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Aims: White matter (WM) injury is a critical factor associated with worse outcomes
following subarachnoid hemorrhage (SAH). However, the detailed pathological changes are
not completely understood. This study investigates temporal changes in the corpus callosum
(CO), including, WM edema and oligodendrocyte death after SAH, and the role of lipocalin-2
(LCN2) in those changes.

Methods: SAH was induced in adult wild-type or LCN2 knockout mice via endovascular
perforation. Magnetic resonance imaging was performed 4 hours, 1 day and 8 days after SAH
and T2 hyperintensity changes within the CC were quantified to represent WM edema.
Immunofluoreseence staining was performed to evaluate oligodendrocyte death and
proliferation.

Results: SAH induced significant CC T2 hyperintensity at 4 hours and 1 day, that diminished
significantlysby=8-days post-procedure. Comparing changes between the 4 hours and 1 day,
each individual'moéuse had an increase in CC T2 hyperintensity volume. Oligodendrocyte
death was observed at 4 hours, 1 day, and 8 days after SAH induction and there was
progressiveslosssof mature oligodendrocytes, while immature
oligodendrocytes/oligodendrocyte precursor cells (OPCs) proliferated back to baseline by day
8 after SAH. Moreover, LCN2 knockout attenuated WM edema and oligodendrocyte death at
24 hours after SAH.

Conclusions:"SAH leads to T2 hyperintensity change within the CC, which indicates WM
edema. Oligodendrocyte death was observed in the CC within 1 day of SAH, with a partial
recovery by.day 8. SAH-induced WM injury was alleviated in an LCN2 knockout mouse
model.
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1 Introduction

Subarachnoid hemorrhage (SAH) has a high risk of morbidity and mortality, particularly

in the initial few days following aneurysm rupture!-2. Aneurysm rupture can cause
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devastating increases in intracranial pressure, decreased cerebral blood flow, and exposure of
brain parenchyma to toxic blood components (e.g. thrombin and red blood cell components),
which further exacerbate early brain injury by potentiating brain edema, microcirculation
dysfunction) bleed-brain barrier (BBB) disruption, and white matter (WM) injury3-3. White
matter accounts for approximately 50% of the human brain volume and primarily contains
oligodendrocytes and long axons®. Studies have shown that WM injury is associated with
cognitive impairment and motor dysfunction in patients who have suffered from SAH or
ischemic stroke”; Thus, it is essential to elucidate the mechanisms underlying WM injury in
SAH, in the hopes that this will identify potential therapeutic targets.

Magneti¢'resonance imaging (MRI) has been utilized in SAH rodent models to evaluate
post-operative brain changes, which include basal clot, intraventricular hemorrhage, SAH-
induced acuteshydrocephalus, and T2-hyperintensity lesions within the brain parenchyma'®
and white matter!'’. Recently, published studies found that ultra-early (4 hours) thrombus
formation can be detected on the T2* sequence and can persist for 24 hours'>!3. Furthermore,
a gradingsystemnelassifying SAH severity based on MRI in mouse and rat models was
established!* 15 This study aimed to investigate WM MRI changes at different time points.

Oligodendrocytes, which include oligodendrocyte precursor cells (OPCs), immature
oligodendrocytes, and mature oligodendrocytes (OLs), are a lineage of cells that are
responsible for the generation of myelin in the central nervous system (CNS). Interestingly,
they are also the'most vulnerable cells of the CNS in pathological conditions'®.
Oligodendracyte death and myelin basic protein (MBP) loss have been described in
hemorrhagic.anddschemic stroke!”!. The current study investigates dynamic changes in
mature and immature oligodendrocytes following experimental SAH.

Our previous.studies have demonstrated that experimental SAH in the ultra-acute (4
hours) andwearly acute phases (24 hours) in the mouse model can induce significant corpus
callosum (CC) edema and BBB disruption, which are attenuated in lipocalin-2 (LCN2)
knockout mice?*2!, LCN2 is an acute phase protein involved in iron sequestration, apoptotic

cell death and regulation of cellular differentiation®?23. However, the mechanisms of how
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LCN2 may be involved in WM injury are still not completely understood Here, we utilized a
LCN2 knockout mouse model to investigate the role of LCN2 in the dynamic changes

occurring in oligodendrocytes after SAH.

