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Germinal matrix hemorrhage (GMH) results from the rupture of the immature thin-walled blood vessels and
consequent bleeding into the subependymal germinal matrix and possible lateral ventricles. The purpose of this
study is to investigate how astrogliosis impacts the glymphatic-meningeal lymphatic system in cerebrospinal
fluid (CSF) reabsorption after GMH and how the anti-scarring agent olomoucine attenuates post-hemorrhagic
hydrocephalus. GMH was induced by stereotaxic collagenase infusion into P7 Sprague-Dawley rats of both sexes.
Western blot and immunofluorescence were used to assess astrogliosis and how astrogliosis affects glymphatic
function by measuring Aquaporin-4 expression. Intracisternal injection of fluorescence tracer was used to
measure CSF diffusion throughout the brain, its dispersion in the paravascular area and CSF drainage into the
deep cervical lymph nodes at 28 days after GMH. Both short-term and long-term behavioral tests were used to
assess the neurological outcomes. Nissl staining was used to assess the morphological changes at 28 days after
hemorrhage. GMH elicited astrogliotic scarring and reduced the exchange between CSF and interstitial fluid, as
well as CSF reabsorption through the meningeal lymphatic vessels. This might be associated with redistribution
of Aquaporin-4. Olomoucine ameliorated scar tissue formation and attenuated post-hemorrhagic hydrocephalus.
These findings of this study suggested that the glymphatic system might play a role in CSF reabsorption in
neonates following GMH. Scar tissue formation impairs this CSF clearance route, and therefore astrogliosis
inhibition might be a potential therapeutic strategy for neonatal post-hemorrhagic hydrocephalus.

1. Introduction flow and gets reabsorbed through the subarachnoid villi. In neonates,

however, the subarachnoid villi are underdeveloped and sparsely dis-

Germinal matrix hemorrhage (GMH) results from rupture of the
thin-walled vessels in the germinal matrix of preterm infants. GMH can
lead to devastating consequences, such as post-hemorrhagic hydro-
cephalus (PHH) (Ballabh, 2010; Ballabh et al., 2004). The only effective
treatment available to treat PHH is surgical shunting, but post-surgical
shunting complications and chronic obstruction are problematic and
costly.

Cerebrospinal fluid (CSF), secreted primarily from the choroid
plexus, travels through the cerebroventricular system by pulsatile bulk

tributed (Johnston, 2003; Zakharov et al., 2003). This leads to the
speculation that the newly-identified “glymphatic system” might play a
greater role in neonates. The glymphatic system functions in a manner
similar to conventional lymphatics in that it contains analogous para-
vascular channels where CSF exchanges waste for elimination with the
interstitial fluid (ISF). Three key components make up the glymphatic
system: para-arterial CSF influx, astrocytic aquaporin-4 (AQP4) and
para-venous clearance (Iliff et al., 2012). A previous report has shown
that ISF clearance was reduced by 70% in AQP4 knockout mice (Iliff
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et al., 2012). In addition, two recent reports identified the lymphatic
vascular system in the meningeal compartment that ultimately drains in
to the deep cervical lymph nodes (dcLNs) (Aspelund et al., 2015;
Louveau et al., 2015). Although still controversial and largely un-
known, the dural lymphatic vessel system might function as the
downstream outflow of the glymphatic system for the clearance of
molecules (Louveau et al., 2017; Sun et al., 2018).

Although neonatal astrocytes demonstrate greater plasticity than
those in adults, previous reports from our laboratory demonstrate that
GMH elicits significant inflammatory response and astrogliosis, as
shown by increased GFAP level, which sustains for up to 28 days after
the hemorrhage (Balasingam et al., 1994; Lekic et al., 2012; Manaenko
et al., 2014). Astrogliotic scarring is associated with ventricular dilation
and decreased scar tissue formation correlates with reduced ven-
triculomegaly after GMH (Manaenko et al., 2014). However, the un-
derlying mechanisms remain largely unknown. Previous studies suggest
that astrogliosis affects the glymphatic system by altering AQP4 ex-
pression and polarity in both ischemic stroke and traumatic brain injury
(1liff and Nedergaard, 2013; Wang et al., 2012). Thus, it would be in-
triguing to verify if this also holds true in neonates after GMH.

Olomoucine is a cyclin-dependent kinase (CDK) inhibitor. In vitro
studies have shown that olomoucine targets the Cyclin E-CDK2 complex
to prevent DNA acetylation when the cells are going under G1-S phase
(Raynaud et al., 2005). It has been shown to be protective in several
central nervous system injuries with the mechanisms related with as-
trogliosis inhibition (Di Giovanni et al., 2005; Tian et al., 2006; Zhu
et al., 2007).

