), the ventral

part of the 3rd ventricle (v3v), and the 4v were analyzed by the Image J software.

Behavioral analysis

Mice were randomly divided into 2 experimental groups: (a) 16 mice in the saline group (the third day
after 10 pL saline injection), (b) 24 mice in the 3-day group (the third day after 10 puL 25% kaolin
injection), and (c) 6 mice in the 5-day group (the fifth day after 10 uLL 25% kaolin injection). Mice
were handled 3 days before behavioral tests, to reduce the effects that handling stress might have on
the tests. All tests were carried out from 9:00 to 18:00 during the light phase, in the same low-intensity
lightroom, and analyzed by the same experimenter. After the test, mice were returned to their cage and

the boxes were cleaned with 70% ethanol. EthoVision XT 11.5 software to analyze the mice behavior.
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Open-field test

The general activity was recorded by placing the mice in a 40 x 40 x 40 cm box for 10 min. To start

the test, a mouse was placed at the center of the box. And the travel distance was recorded.

Neurological score

Mice were scored for global neurologic function, using a modified neurological scale as follows:
normal (5), decreased scavenging activity and scatter reflex (4), no spontaneous scavenging, loss of

scattering reflex, ataxia (3), non-purposeful movements (2), loss of righting reflex (1), dead (0) ().

Horizontal grid test

The hang time, successful steps, and total steps were recorded, by placing the mouse in a 12 x 12 cm
horizontal square grid box. The box includes the bottom clear plexiglass walls, a height of 20 cm. The
top black plexiglass walls, the height of 8 cm, with 0.8 x 0.8 cm wire mesh. Placed the grid side on the
floor, put the mouse in the box. When the mouse grabbed the grids with four paws, the box inverted
slowly, the mouse would hang on the grid. The camera recorded for 30 s and replayed the videos for

analysis.

Immunofluorescence

Mice were randomly divided into 2 experimental groups, 6 mice per group: (a) saline group (the fifth
day after 10 pL saline injection) and (b) 5-day group (the fifth day after 10 pL 25% kaolin injection).
All the mice were euthanized with sevoflurane and then brains were collected. Mice were perfused and
fixed with 4% paraformaldehyde and dehydrated with 30% sucrose solution at 4°C for 48 h. Then
samples were frozen and sliced into coronal sections, at a thickness of 30 um using a cryotome. The

sections were stored in tissue stock solution and blocked in 2% donkey serum (Gene Tex), 0.3% Triton
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X-100 with phosphate-buffered saline (PBS) for 1.5 h and then incubated with anti-TNF-o (1:100;
Abcam, ab6671), ionized calcium-binding adaptor molecule-1 (Iba-1) (1:200; Novus Biologicals,
NB100-1028), GFAP (1:600, Abcam, 4674), at 4°C overnight. Washed with PBS, and incubated Alexa
Fluor® 488 AffiniPure Donkey Anti-Rabbit 1IgG (H+L) (1:100; Jackson Immuno, 711-545-152), Alexa
Fluor® 594 AffiniPure Donkey Anti-Goat 1gG (H+L) (1:200; Jackson Immuno, 705-585-147), Alexa
Fluor® 647 AffiniPure Donkey Anti-Chicken 1gG (H+L) (1:600; Jackson Immuno, 703-605-155) for
1.5 h at room temperature, Hoechst 33342 Trihydrochloride (1:5000; MedChemExpress, HY-15559A)
for 3 min at room temperature. Using fluorescent mounting solution (Dako) mounted tissue on slides,
imaged by the confocal microscope (Leica). Fluorescence integrated density (IntDen) was quantified

with the Image J software.

ELISA measurements

Mice were randomly divided into 4 experimental groups, 6 mice per group: (a) saline group (the fifth
day after 10 pL saline injection), (b) 1-day group (the first day after 10 uL 25% kaolin injection), (c)
3-day group (the third day after 10 pL 25% kaolin injection), and (d) 5-day group (the fifth day after
10 uL 25% kaolin injection). All the mice were euthanized with sevoflurane and then brains were
collected. The motor cortex above the ventricles was homogenized in 200 pL PBS, centrifuged at 3000
rpm for 5 min at 4°C. The supernatants were stored at -70°C until performed mouse TNF-a enzyme-
linked immunosorbent assay (ELISA) (KOMA, K0331186) according to the manufacturer’s

instructions.

Western blotting

Mice were randomly divided into 4 experimental groups, 3 mice per group: (a) saline group (the fifth
day after 10 pL saline injection), (b) 1-day group (the first day after 10 uL 25% kaolin injection), (c)