2 Methods
2.1 Animal Preparation and SAH Induction

All animal protocols were approved by the University of Michigan Committee on the
Use and Care of Animals. The study followed the ARRIVE guidelines for the reporting of in
vivo animal experiments?*. Mice were raised in 12:12 light-dark conditions with free access
to food and water. A total of 48 male wild-type (WT) C57BL/6 mice (weight 22-30g, 3-
month-old, Charles River Laboratories) and 11 male LCN2 knockout (LCN27") mice with
C57BL/6 baekground (3-month-old, University of Michigan Breeding Core) were used.
Three WT mice'and one LCN2”- mouse died after SAH induction and were excluded from
this study.

Endovaseularperforation was performed to induce SAH as previously reported®. Briefly,
mice initially underwent anesthetic induction with 5% isoflurane and were subsequently
maintained at a constant rate of 1.5%. Core body temperature was maintained at 37.5°C for
the entirety (of the time that the mouse was anesthetized with the use of a controlled heating
pad. A 5-0 blue monofilament suture with a blunted tip was inserted into the external carotid
artery and carefully guided into the internal carotid artery until resistance was felt. The suture
was then inserted an additional one mm to perforate the distal internal carotid artery. In the
control greupsthe procedure was performed exactly as described above except for the
perforation step, which was omitted.

2.2 Experimental,Groups

This'study can be divided into four experimental groups. First, six adult WT mice
underwent endovascular perforation followed by MRI at 4 hours after SAH induction.
Second, a total of 31 adult WT mice underwent either endovascular perforation (n=25) or

sham (n=6) operation followed by MRI at 4 hours and on day 1 post-procedure. Third, eight
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adult WT mice underwent endovascular perforation followed by MRI on day 1 and day 8
after SAH induction. Fourth, 10 adult LCN2”- mice underwent endovascular perforation
followed by MRI at 24 hours. All mice were euthanized with intraperitoneal pentobarbital
and their brainsharvested for immunohistochemical assessment of oligodendrocyte cells. WT
mice euthanized at 24 hours post-procedure were utilized for localization of LCN2
expression.
2.3 Magnetic Resonance Imaging and WM T2 Hyperintensity Measurements

MRI was performed at 4 hours, on day 1 and day 8 after SAH using a 7.0 T Varian MRI
scanner (Variangdnc, Palo Alto, CA) with acquisition of T2 fast spin-echo and T2* gradient-
echo sequences with a field of view of 20 x 20 mm, matrix of 256 x 256 pixels, and 25
coronal slices (0.5 mm thick). Initial anesthesia induction with 5% isoflurane followed by a
continuous ratesofil.5% isoflurane was administered during the MRI scans 2°. The region of
WM hyperintensity was identified as the volume of T2 hyperintensity within the corpus
callosum and measured using ImageJ software by a blinded observer in all T2-coronal slices.
2.4 BrainHistoelogy and Hematoxylin and Eosin Staining

Mice were.euthanized with pentobarbital (60 mg/kg IP) and perfused with 4%
paraformaldehyde diluted in 0.1 M phosphate-buffered saline (pH 7.4). Brains were
harvested and then fixed in 4% paraformaldehyde for 24 hours at 4°C and then dehydrated in
30% sucroseffor4 days at 4°C. Brains were sectioned into 18-pm thick slices using a cryostat.
Hematoxylin and cosin (H&E) staining was performed, as previously described, to observe
oligodendrocyte morphology by light microscopy 2°.
2.5 Immunofluerescence Double Labeling
Immunofluorescence double labeling was performed as previously described 3. The primary
antibodies (Ab) were goat anti-Olig2 (1:200 dilution, AF2418, R&D Systems), rabbit anti-
Olig2 (1:200.dilution, ab109186, Abcam), rabbit anti-Nogo-A (1:100 dilution, ab62024,
Abcam), and goat anti-LCN2 (1:100, AF1757, R&D Systems). The secondary Abs were
Alexa Fluor 488-conjugated donkey anti-rabbit mAb (1:500 dilution, Invitrogen), Alexa

Fluor 488-conjugated donkey anti-goat mAb (1:500 dilution, Invitrogen), Alexa Fluor 594-
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conjugated donkey anti-rabbit mAb (1:500 dilution, Invitrogen), and Alexa Fluor 594-
conjugated donkey anti-goat mAb (1:500 dilution, Invitrogen). Negative controls omitted the
primary antibodies.