Thus, in this present study, we hypothesize that GMH-induced as-
trogliosis decreases CSF transport through the glymphatic system via
AQP-4 redistribution leading to hydrocephalus and ventriculomegaly.
We further hypothesize that olomoucine will attenuate hydrocephalus
and ventriculomegaly by reducing astrogliosis, which might be asso-
ciated with preventing AQP-4 redistribution.

2. Materials and methods

The data that support the findings of this study are available from
the corresponding author, who is responsible for maintaining avail-
ability, upon request.

2.1. Animals and surgeries

All experiments protocols and procedures were approved by the
Institutional Animal Care and Use Committee at Loma Linda University.
All studies were conducted in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals (NIH
Publications No. 8023, revised 1978). Animal studies were reported
according to ARRIVE guidelines. A total of one hundred and fifty-five
pups were used, of which two died during the operations. P7 Sprague-
Dawley rats of both sexes were purchased from Envigo (Livermore, CA).
GMH was induced as previously described (Feng et al., 2017). Briefly,
animals were anesthetized with 3% isoflurane and placed onto stereo-
taxic frame. Isoflurane concentration was then reduced to 2%. After the
scalp area was disinfected, Bregma was exposed. A 1 mm burr hole at
the following stereotactic coordinates was drilled: 1.6 mm (rostral) and
1.5mm (lateral, right). A 27-gauge needle was inserted to a depth of
2.7 mm from the dura. Using a microinfusion pump (Harvard Appa-
ratus, Holliston, MA), 0.3 U of clostridial collagenase VII-S (Sigma-Al-
drich) in 3 puL was infused through the Hamilton syringe at the rate of
1 pL/min. The needle remained in place for an additional 5min after
injection to prevent leakage. The needle was then withdrawn at the rate
of 0.5 mm/min, the burr hole was sealed with bone wax and the inci-
sion was sutured. Pups were allowed to recover on a 37 °C heated
blanket. Upon the recovery from anesthesia, the animals were returned
to their dams. Sham-operated animals were subjected to needle inser-
tion alone without collagenase infusion.
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2.2. Drug administration

Olomoucine (Abcam) was administered at 1 h post-ictus at the dose
of 1 mg/kg, 3 mg/kg or 9 mg/kg (i.p.) for three consecutive days for the
three-day studies. For the 28-day studies, olomoucine (3 mg/kg, i.p.)
was administered for five consecutive days. EX527 (Cayman Chemical),
a SIRT1 inhibitor, was administered at the dose of 10 mg/kg (i.p.) with
olomoucine for three consecutive days. 5% DMSO in sterile saline was
the vehicle.

2.3. Neurobehavioral tests

Short-term neurobehavioral tests include negative geotaxis and
right reflex. Both were performed on Day 3 after GMH. Negative geo-
taxis was performed by placing a pup on a 45 degree incline with its
head down and recording the time it took for the pup to make a 180
degree turn. Righting reflex was performed by placing a pup on its back
position and recording the time it took for the pup to right itself. These
two tests are sensitive in evaluating the developmental profile in neo-
nates.

To assess long-term neurological function, Morris water maze and
Rotorod were performed between Day 22 and Day 27 after GMH. They
tested cognitive function and motor function, respectively. Morris water
maze was performed as previously described (Wan et al., 2018). After
the training block, animals went under 4 blocks to find the platform.
The time it took for them to find the platform was recorded. At the end
of the memory blocks, a probe trial was conducted with the platform
removed to measure the percentage of time they spent in the quadrant
where the platform was located. Rotorod was used to test the animal's
ability to remain on an accelerating rod. The animal's falling latency
was recorded. All the neurobehavioral tests were conducted in a
blinded fashion with animals coded by numbers. After the data was
analyzed, the treatment groups were uncoded.

2.4. Immunofluorescence

Immunofluorescence was performed as previously described (Lu
et al.,, 2019). Animals were anesthetized with 5% isoflurane and
transcardially perfused with PBS followed by 4% formalin. After brains
were removed, they were stored in 4% formalin at 4 °C overnight and
transferred to 30% sucrose for 3-5 days until they sank to the bottom.
Brains were embedded in Optimal Cutting Temperature (OCT) and
frozen at —80°C until they were sectioned. Eight micrometer-thick
coronal sections were obtained using a cryostat (Leica). After sections
were permeablized with 0.3% Triton-100 X and blocked with 5%
donkey serum, they were incubated with primary antibodies overnight.
Appropriate secondary antibodies (Jackson ImmunoResearch) were
diluted to 1:200 and incubated for 2h at room temperature. Sections
were mounted with PROLONG anti-fading media with DAPI (Vector
Laboratories) and visualized using a microscope (Leica). Primary anti-
bodies were anti-GFAP (Abcam, ab16997), anti-AQP4 (Santa Cruz
Biotechnology, sc-9888), and anti-RECA-1 (Santa Cruz Biotechnology,
sc-52665). Immunofluorescence intensity was measured using ImageJ
(NIH). For AQP-4 measurement, AQP-4 was categorized into “para-
vascular” and “stromal” subtypes. We measured the fluorescence in-
tensity for each AQP-4 and averaged them out for both categories. For
cell counting, three areas were chosen in the periventricular area for
imaging. Cells were counted in each image and cell numbers were
averaged for each animal.