3-day group (the third day after 10 uL 25% kaolin injection), and (d) 5-day group (the fifth day after
7
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10 pL 25% kaolin injection). All the mice were euthanized with sevoflurane and then brains were
collected. The motor cortex above the ventricles was separated and lysed by radioimmunoprecipitation
assay (RIPA) buffer with phosphatase inhibitor and protease inhibitor cocktail (Roche) to extract the
protein. The extracted protein (each 20 pg protein) was run on sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and then were transferred to polyvinylidene fluoride (PVDF)
membrane (Millipore). The PVDF membranes were blocked with 2.5% bovine serum albumin (BSA)
(GenDEPOT) for 1 h at room temperature, then incubated 4°C, overnight with anti-TNF-a (1:1000;
Abcam, ab6671), p65 (1:500; Cell Signaling Technology, 8242), phosphorylated p65 (P-p65) (1:500;
Cell Signaling Technology, 3033), Iba-1 (1:500; Novus Biologicals, NB100-1028), LONP1 (1:1000;
Abcam, 103809), HSP60 (1:5000; Abcam, 46798), CLPP (1:1000; Sigma, HPA010649), PARP-1
(1:1000; Cell Signaling Technology, 9532), GFAP (1:5000, Abcam, 7260), CD11b/c (1:500,
Neuromics, RA25012), PSD95 (1:2000, Thermo, MAZ1-046), and B-actin (1:2000; Santa Cruz
Biotechnology, sc-47778) in 1% BSA. The PVDF membranes were washed with Tris-buffered saline
with Tween (TBST) and incubated with secondary antibodies 1gG horseradish peroxidase antibody
(HRP, Pierce Biotechnology), for 1.5 h at room temperature. The protein band was visualized by the
enhanced chemiluminescence (ECL) reagent (Thermo). Then used medical X-ray film blue (AGFA
CP-BU NEW), developer solution, and fixer solution for the ECL detection. Band intensity was

quantified with the Image J software.

TUNEL staining

Mice were randomly divided into 2 experimental groups, 6 mice per group: (a) saline group (injected
with 10 pL saline as vehicle solution) and (b) 5-day group (the fifth day after 10 uL 25% kaolin
injection). All the mice were euthanized with sevoflurane and then brains were collected. The brain

tissues were embedded in 4% paraformaldehyde, dehydrated brain sections were stained with terminal-
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deoxynucleotidyl transferase-mediated nick end labeling (TUNEL) assay (Roche, 11684795910)
according to the manufacturer’s instructions. Double-label with neuronal nuclear antigen (NeuN)
(1:200; Abcam, ab104224). Finally, the sections were covered with 4’6-diamidino-2-phenylindole
(DAPI) (1:5000; Thermo, H3570). The slides were imaged using the confocal microscope (Leica).

Fluorescence IntDen was quantified with the Image J software.

Nissl staining

Mice were randomly divided into 3 experimental groups, 3 mice per group: (a) saline group (injected
with 10 pL saline as vehicle solution), (b) 3-day group (the third day after 10 uL 25% kaolin injection),
and (c) 5-day group (the fifth day after 10 pLL 25% kaolin injection). All the mice were euthanized with
sevoflurane and then brains were collected. The brain tissues were embedded in 4% paraformaldehyde,
dehydrated brain sections were stained with 0.1% cresyl violet for 3 min, dehydrated through graded
alcohols (70, 95, 100%). Using fluorescent mounting solution (Dako) mounted tissue on slides, imaged

by the confocal microscope (Leica). Neurons in field were quantified with the Image J software.

Quantitative Real-time PCR (qPCR)

Mice were randomly divided into 4 experimental groups, 3 mice per group: (a) saline group (the fifth
day after 10 pL saline injection), (b) 1-day group (the first day after 10 uL 25% kaolin injection), (c)
3-day group (the third day after 10 pL 25% kaolin injection), and (d) 5-day group (the fifth day after
10 puLL 25% kaolin injection). Total RNAs were isolated by TRIzol reagent (Thermo) and cDNA was
prepared with reverse transcription master premix (5 x Rnase H+). The gPCR was performed with
cDNA, SYBR green PCR master mix (PhileKorea, Korea), and primers. Lonpl primer (Forward: 5 -
GACAGAGAACCCGCTAGTGC-3, Reverse: 5-CTCAGTGGTTCTGGGATGGT-3"), Hspdl
primer (Forward: 5-GAGCTGGGTCCCTCACTCG-3', Reverse: 5-

AGTCGAAGCATTTCTGCGGG-3"), Clpp primer (Forward: 5’-GCCATTCACTGCCCAATTCC-3",
9
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Reverse: 5-TGCTGACTCGATCACCTGTAG-3"), IL-6 primer (Forward: 5-
ACAACCACGGCCTTCCCTACTT-3", Reverse: 5-CACGATTTCCCAGAGAACATGTG-3)), IL-
10 primer (Forward: 5-ATAACTGCACCCACTTCCCA-3’, Reverse: 5-
GGGCATCACTTCTACCAGGT-3"), IL-1p primer (Forward: 5 -TGACGGACCCCAAAAGATGA-
3", Reverse: 5-AAAGACACAGGTAGCTGCCA-3), TNF-a primer (Forward: 5'-
CCCACGTCGTAGCAAACCAC-3", Reverse: 5-GCAGCCTTGTCCCTTGAAGA-3"), IFN-y
primer (Forward: 5-AGACATCTCCTCCCATCAGCAG-3, Reverse: 5-
TAGCCAAGACTGTGATTGCGG-3Y), and 18s rRNA primer (Forward: 5'-
CGACCAAAGGAACCATAACT-3', Reverse: 5'-CTGGTTGATCCTGCCAGTAG-3'). Results were

analyzed with the Rotor-Gene 6000 real-time rotary analyzer system (Corbett Life Science).

Statistical analysis

All results are acquired from at least three independent experiments and are presented as the mean +
SEM. Data were compared using a student’s t-test or a one-way ANOVA (Prism software). P-values

< 0.05 were deemed statistically significant.

Reference:
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