Olig2,is ahelix-loop-helix transcription factor found in all OPCs, immature
oligodendrocytes, and mature oligodendrocytes. Thus, Olig2* cell numbers reflect all
oligodendrocytes. In contrast, Nogo-A identifies only the mature phenotype. Cells which
were Nogo-A:/Olig2™ cells were subclassified as oligodendrocyte precursor cells/immature
oligodendrocytes!'®-26-27,

2.6 Cell Counting

Oligodendroeytes were quantified in five high-power images (x40 magnification) that were
obtained from the CC area represented in Figure 1A. Numbers of oligodendrocytes are
hereafter presented as cells per square millimeter. All analyses were performed using ImageJ
by a blinded obsetver.

2.7 Statistical Analysis

Statistical-analysis: was performed using Prism 8 software. Presence of a normal distribution
was determinedusing the Kolmogorov-Smirnov test. Unpaired student #-test and ordinary
one-way ANOVA with Tukey's multiple comparisons test were used for data of normal
distribution/(represented as means = SD). Mann-Whitney U test, Wilcoxon matched pair test
and nonparametric Kruskal-Wallis test with Dunn’s multiple comparisons test were used for
data of non-nermal distribution (represented as median). Significant differences were

considered as p <0.05.

3 Results
Mortality rates were 0% (0/6) in the 4 hours group, 7% (2/27) in the 24 hours WT group,
11% (1/9)an.the 8 day WT group, and 9% (1/11) in LCN2”- mice after SAH induction. There

were no deaths in the sham group.
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3.1 Morphology and classification of oligodendrocytes within the corpus callosum of
sham mice.

Five high magnification images were obtained from the regions depicted by the white
boxes in Fig..lA.on MRI for evaluation of oligodendrocytes. H&E staining shows
oligodendrotytes in the corpus callosum in the sham group (Fig. 1A). Immunofluorescence
was performed in sham mice to quantify the total number of oligodendrocytes (Olig2* cells),
mature oligodendrocytes (Nogo-A*/Olig2* cells), and immature oligodendrocytes/OPCs
(Nogo-A-/Olig2* cells) (Fig. 1A). Fig. 1B shows the numerical breakdown of the two groups
of cells makingap all Olig2+ oligodendrocytes with immature oligodendrocytes/OPCs

composing ~37% of all oligodendrocytes, and the remainder being mature oligodendrocytes.

3.2 Corpus callosum T2 hyperintensity was observed at 4 hours, worsened on day 1, and
reduced by'day8‘after SAH.

Our previous studies have illustrated that SAH induces CC T2 hyperintensity and BBB
disruptionsat4-and 24 hours after SAH induction 122!, The current study also found CC T2
hyperintensity.at4 hours (median = 0.62 mm?; n=31) and day 1 (median = 5.50 mm?; n=33),
with no hyperintensity in the sham group (median = 0 mm?; n=6). A Kruskal-Wallis test
showed that the difference between different timepoints was statistically significant,
H(3)=49.804<0.05, Dunn’s multiple comparison test were used to compare pairs of groups.
The differencébetween day 1 and sham group was significant (Z=4.844, p<0.05); Fig. 2A
and 2B). Additionally, compared to imaging at 4 hours, the CC T2 hyperintensity volume at
24 hours wasssignificantly increased in each individual mouse (day 1: median = 5.40 mm?; 4
hours: median = 0.25 mm?). A Wilcoxon matched pairs signed rank test was conducted
showing statisticalisignificance (n=25, p<0.05; Fig. 2C). Interestingly, the CC T2
hyperintensity volume was markedly reduced by day 8 compared to day 1 after SAH
induction (day 8: median = 0.04 mm?; day 1: median = 6.88 mm?; n=8, p<0.05; Fig. 2A and

2D). There was no significant difference in T2 hyperintensity between mice at day 8 after
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SAH and the sham group (SAH: median = 0.04 mm?, n=8; sham: median = 0 mm?3, n=6).

(Z=0.66, p>0.05; Fig. 2A and 2B).