2.5. CSF dynamics measurement

Animals were anesthetized intraperitoneally with a mixture of ke-
tamine (80 mg/kg) and xylazine (20 mg/kg) until no pinch-paw reflex
was observed. Anesthetized animals were fixed in a stereotaxic frame
and a Hamilton syringe with a 30GA needle was inserted into the
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cisterna magna. Fluorescence tracer tetramethylrhodamine-dextran-3
(TR-3; molecular size 3kD; ThermoFisher) was reconstituted in artificial
cerebrospinal fluid (aCSF) at a concentration of 0.25% and a total vo-
lume of 45 uL was injected into the cisterna magna at the rate of 1.6 pL/
min(Yang et al., 2013). 20 min after the infusion was finished, the deep
cervical lymph nodes (dcLNs) were isolated. Animals were perfused
with 4% formalin transcardially and brains were removed. The brains
and dcLNs were incubated in 4% formalin overnight and transferred to
30% sucrose for another 3—-4 days. Brains and dcLNs were then em-
bedded in OCT and stored at —80 °C until sectioning. 10 pm coronal
sections of the brains and dcLNs were collected with a cryostat (Leica)
and visualized with fluorescence microscope (Leica). Fluorescence in-
tensity was quantified using ImageJ (NIH).

The same tracer injection procedure was performed on another set
of animals. Immediately after the injection, brains were removed and
imaged using a two-photon microscope (Zeiss LSM 710 NLO). Two to
three cortical arteries in the injured hemisphere were located in each
brain and the paravascular area was imaged to evaluate tracer disper-
sion. For each vessel, three or four regions of interest (ROIs) were
chosen randomly for fluorescence intensity measurement. Intensity was
quantified in ImageJ (NIH).

2.6. Histological volumetric study

28 days after GMH, animals were sacrificed, and brains were col-
lected. Nissl staining was performed as previously described (Manaenko
et al., 2014). Optical dissector principles were used to delineate cere-
bral structure borders following previously defined criteria from ste-
reologic neuroanatomical studies. Volumes were calculated as the
average delineated area from 10 um sections taken approximately at
1.70 mm and 0.70 mm rostral to Bregma, and 1.88 mm and 3.30 mm
caudal to Bregma(Wan et al., 2018). ImageJ (NIH) was used to analyze
ventricular volume, cortical thickness and white matter area in Nissl
stained histological brain sections as previously described (Klebe et al.,
2014).

2.7. Western blot

For whole cell protein analysis, tissues were lysed using RIPA Lysis
Buffer System (Santa Cruz Biotechnology) following the manufacturer's
the instructions. For nuclear protein analysis, NE-PER Nuclear and
Cytoplasmic Extraction Reagents (Thermo Scientific) were used to
isolate nuclear protein lysates according to the manufacturer's in-
structions. Western blot was performed as previously described (Yu
et al., 2018). Briefly, 30 ug protein lysates were separated by SDS-PAGE
and transferred onto nitrocellulose membranes. After blocking with 5%
milk for 1 h, membranes were incubated with primary antibodies at 4 °C
overnight. Appropriate secondary antibodies (1:4000, Santa Cruz) were
used for two-hour incubation at room temperature. Membranes were
visualized by ECL plus kit (GE Healthcare and Life Science). Primary
antibodies: anti-GFAP (Abcam, ab16997), anti-PCNA (Santa Cruz Bio-
technology, sc-9857), anti-actin (Santa Cruz Biotechnology, sc-1616),
anti-tubulin (Santa Cruz Biotechnology, sc-9104), anti-AQP4 (Santa
Cruz Biotechnology, sc-9888), anti-phospho-Rb (Abcam, ab47474),
anti-Rb (Santa Cruz Biotechnology, sc-102), anti-SIRT1 (Santa Cruz
Biotechnology, sc-15404), anti-Cyclin E (Millipore, 07-687), anti-Cyclin
D1 (Abcam, ab134175), anti-Iba-1 (Abcam, ab178847) and anti-Lamin
B (Abcam, ab133741).

2.8. Rigor and statistical analysis

In this study, animals were numbered and randomly formed into
different experimental groups using Excel. All the experimental groups
were blinded for the surgeons and researchers who performed all out-
comes and analyzed the data. Sample size was determined according to
our previous publications for similar outcomes. Samples size was
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estimated using a type I error rate of 0.05 and a power of 0.8 on a 2-
sided test by power analysis. Parametric data was analyzed was using
one-way ANOVA followed by Tukey's post-hoc test. Longitudinal data
were analyzed by two-way ANOVA with Tukey's post-hoc test. Data
were expressed as mean * SD. P values of < 0.05 were considered
statistically significant. GraphPad Prism 6 (La Jolla, CA, USA) and
SigmaPlot 11.0 (SysStat, Germany) were used for graphing and ana-
lyzing all the data.

