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Ventriculomegaly induced by the abnormal accumulation of cere-
brospinal fluid (CSF) leads to hydrocephalus, which is accom-
panied by neuroinflammation and mitochondrial oxidative stress.
The mitochondrial stress activates mitochondrial unfolded pro-
tein response (UPRmt), which is essential for mitochondrial pro-
tein homeostasis. However, the association of inflammatory re-
sponse and UPRmt in the pathogenesis of hydrocephalus is still
unclear. To assess their relevance in the pathogenesis of hydro-
cephalus, we established a kaolin-induced hydrocephalus model
in 8-week-old male C57BL/6) mice and evaluated it over time.
We found that kaolin-injected mice showed prominent ventri-
cular 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-xB 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 abnormal-
ities which could be lead to apoptotic neuronal cell death, pro-
viding a new perspective on the pathogenic mechanism of hydro-
cephalus. [BMB Reports 2022; 55(4): 181-186]
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INTRODUCTION

Hydrocephalus is a common neurological disorder caused by
abnormalities in cerebrospinal fluid (CSF) circulation and ab-
sorption, which results in the accumulation of CSF in the ven-
tricular system and the dilation of ventricles (1). Increased CSF
volume in ventricles generates shear stress, which leads to de-
formation 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 nor-
mal 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 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). Neuro-
inflammation and brain injury within the white matter of the
corpus callosum, accompanied by the increased pro-inflamma-
tory factors such as interleukin-6 (IL-6) and interleukin-1p (IL-1p)
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-in-
flammatory factors, such as tumor necrosis factor-o. (TNF-o)
and IL-6, that promote neuroinflammation and secondary brain
damage (11). The increased expression of TNF-at 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). Never-
theless, little evidence has been provided in support of the re-
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levance 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 inflam-
mation, oxidative stress that could be attenuated disease pro-
gression (14). The protective pathway that enhances stress resil-
ience through the strengthening of mitochondrial function includes
mitochondrial unfolded protein response (UPRmt) (15). To main-
tain 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 UPRmt has been reported as a patho-
logical 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 hydroce-
phalus 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 ven-
tricular dilation (20). Injection of kaolin into the cisterna magna
resulted in disruption of CSF flow and an increase in ventri-
cular size (21). To determine whether kaolin-injected mice de-
veloped 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. TA-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. 1TA-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 to measure the mice’s
distance traveled for 10 min (23). We found saline-treated mice
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Fig. 1. Kaolin-induced hydrocephalus mice show ventricular enlarge-
ment 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 10 min in the openfield 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 to —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.

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 dys-
function (Fig. TH). 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 appro-
ximately halved (Fig. 1L). Taken together, these results showed
that locomotor ability and muscular strength prominently are
reduced with ventricular enlargement at the 3-day.

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-o.
is increased in the CSF of NPH patients (12). To investigate
whether microglia and TNF-a increase in our kaolin-induced
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hydrocephalic mice, we monitored the expression of the micro-
glia marker Iba-1, and inflammatory factor, TNF-o 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-o
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-o. staining
intensity increased by 1.5-fold in the 5-day group, compared
with the saline group (Fig. 2B, C).

In addition, lba-1 protein levels also increased ~ 12-fold, ac-
companied by a 1.6-fold increase in TNF-a in the 5-day group,
compared with the saline group, whereas Iba-1 and TNF-o.
protein levels in the 1- and 3-day groups showed no significant
changes compared with the saline group (Fig. 2D-F). Consis-
tently, TNF-o. 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-in-
duced hydrocephalic mice.

Apoptotic neuronal cell death occurs in the motor cortex at
the 5-day after kaolin injection

Microglia promote the release of inflammatory cytokine TNF-o,
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-at in kaolin-injected mice,
we assessed the expression of PARP-1 and cleaved PARP-1, as
well as NF-kB p65 and phospho-NF-kB p65, the hub subunit
of NF-kB, in the motor cortex (29). This analysis showed that

Motor cortex ba-1 TNFo DAPI/ Merge . __Enlarged
L

15

< ns.
Saline  _i-day _3.day _Sday  (kDa) § ns.
il 17 a0

Sal

5-day

D

®

g

5

Iba-1| — =

5
AL
ol [

Saine 1 3 5 (day)

£

F
a
3
ps
H
£
2
e

9
TNF-a levels (pg/mL)
8

OSaine 1 3 5 (<ay) OSElIJH::] 5 (-day)

Fig. 2. Kaolin-induced hydrocephalus mice activate microglia at
the 5-day. (A) The motor cortex was stained for Iba-1 (red) and TNF-ou
(green). (B, O The immunofluorescence intensity of Iba-1 and TNF-o.
was quantified. (D) The expression of lba-1 and TNF-ot in the motor
cortex was analyzed by western blotting. (E, F) The intensity value
of Iba-1 and TNF-oc was shown. (G) The TNF-o. 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 pum.
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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
cleaved PARP-1 (Fig. 3A-C), a 1.7-fold increase in NF-xB 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 Niss| staining, we
observed the number of neuronal cells decreased in the 5-day
group compared with the saline group (Supplementary 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.