3.3 Oligodendrocytes die acutely after SAH, but immature oligodendrocyte/OPC
recovery was observed by 8 days after SAH.

Next, lineage oligodendrocytes (Olig2"), mature oligodendrocytes (Nogo-A*/Olig2™),
and immature oligodendrocytes/oligodendrocyte progenitor cells (Nogo-A-/Olig2*) were
evaluated. Both Olig2" lineage oligodendrocytes and Nogo-A*/Olig2" mature
oligodendrocytes;were markedly decreased at 4 hours, on day 1 and day 8 after SAH,
compared tothe sham group (Fig. 3A). Nogo-A7/Olig2" immature oligodendrocytes/OPCs
were also markedly decreased at 4 hours and on day 1 after SAH compared to the sham group.
Interestinglyshowever, these cells appeared to recover by day 8 after SAH (Fig. 3A).

When Olig2*lineage oligodendrocytes were quantified, there was a significant difference
amongst the groups, (Fig 3B; F(3,24)=30.84, p<0.05). Post-hoc comparisons using a Tukey’s
test (Fig.3B)wrevealed there was a reduction in these cell from 778 + 33 cells per mm? (n=6)
in the sham-operated group to 400 + 191 (n=6), 205 + 91 (n=8) and 371 + 89 (n=8) cells per
mm? at 4 hours, 1 day and 8 days after SAH, rrespectively. On day 1, there was greater
Olig2* lineage oligodendrocyte loss than observed at 4 hours after SAH induction with some
evidence of r€covery by day 8 (Fig. 3B).

For Nogo-A*/Olig2" mature oligodendrocytes, there was also a significant difference
between groups (Fig 3C; F(3,24)=21.61, p<0.05). Post-hoc comparisons using a Tukey’s test
(Fig. 3C)wevealed a significant reduction at 4 hours (240 + 189 cells per mm?; n=6) and on
day 1 (154 =79 per mm?; n=8) after SAH induction, compared to the sham group (495 + 39
per mm?, Fig. 3C)s On day 8 after SAH, the Nogo-A*/Olig2* mature oligodendrocytes
declined further (86 + 30 per mm?; n=8) compared to sham group, Fig. 3C).

For Nogo-A7/Olig2" immature oligodendrocytes/OPCs there was also a significant
difference between groups (Fig 3D; F(3,24)=25.59, p<0.05). Post-hoc comparisons using a

Tukey’s test (Fig. 3D) revealed a significant reduction at 4 hours (160 + 33 per mm?; n=6)
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and on day 1 (51 + 20 per mm?; n=8) after SAH induction compared to sham controls (285 +
25 per mm? ; n=6). There was more Nogo-A-/Olig2" cell loss on day 1 after SAH induction in
comparison to 4 hours post-SAH (Fig. 3D). Interestingly, however, on day 8 post-SAH, the
number of Nogo-A~/Olig2" cells rose significantly compared to 1 day post-SAH (285+ 105
per mm? on/day 8 (Fig. 3D). Indeed, in certain mice, they increased to a level equivalent to
that in the sham group (Fig. 3D). These data imply that immature oligodendrocytes/OPCs
proliferate at.some timepoint between 1 day and 8 days following SAH. At day 8, these cells

were 77% of all oligodendrocytes (compared to 37% in sham-operated mice).

3.4 LCN2 colocalizes with both Olig2 and Nogo-A at 24 hours after SAH induction.
Immunofluorescence double labeling for LCN2 with Olig2 or Nogo-A was performed to
determine whether oligodendrocytes express LCN2. Double labeling showed that LCN2

colocalizes with'both Olig2* cells and Nogo-A* cells (Fig. 4).

3.5 LCN2.deficiency attenuates corpus callosum T2 hyperintensity and oligodendrocyte
death after SAH induction.

To further examine whether LCN2 deficiency affects CC T2 hyperintensity and
oligodendrog¢yte death after SAH induction, LCN2”- mice underwent endovascular
perforation to"generate the SAH model. Compared to the WT mice, LCN2”- mice had almost
negligible T2"hyperintensity on day 1 after endovascular perforation (LCN2”-mice: median =
0 mm?3, n=10; WT mice: median = 5.396, n=25; U=2, p<0.01; Fig. 5A and 5C). Olig2 and
Nogo-A immunefluorescence double labeling was performed and was consistent with the
diminished T2 hyperintensity; more Olig2* lineage oligodendrocytes (528 + 220 vs. 246 +
106 per mm? in W-T mice; n=10; t(18)=3.656, p<0.01; Fig. 5B and 5D) and Nogo-A*/Olig2*
mature oligedendrocytes (330 + 200 vs. 178 + 96 per mm? in WT mice; t(18)=2.170, p<0.05;
Fig. 5B and 5E) survived in the LCN2”-mice on day 1 compared to WT mice after SAH
induction. Additionally, more Nogo-A-/Olig2" immature oligodendrocytes/OPCs remained in

the LCN27- mice than in the WT mice at 24 hours after SAH induction (198 + 59 vs. 68 + 24
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per mm? in WT mice; t(18)=6.476, p<0.01; Fig. 5B and 5F). Taken together, these data

suggest that LCN2 plays a critical role in oligodendrocyte loss and WM injury after SAH.