3. Results

3.1. Olomoucine improved short-term neurobehavior and attenuated
astrocytic proliferation at 3 days after GMH

GMH impaired short-term neurological function, as demonstrated in
negative geotaxis and right reflex tests. We administered three doses of
olomoucine: 1 mg/kg, i.p. (low dose), 3 mg/kg, i.p. (medium dose) and
9 mg/kg, i.p. (high dose). Both medium and high doses of the treatment
improved short-term neurological performance significantly compared
to the vehicle-treated group. Low dose treatment partially exerted
beneficial effects in these two tests. However, they were not significant
from the vehicle group (Fig. 1A and B). To avoid potential toxic effects
from high dosage, we chose to use the medium dose for the remainder
of the studies.

Olomoucine is a CDK inhibitor that arrests cell cycle mainly at the
G1-S stage. The proliferating cell nuclear antigen (PCNA) is a cell
proliferation marker at this stage. Several studies have shown that it
effectively inhibits astrogliosis after CNS injuries (Di Giovanni et al.,
2005; Tian et al., 2006; Zhu et al., 2007). To verify its effect in the
context of GMH, we performed Western blot for the astrocyte marker
GFAP and PCNA at 3days after GMH. The results showed that GMH
elicited proliferation of astrocytes at three days after the hemorrhage,
as shown by higher expression levels of both GFAP and PCNA. Olo-
moucine effectively attenuated the induction of GFAP and PCNA com-
pared to the vehicle-treated group (Fig. 1C-E).

To confirm that olomoucine, as a CDK inhibitor, did not affect
normal neurological function in neonates at this treatment regimen, we
administered olomoucine (3 mg/kg, i.p.) for three consecutive days to
naive pups that did not go under GMH. Short-term neurobehavioral
tests were performed on P8 pups for three days and the results were
compared with naive pups that did not receive the treatment. Our data
indicated that olomoucine alone at the dose of 3 mg/kg did not alter the
neurological function during this time window. We also performed
long-term neurobehavioral tests, namely Morris water maze and ro-
torod. Results indicated that olomoucine at this dose did not change
long-term neurological outcomes compared to naive animals
(Supplemental Fig. 1). Thus, this treatment regimen was chosen for the
following studies.

3.2. Olomoucine effectively attenuated astrogliosis on Day 28 after GMH

We then chose 28 days post-ictus, when the hematoma was com-
pletely cleared, to study the sustaining effect of astrogliosis. Western
blot results showed that the GFAP level of the whole brain was sig-
nificantly higher at 28 days after GMH and the increased GFAP ex-
pression was effectively attenuated by olomoucine treatment (Fig. 2A
and B). Astrogliosis was also assessed by GFAP staining in the peri-
ventricular area, where the hematoma used to be. The number of GFAP-
positive cells was significantly higher in the vehicle-treated group than
the sham group. Olomoucine treatment significantly ameliorated the
increase in the number of GFAP-positive cells (Fig. 2C and D).

3.3. AQP4 redistribution at 28 days after GMH

We then assessed how GMH altered the expression and localization
of AQP4, a critical element of the glymphatic system for aiding in CSF
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Fig. 1. Olomoucine improved short-term neurobehavioral outcomes and attenuated astrocyte proliferation at 3 days after GMH. A. Negative geotaxis at 3 days after
GMH (N = 6-8). B. Righting reflex at 3 days after GMH (N = 6-8). C. Representative blots of GFAP, PCNA and actin. D. Quantitation of the densitometry of GFAP
(N = 6). E. Quantitation of the densitometry of PCNA (N = 6). Values are expressed as mean + SD. One-way ANOVA with Tukey's post-hoc test. *P < .05 compared

with Sham, *P < .05 compared with GMH + Vehicle.

movement from the para-arterial to the para-venous spaces. AQP4 is
usually upregulated and contributes to edema in the acute phase after
brain injuries(Fukuda and Badaut, 2012; Zador et al., 2009). However,
at 28 days after GMH, AQP4 expression in the whole brain was not
changed between sham and GMH animals as measured by Western blot
(Fig. 3A). As shown in Supplemental Fig. 2, AQP4 was primarily ex-
pressed on astrocytes at 28 days after GMH. Immunofluorescence was
performed to further distinguish paravascular AQP4 from stromal
AQP4. Blood vessels were stained with the endothelial marker, Rat
Endothelial Cell Antigen-1 (RECA-1) and AQP4 was stained with an
antibody for AQP4. AQP4 localizing within 15 pm of a blood vessel was
categorized as “paravascular” AQP4, while “stromal” AQP4 was con-
sidered to localize > 15 um from a blood vessel. GMH caused AQP4 to
be redistributed from the paravascular to the stromal space, as mea-
sured by the AQP4 fluorescence intensity. The treatment with olo-
moucine reversed the redistribution of AQP4; greater paravascular
AQP4 and reduced stromal AQP4 was observed after olomoucine
treatment (Fig. 3B and C). In summary, even though the overall AQP4
level was unchanged at 28 days after GMH, paravascular and stromal
AQP4 expression levels were significantly altered.