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 mecha-
nisms that serve to maintain optimal cellular function, in parti-
cular, UPRmt (15). To determine whether the UPRmt is acti-
vated 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
3.9fold (Fig. 4A, D). Consistent with the protein results, the
transcriptional level of Lonp1, Hspd1, and Clpp roughly increased
2-fold in the 5-day group compared with the saline group (Fig.
4E-G). Taken together, our results demonstrate that activation
of microglia and UPRmt in the motor cortex are following hydro-
cephalic ventricular expansion and behavioral abnormalities,
that could contribute the apoptotic neuronal cell death.
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Fig. 3. Kaolin-induced hydrocephalus mice show neuronal apoptosis
associated with PARP-1 and NF-xB 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, O The intensity value
of PARP-1 and cleaved PARP-1 was shown. (D) The expression of
NF-xB p65 and phospho-NF-xB p65 in the motor cortex were
analyzed by western blotting. (E, F) The intensity value of NF-xB
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-kB p65 protein
level was normalized to NF-xB p65. (n = 3, from three independent
samples performed twice independently, *P < 0.05, **P < 0.01;
n.s., not significant).
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Fig. 4. Kaolin-induced hydrocephalus mice activate UPRmt at the
5day. (A) The expression of LONP1, HSP60, and CLPP in the motor
cortex was analyzed by western blotting. (B-D) The intensity value
of LONP1, HSP60, and CLPP was shown. (E-G) The expression of
Lonp1, Hspdi, and Clpp in the motor cortex was analyzed by
gPCR. Western blotting (n = 3, from three independent samples
performed twice independently), gPCR 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 hydro-
cephalic ventricular expansion and behavioral abnormalities.

DISCUSSION

Hydrocephalic patients show behavioral abnormalities with
abnormal accumulation of CSF in ventricles (1). In addition, in-
flammatory cytokines such as TNF-o,, IL-18, IL-6 were suggested
as the biomarkers of NPH patients because the cytokines in-
creased in CSF of NPH patients (31, 32). However, the association
between neuroinflammatory response and behavior symptoms
as well as the mechanism underlying the ventricular enlargement
that may induce behavior defects are still unclear. Kaolin (alu-
minum silicate) has been used to generate hydrocephalus by
direct cisterna magna injection in animal models (33). The
kaolin-induced hydrocephalus is a well-established animal hydro-
cephalus model, to study the pathogenesis of hydrocephalus
(34). 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 resear-
chers have been reported that ventricular dilation, behavioral
defects, and neuroinflammation in the kaolin-induced hydro-
cephalus model (35-37). However, the mitochondria-related
pathogenesis in the kaolin-induced hydrocephalus model is
not fully understood. In the present study, we sequentially in-
vestigated the symptoms of the kaolin-induced hydrocephalus
mice over time after the injection of kaolin. We observed en-
larged ventricle and behavior defects at the 3-day after that
time, microglia activated and TNF-o. level increased at the
5-day after kaolin injection. We also demonstrated that UPRmt
were induced at the 5-day when inflammatory response occur-
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red with apoptotic neuronal cell death in the kaolin-induced
hydrocephalus mice.

Reactive microglia serve as a potential pathogenic mechanism
for neonatal hydrocephalus (38). 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-c., which can provide
a positive feedback loop to spread the inflammatory reaction
around the microenvironment which is called gliosis (39).
TNF-o0 was correlated with the severity of congenital hydro-
cephalic mice (12, 40, 41). Similarly, the level of TNF-o in
CSF is positively correlated with the severity of NPH patients,
and drainage surgery can not only improve the clinical symp-
toms of hydrocephalus but also completely reduce the secretion
of TNF-au (12). The presence of TNF-o. could explain the re-
active gliosis is closely associated with the severity of ventri-
cular dilation in hydrocephalic rats (36). 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 hydro-
cephalic mice (Supplementary Fig. 2), unlike in the hydrocepha-
lic rat model (36). Astrocyte alteration needs to be in further
investigation in the hydrocephalus mice over time.

In neurodegenerative diseases, glia-mediated neuroinflamma-
tion aggravates neuronal degeneration and increases neuronal
cell death (42-44). PARP-1 acts as the coactivator of NF-xB,
which plays a crucial role in inflammatory disorders (45). Fur-
thermore, PARP-1 promotes DNA repair, cleaved PARP-1 initiates
the apoptotic cell death pathway (46). In a mouse model of
traumatic brain injury (TBI), PARP-1 induces neuronal cell death
through microglial activation (47). 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-xB is in-
creased at the 5-day after kaolin injection, suggesting the pre-
sence 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 (48).

Mitochondrial oxidative stress is the common feature of chro-
nic neurodegenerative diseases (49, 50). Mitochondrial oxida-
tive phosphorylation (OXPHOS) dysfunction produces reactive
oxygen species (ROS), which mediates neuronal dysfunction and
aggravates perinatal hydrocephalus (14, 51). During mitochon-
drial and cellular dysfunction, mitochondrial stress responses in-
tervene to rebuild correct protein and maintain cellular home-
ostasis, UPRmt. This pathway mediates the adaptative responses
against microenvironmental stimuli (52). In the case of Surf1
(—/—) mice which showed reduced cytochrome c oxidase (CcO)
activity, UPRmt might contribute to the enhancement of stress
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adaptation response by increased expression of UPRmt compo-
nents CLPP, HSP60, and LONP1 (53). We also found that LONPT,
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 ventricular enlargement. Although we
assumed that UPRmt progresses neuronal cell death by obser-
ving 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 activa-
tion and increase of TNF-a, occurred with PARP-1/NF-kB signal-
ing 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 hydro-
cephalus (Fig. 4H).

MATERIALS AND METHODS

Materials and methods are available in the supplemental material.
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