4 Discussion

Based on the data presented above, there are four major findings: (1) endovascular
perforation induced experimental SAH causes CC T2 hyperintensity in the ultra-acute phase
(4 hrs) that worsens in the early acute phase (1 day), and improves by the late acute phase (8
days); (2) SAH caused significant oligodendrocyte death in the ultra-acute and acute phases
which, for mature oligodendrocytes, persisted into the late acute phase; (3) in contrast, there
was evidencerof immature oligodendrocyte/OPC proliferation between day 1 and day 8; (4)
LCN2 knockout exerts a protective role, reducing CC edema and oligodendrocyte death
during the early-acute phase.

In this study,;"we focused on the CC and delineated the temporal changes in CC T2
hyperintensity found on MRI after SAH induction by endovascular perforation. Magnetic
resonancesimaging is widely accepted as a reliable non-invasive technique to evaluate early
brain injury inhemorrhagic and ischemic stroke!%2%2°. Our prior studies have reported that
WM T2 hyperintensity formation occurs in about 57% of WT mice at 4 hours, and in all WT
mice by 1 day after SAH?*2!. To add on to this prior literature, we further examined the
dynamic change‘in each individual mouse at 4 hours and on day 1 and found that not only
does the CC T2"hyperintensity increase on day 1, but each mouse experiences an increase in
CC T2 hyperintensity between the 4 hours and 1 day timepoints after SAH. Furthermore, the
changes observed from day 1 to day 8 are consistent with our previous report!'!. Knowing the
temporal change in CC T2 hyperintensity is quite important in determining the timeframe of
maximal injury and optimizing the window for a therapeutic intervention and thereby,
promptinga,better outcome.

OPCs are a population of cells that maintain WM homeostasis and participate in long
term WM repair after injury3?. OLs differentiate from OPCs and are responsible for

producing myelin to form the insulating sheath of axons. Oligodendrocytes have long been
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thought to be the most vulnerable cells in the CNS in pathological conditions!6. During a
hemorrhagic stroke, blood components leak into the parenchyma from vessels, setting off a
series of stress-inducing changes, including oxidative stress, cell death, and iron toxicity3!-34.
During angschemic stroke, though there may be minimal blood extravasating into the
parenchyma, damage is induced by reactive oxygen species, cytotoxic edema, and cell
depolarization®. Evidence shows that neuroinflammation and excitotoxicity contribute to
early WM injury after SAH, which has components of both hemorrhagic and ischemic
stroke3¢. This study demonstrates the changes in lineage oligodendrocytes, OLs and immature
oligodendrocytes/OPCs at different phases after SAH and found that OLs decreased in
number during all three phases. However, although immature oligodendrocytes/OPCs
decreased during the ultra-acute and early acute phases, they recovered in number by the late
acute phase Jdnterestingly, these temporal changes in oligodendrocytes are consistent with the
changes in T2"hyperintensity observed on MRI suggesting that oligodendrocyte death may
contribute to CC edema. This is relevant from a clinical perspective as global cerebral edema
is an independentrisk factor for worse outcome after SAH7.

The undetlying mechanism of SAH-induced OL/OPC death is not clear. BBB disruption
is known to play an important role in early brain injury3®. Our prior studies have indicated
that BBB leakage correlates with white matter injury after SAH and LCN2-- has been shown
to mitigate WM'T2 hyperintensity and reduce BBB leakage?*2! as well as reduce OL loss at 4
hours after SAH2!. The present study further discovered that LCN2”- reduced lineage
oligodendrocyte and immature oligodendrocyte/OPC loss on day 1 after SAH, not just that of
the OLs. Thisssuggests that LCN2 may be involved in oligodendrocyte death after SAH.
LCN2 is an acute phase protein involved in various interconnected neuropathophysiological
processes, which.include exacerbation of neuroinflammation, cell death and iron
dysregulation?*3-°. However, the detailed mechanism of how LCN2 may be involved in
WM damage still needs further exploration. A recent study suggested that inhibition of

ferroptosis alleviates SAH-induced brain injury, including brain edema and neuronal death®.
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Further studies are warranted to elucidate the role, if any, of ferroptosis in SAH-induced
OL/OPC death.