3.4. GMH impaired CSF flow through the glymphatic system and
olomoucine ameliorated the impairment

Fluorescence tracer constituted with aCSF was injected into the
cisterna magna to study the CSF-ISF exchange. This tracer with the
molecular weight of 3kD has been shown to diffuse easily throughout
the brain parenchyma (Iliff et al., 2012). We imaged the paravascular
region of the cortical arteries immediately after tracer injection. Two-

photon images showed that more tracer was confined in the para-
vascular area and proximal brain parenchyma in the vehicle-treated
group compared to the sham group, as indicated by higher fluorescence
intensity. Olomoucine facilitated fluorescence tracer dispersion from
the paravascular area after GMH (Fig. 4A and B).

In another set of animals, the same intracisternal injections were
performed. At 20 min after the injections, coronal brain sections were
obtained. The fluorescence intensity was measured throughout the
whole section. Vehicle-treated animals showed significantly lower
tracer diffusion, as demonstrated by lower fluorescence intensity
throughout the brain. Olomoucine significantly increased the tracer
diffusion compared to the vehicle group (Fig. 4C and D).

These data all suggest that GMH largely impaired CSF-ISF exchange
by confining the CSF within the paravascular area and proximal brain
parenchyma and that olomoucine effectively attenuated this impair-
ment. These results were in accordance with paravascular and stromal
AQP4 expression levels as shown in Fig. 3.

Two recent reports have identified the meningeal lymphatic vas-
cular system that ultimately drains into the dcLNs. The dural lymphatic
vessels function in the downstream of the glymphatic system (Aspelund
et al., 2015; Louveau et al., 2015). Dissected dcLNs, from the same rats
used for whole brain imaging, were imaged to verify whether there was
any tracer drainage into the lymph nodes. As expected for a damaged
glymphatic CSF-ISF exchange, GMH largely decreased the CSF drainage
into the dcLNs, as shown by the decreased tracer inside the dcLNs. The
treatment with olomoucine effectively increased the amount of CSF
tracer in the dcLNs, indicating a more functional glymphatic system
(i.e. more CSF reabsorption through the glymphatic-meningeal lym-
phatic system) (Fig. 4E and F).
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Fig. 2. Olomoucine attenuated astrogliosis at 28 days after GMH. A. Representative blots of GFAP and actin. B. Quantitation of the densitometry of GFAP over actin
of each group. C. Representative images of periventricular GFAP (green) and DAPI (blue). D. Quantitation of periventricular astrocytes. Values are expressed as
mean * SD. One-way ANOVA with Tukey's post-hoc test. P < .05 compared with Sham, *P < .05 compared with GMH + Vehicle. N = 6. Scale bar = 50 ym. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.5. Olomoucine improved long-term neurobehavioral function after GMH

In order to assess the effects olomoucine has on long-term memory
and motor skills, we performed neurobehavioral tests on these animals
between Day 21 and Day 26 after GMH. Morris water maze was per-
formed and time to platform was recorded for each animal to evaluate
their cognitive function. After the first day of one training block, each
block was performed every day over a period of four days. Animals
from different experimental groups began with comparable escape la-
tency (Blocks 1 and 2), but by Block 3, vehicle-treated animals had a
tendency to take longer time to find the platform. On Block 4, the ve-
hicle group took significantly longer time to find the platform compared
to the sham group. The olomoucine-treated group took significantly less
time to find the platform compared to the vehicle group (Fig. 5A). A
Probe Trial followed Block 4 to measure the percentage of the time
spent in the platform quadrant with the platform removed. The vehicle-
treated group spent significantly less time in the target quadrant com-
pared to sham animals. Olomoucine-treated animals spent more time in

the target quadrant compared to the vehicle group (Fig. 5B). Swimming
velocity was not significantly different between groups (data not
shown). Thus, the difference in latencies was due to the difference in
cognitive function, rather than swimming ability.

Rotorod was performed to test the motor ability on Day 26 after
GMH. Vehicle-treated animals had much shorter falling latency on ac-
celerating rods compared to the sham group. Olomoucine treatment
restored this motor function (Fig. 5C).

We also performed data analysis to see whether there was any sex
difference in escape latency of Morris water maze. Data from males and
females were analyzed separately. Our data showed that males and
females responded similarly to GMH injury and olomoucine treatment.
We did not observe differences between both sexes (Supplemental
Fig. 3).



Y. Ding, et al.

A Sham GMH

[ e i S e 2|

Tubulin 50 kDa

1.5
o

53 e
S 3

@ 6 1:01

g

w2

8 0.5

e

GMH Sham

GMH + Olomoucine

Experimental Neurology 320 (2019) 113003

@

EZE Paravascular
E= Stromal

g
=)
3

-
a
L

(Relative to Sham)
o -
a o

AQP4 Fluorescence Intensity

[
=]
1

Fig. 3. AQP4 overall expression level was not altered at 28 days after GMH but it was differentially regulated. A. Representative blots of AQP4 and tubulin and
quantitation of the densitometry. B. Representative images of endothelial marker RECA-1 (green) and AQP4 (red). Solid lines indicate stromal AQP4 and dash lines
indicate paravascular AQP4. C. Quantitation of paravascular and stromal AQP4 fluorescence intensity. Values are expressed as mean * SD. One-way ANOVA with
Tukey's test. “P < .05 compared with paravascular sham group. ®P < .05 compared with stromal sham group. *P < .05 compared with paravascular vehicle
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3.6. Olomoucine attenuated ventriculomegaly and brain atrophy on Day 28
after GMH

We then assessed ventricular dilation and brain atrophy on a mor-
phological level. Nissl staining was performed. Ventricular volume was
significantly increased in the vehicle group compared to sham animals.
Olomoucine treatment significantly reduced GMH-induced ven-
triculomegaly. Since ventricular dilation is usually accompanied with
changes in other brain structures, we assessed white matter loss and
cortical thickness as previously described (Klebe et al., 2014; Manaenko
et al., 2014). Both parameters were normalized compared to the sham
animals. GMH caused significant tissue loss in both white matter and

cortex compared to the sham group. Olomoucine ameliorated the tissue
loss in the treatment group. The structural change was due to post-
hemorrhagic ventricular dilation (Fig. 6).

3.7. Olomoucine attenuated astrogliosis in a SIRT1-dependent manner

Previous findings also indicate that olomoucine, a CDK inhibitor,
mainly arrests cell cycle at G1-S phase (Dimova and Dyson, 2005;
Raynaud et al., 2005). CDK phosphorylates Retinoblastoma protein
(Rb) at Serine795. Non-phosphorylated Rb attracts histone deacetylase
(HDAC), such as SIRT1, and inhibits cell cycle progression while
phosphorylated Rb in nucleus promotes cell cycle into the S phase.
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Scale bar = 300 um. F. Quantitation of fluorescence intensity inside the dcLNs. Values are expressed as mean + SD. One-way ANOVA with Tukey's test. *P < .05
compared with Sham, *P < .05 compared with GMH + Vehicle. N = 6.
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Fig. 6. Olomoucine ameliorated ventriculomegaly at 28 days after GMH. A. Representative Nissl-stained images at different locations relative to Bregma. B.
Quantitation of ventricular volumes. C. Quantitation of cortical thickness relative to Sham. D. Quantitation of white matter area relative to Sham. Values are
expressed as mean = SD. One-way ANOVA with Tukey's post-hoc test. *P < .05 compared with Sham, *P < .05 compared with GMH + Vehicle. N = 6.

During this phase, Cyclin D1 and Cyclin E are the essential cyclins
regulating cell cycle (Dimova and Dyson, 2005). We co-administered a
SIRT1 inhibitor EX527 with olomoucine and isolated nuclear fraction of
protein to test the expression profile of Rb and cyclins at 3 days after
GMH. GMH significantly induced the phosphorylation of Rb and olo-
moucine attenuated this phosphorylation. In addition, GMH suppressed
the expression of SIRT1 while olomoucine restored the SIRT1 level
compared to vehicle-treated animals. Cyclin D1 and Cyclin E expression
levels were also significantly higher after GMH and olomoucine effec-
tively reduced the cyclins compared to GMH animals. These data were
also in accordance with the GFAP and PCNA expression. However,
EX527, a SIRT1 inhibitor, abolished the protective effects of olomou-
cine on SIRT1, restored Cyclin D1 level and had a tendency of restoring
Cyclin E level, indicating that SIRT1 could be a potential downstream
mediator in the anti-proliferative effect of olomoucine (Supplemental
Fig. 4).