There are several limitations in this study. Only male mice were used in this study and
sex is knowh.te.bé an important factor in prognosis?>442, Therefore, more studies
investigating sex differences are needed to create a complete picture. Only ultra-acute, early
acute and late acute phases were examined. Long-term experiments are necessary to gain a
thorough understanding of the changes in oligodendrocytes and myelination patterns after
SAH (e.g., ¢an the increased proliferation of immature oligodendrocytes/OPCs between day
1 and 8 eventually lead to more mature oligodendrocytes). Furthermore, this study only
demonstratesichanges in oligodendrocyte numbers while other biological endpoints, such as
neurotransmission conductance in white matter, were not investigated. Finally, cognitive and
functional assessments were not performed, which, when combined with a long-term
experiment,”would provide a greater understanding of the role of oligodendrocytes in

cognitive outcomes and recovery after SAH®.

S Conclusions

In conclusion, CC T2 hyperintensity and oligodendrocyte death occur during the ultra-
acute (4 hours) and early acute phases (1 day) after SAH with a reduction of CC T2
hyperintensity and recovery of immature oligodendrocytes/oligodendrocyte precursor cells
during the laté"acute phase (8 days). The temporal pattern of oligodendrocyte death is
consistent with CC T2 hyperintensity formation suggesting oligodendrocytes participate in
the produetion.of CC edema, at least in part. LCN2 deficiency reduced CC hyperintensity and

oligodendrocyte death during the acute phase after SAH.

Acknowledgements

YH, RFK, SK, and GX were supported by grants NS-096917, NS106746, NS112394,

NS116786 and NS-007222 from the National Institutes of Health (NIH).

This article is protected by copyright. All rights reserved



Conflicts of interest

The authors declare there is no conflict of interest.

Data availability statement

All data in this article can be provided by the corresponding author Dr. Guohua Xi, upon

reasonable request.

References

1.

Kamiya:KgKuyama H, Symon L. An experimental study of the acute stage of subarachnoid
hemorrhage. J Neurosurg. 1983;59(6):917-924.

Lawton MT, Vates GE. Subarachnoid Hemorrhage. N Engl J Med. 2017;377(3):257-266.
Ye F, Garton HJL, Hua Y, Keep RF, Xi G. The Role of Thrombin in Brain Injury After
Hemeorrhagic and Ischemic Stroke. Trans/ Stroke Res. 2021;12(3):496-511.

Mutoh T;"Mutoh T, Sasaki K, et al. Neurocardiac protection with milrinone for restoring
acute cerebral hypoperfusion and delayed ischemic injury after experimental subarachnoid
hemorrhage. Neurosci Lett. 2017;640:70-75.

Fontana V, Bond O, Spadaro S, et al. Red Cell Distribution Width After Subarachnoid
Hemorrhage. J Neurosurg Anesthesiol. 2018;30(4):319-327.

Fern,RE, Matute C, Stys PK. White matter injury: Ischemic and nonischemic. Glia.
2014;62(11):1780-1789.

Reijmer YD, van den Heerik MS, Heinen R, et al. Microstructural White Matter

Abnormalities and Cognitive Impairment After Aneurysmal Subarachnoid Hemorrhage.

This article is protected by copyright. All rights reserved



Stroke. 2018;49(9):2040-2045.

8. Darwazeh R, Wei M, Zhong J, et al. Significant Injury of the Mammillothalamic Tract
without Injury of the Corticospinal Tract After Aneurysmal Subarachnoid Hemorrhage: A
Retrospective Diffusion Tensor Imaging Study. World Neurosurg. 2018;114:¢624-¢630.

9. Rost/NS, Cougo P, Lorenzano S, et al. Diffuse microvascular dysfunction and loss of white
matter integrity predict poor outcomes in patients with acute ischemic stroke. J Cereb Blood
Flow Metab, 2018;38(1):75-86.

10. Guo(D, Wilkinson DA, Thompson BG, et al. MRI Characterization in the Acute Phase of
Experimental Subarachnoid Hemorrhage. Transl Stroke Res. 2017;8(3):234-243.