4. Discussion

GMH occurs in preterm infants and one of its common complica-
tions is post-hemorrhagic hydrocephalus. Current clinical management
is surgical shunting, which is costly and can lead to numerous surgical
complications. Thus, seeking pharmacological therapies to ameliorate
hydrocephalus and/or to improve the prognosis of surgical shunting is
of the utmost importance (Tang et al., 2016). Diuretics were once tested
in clinical trials to attenuate neonatal PHH by inhibiting CSF produc-
tion. However, data showed that they led to worse outcomes (Shooman
et al.,, 2009). Thus, more attention has been drawn to the CSF re-
absorption route in addition to inhibiting CSF overproduction (Del

Bigio and Di Curzio, 2016; Karimy et al., 2017).

Although the brain was considered to be devoid of the lymphatics,
emerging evidence shows that there is the glymphatic system which is
responsible for transporting and eliminating wastes from the brain and
that the meningeal lymphatic vessels, which connect with deep cervical
lymph nodes, might function as the drainage in the downstream of the
glymphatic system (Aspelund et al., 2015; Iliff and Nedergaard, 2013;
1liff et al., 2012; Louveau et al., 2015). Although there are controversies
and skepticism about these new discoveries (Jin et al., 2016; Smith
et al., 2017), the fact that subarachnoid villi are sparsely distributed in
neonates makes it intriguing to investigators whether the glymphatic-
meningeal lymphatic system plays a part in CSF reabsorption after
neonatal PHH.

Immediately after GMH, the hematoma forms inside the ventricles
and in the periventricular area, which obstructs the normal circulation
of CSF (Garton et al., 2016). The current understanding is that the in-
itial responses after GMH mainly involve degradation of blood clots,
microglial phagocytosis of blood products, and then inflammatory re-
sponses following microglia activation(Garton et al., 2016; Strahle
et al.,, 2014; Zhang et al., 2018). After the initial inflammatory re-
sponse, microglia/macrophages would demonstrate the reparative
phenotype and astrogliotic scar tissues start to form. In this study, we
first established a treatment regimen of olomoucine that could effec-
tively reduce astrocytic proliferation at three days after GMH. GFAP
level remained upregulated up to 28 days post-ictus. This provides a
time window to characterize the hydrocephalic event. A previous study
from our laboratory shows that reduced astrogliosis was associated with
attenuation of ventricular dilation (Manaenko et al., 2014). In addition,
other studies showed that astrogliosis after brain injuries could perturb
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the glymphatic system by altering AQP4 expression and polarity in
adult animals (Iliff and Nedergaard, 2013; Wang et al., 2012). Thus we
hypothesized that astrogliosis impairs CSF-ISF exchange through the
glymphatic system in GMH animals, ultimately leading to reduced CSF
drainage from the meningeal lymphatic system and into the dcLNs.

At 28 days after GMH, astrogliotic scarring was formed as indicated
by increased number of periventricular astrocytes and GFAP expression
in the whole brain. We expected that AQP4 level would also be in-
creased with higher number of astrocytes since AQP4 is mostly ex-
pressed on astrocytes in the brain. Surprisingly, the overall AQP4 was
not different between sham and GMH animals. We further categorized
AQP4 as paravascular and stromal types. Immunofluorescence data
suggested that paravascular AQP4 expression was significantly reduced
while stromal AQP4 expression was higher in the vehicle-treated group.
These findings would suggest that AQP4 is redistributed from the
paravascular compartment to stromal areas. Since paravascular AQP4
functions as the rate-limiting mediator in the glymphatic system, this
redistribution would likely lead to reduced CSF influx into the brain
parenchyma. We observed that more tracer was confined within the
paravascular region and proximal parenchyma and that CSF tracer
diffusion throughout the whole brain in the coronal view was sig-
nificantly lower in GMH animals. This CSF dynamics data is accordance
with the AQP4 expression, which further suggests that glymphatic
function was altered after GMH.

Olomoucine is a CDK inhibitor and has been shown to arrest cell
cycle. Its inhibitory effect is not specific to a certain cell type and might
have off-target effects on other cell types. However, it has been shown
that it primarily targets cells that are proliferating at a higher rate than
its physiological level (Di Giovanni et al., 2005; Tian et al., 2006).
Considering astrocytes and microglia are proliferating faster than
neurons after CNS injuries as the immune response, olomoucine might
still provide more beneficial effects overall. Furthermore, some also
suggested that olomoucine exerted anti-apoptotic effects on neurons (Di
Giovanni et al., 2005). In addition, Park et al. showed that in primary
culture of neonatal ganglionic neurons, olomoucine did not inhibit the
normal growth, but rather promoted the survival of post-mitotic neu-
rons (Park et al., 1996). We administered olomoucine to naive animals
and performed both short-term and long-term neurobehavioral tests.
Our results showed that olomoucine alone did not alter the neurological
outcomes compared to non-treated animals. These findings suggest that
in neonates, olomoucine, at this treatment regimen, might not have
much detrimental effect on normal cell growth, although the under-
lying mechanisms still remain largely unknown and more in vivo evi-
dence is needed.

According to previous studies, CDK inhibitors are effective in in-
hibiting astrogliosis in various adult CNS injury models, including
traumatic brain injury, spinal cord injury, etc. (Di Giovanni et al., 2005;
Tian et al., 2006; Zhu et al., 2007). However, there are different
properties of glial and immune cell in neonates compared to adults. For
example, neonatal glial cells demonstrate greater plasticity and un-
dergo less proliferation in response to brain injuries (Balasingam et al.,
1994). Nevertheless, GMH elicits significant inflammatory response and
consequent scar tissue formation up to 28 days after hemorrhage (Lekic
et al., 2012; Manaenko et al., 2014). Interestingly, recent studies in-
dicated that microglia and macrophages play a beneficial role in he-
matoma clearance after brain hemorrhage (Flores et al., 2016; Garton
et al., 2017). We preliminarily demonstrated that olomoucine also in-
hibited the microglia/macrophage marker Iba-1 at 3 days after GMH
(Supplemental Fig. 5). Moreover, neonatal microglia or macrophages
have been shown to be more effective in facilitating hematoma clear-
ance compared to those of adults (Agyemang et al., 2017; Mallard et al.,
2019). Considering the great plasticity of the neonatal brains, it will be
intriguing to assess whether or how olomoucine could affect this im-
portant function of neonatal microglia in the context of GMH and what
overall benefits and side effects would CDK inhibitors bring.

Olomoucine inhibits CDKs, with the higher affinity to CDK2. CDK2
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primarily facilitates the G1-S phase, featuring elevated levels of Cyclin
D1 and Cyclin E. The underlying mechanism is that CDK2 inhibits the
phosphorylation of Rb. The non-phosphorylated form of Rb, together
with HDAG, arrests the cell cycle while the phosphorylated Rb recruits
histone acetyltransferase (HAT) and facilitates the entry into the S
phase for DNA replication. Thus, HATs and HDACs play regulatory roles
in the G1-S phase (Dimova and Dyson, 2005). SIRT1 is an HDAC that
regulates cell proliferation and has been characterized as a protective
factor in the central nervous system (Herskovits and Guarente, 2014;
Ng et al., 2015; Wan et al., 2018). Here we used the SIRT1 inhibitor
EX527 to assess whether the beneficial effects of olomoucine would be
abolished. Our data showed that Cyclin E and Cyclin D1 levels were
partially restored with SIRT1 inhibition, indicating SIRT1 might be one
of the HDAGCs in regulating the cell proliferation after GMH. However,
whether other epigenetic modulating factors, such as histone methyl-
transferases, DNA memethyltransferases, also played a role in the as-
trocytic proliferation after GMH has not been tested in this current
study. Considering the critical roles of these epigenetic factors in both
ischemic and hemorrhagic strokes (Demyanenko et al., 2018; She et al.,
2017; Sukumari-Ramesh et al., 2016), more investigation is warranted
to thoroughly understand this astrogliosis mechanism.

There are a few limitations of this study. First, we only used one
dextran tracer to characterize the CSF dynamics. Since the glymphatic
system eliminates molecules of various weights, use of tracers of dif-
ferent molecular weights will further enhance our understanding of the
glymphatic impairment in this scenario. Second, our data preliminarily
demonstrated that olomoucine did not alter the neurobehavioral out-
comes in naive animals and that it had inhibitory effect on microglia/
macrophage marker Iba-1. However, the effects of olomoucine on
neurons and microglia need to be further addressed. We might need to
investigate neuronal proliferation, apoptosis and regenerative capacity
with the olomoucine treatment. In addition, pro- and anti-inflammatory
factors, as well as hematoma resolution, need to be measured to assess
the immune cell response with olomoucine treatment. Third, the
amount of CSF reabsorption through the glymphatic-meningeal
lymphtic system compared to the conventional subarachnoid villi route
still remains to be determined. To quantify the amount of CSF re-
absorption through the glymphatic —-meningeal lymphatic vascular
system as opposed to the conventional route, we might ligate the ef-
ferent lymphatic vessel of the dcLN as described and inject fluorescence
tracer into the cisterna magna (Aspelund et al., 2015). Thus, we mini-
mize the CSF absorption through the glymphatic-meningeal lymphatic
system. We will collect the blood samples from internal jugular vein
and quantify the fluorescent intensity from the plasma part, as an in-
dicator of how much CSF is reabsorbed through the conventional route.
We will then compare the ligation group to the non-ligation group. The
difference between the two groups could be an indicator of how much
CSF is reabsorbed through the glymphatic-meningeal lymphatic system.

5. Conclusions

Overall, this study is the first to characterize how the glymphatic
system plays a role in post-hemorrhagic hydrocephalus in neonates. The
impairment of the glymphatic system is associated with astrogliosis and
redistribution of AQP4. Targeting astrogliosis might be a potential
therapeutic strategy in ameliorating neonatal PHH.
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