11. Egashira ¥, Zhao H, Hua Y, Keep RF, Xi G. White Matter Injury After Subarachnoid
Hemorrhage: Role of Blood-Brain Barrier Disruption and Matrix Metalloproteinase-9. Stroke.
2015;46(10):2909-2915.

12. Wang Z;"Chen J, Toyota Y, Keep RF, Xi G, Hua Y. Ultra-Early Cerebral Thrombosis
Formation After Experimental Subarachnoid Hemorrhage Detected on T2* Magnetic
Resonancedmaging. Stroke. 2021;52(3):1033-1042.

13. Zhang JPeng K, Ye F, et al. Acute T2*-Weighted Magnetic Resonance Imaging Detectable
Cerebral Thrombosis in a Rat Model of Subarachnoid Hemorrhage. Trans! Stroke Res.
2022;13(1):188-196.

14. Egashira ¥y Shishido H, Hua Y, Keep RF, Xi G. New grading system based on magnetic
resonance imaging in a mouse model of subarachnoid hemorrhage. Stroke. 2015;46(2):582-
584.

15. Shishide;H, Egashira Y, Okubo S, et al. A magnetic resonance imaging grading system for
subarachnoid hemorrhage severity in a rat model. J Neurosci Methods. 2015;243:115-119.

16. Bradl M, Lassmann H. Oligodendrocytes: biology and pathology. Acta Neuropathol.
2010;119(1):37-53.

17. Pantoni L, Garcia JH, Gutierrez JA. Cerebral white matter is highly vulnerable to ischemia.
Stroke. 1996;27(9):1641-1646; discussion 1647.

18. Mifsud G, Zammit C, Muscat R, Di Giovanni G, Valentino M. Oligodendrocyte

This article is protected by copyright. All rights reserved



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

pathophysiology and treatment strategies in cerebral ischemia. CNS Neurosci Ther.
2014;20(7):603-612.

Kang M, Yao Y. Oligodendrocytes in intracerebral hemorrhage. CNS Neurosci Ther.
2019;25(10):1075-1084.

Egashira Y, \Hua Y, Keep RF, Xi G. Acute white matter injury after experimental
subarachnoid hemorrhage: potential role of lipocalin 2. Stroke. 2014;45(7):2141-2143.
Toyota Y, Wei J, Xi G, Keep RF, Hua Y. White matter T2 hyperintensities and blood-brain
barrier disruption in the hyperacute stage of subarachnoid hemorrhage in male mice: The role
of lipocalin-2. CNS neuroscience & therapeutics. 2019;25(10):1207-1214.

Lee S;yJha™™MK, Suk K. Lipocalin-2 in the Inflammatory Activation of Brain Astrocytes. Crit
Rev Immunol. 2015;35(1):77-84.

Devireddy:ER, Gazin C, Zhu X, Green MR. A cell-surface receptor for lipocalin 24p3
selectively'mediates apoptosis and iron uptake. Cell. 2005;123(7):1293-1305.

Percie du Sert N, Hurst V, Ahluwalia A, et al. The ARRIVE guidelines 2.0: Updated
guidelines:for reporting animal research. J Cereb Blood Flow Metab. 2020;40(9):1769-1777.
Peng K, Koduri S, Xia F, et al. Impact of sex differences on thrombin-induced hydrocephalus
and white matter injury: the role of neutrophils. Fluids Barriers CNS. 2021;18(1):38.

Yeung MS, Zdunek S, Bergmann O, et al. Dynamics of oligodendrocyte generation and
myelination in the human brain. Cell. 2014;159(4):766-774.

Kuhlmann T, Miron V, Cui Q, Wegner C, Antel J, Bruck W. Differentiation block of
oligodendroglial progenitor cells as a cause for remyelination failure in chronic multiple
sclerosissBrain. 2008;131(Pt 7):1749-1758.

Leithner C;)Fuchtemeier M, Jorks D, Mueller S, Dirnagl U, Royl G. Infarct Volume
Prediction by Early Magnetic Resonance Imaging in a Murine Stroke Model Depends on
Ischemia Duration and Time of Imaging. Stroke. 2015;46(11):3249-3259.

Tao C, Keep RF, Xi G, Hua Y. CD47 Blocking Antibody Accelerates Hematoma Clearance
After Intracerebral Hemorrhage in Aged Rats. Trans! Stroke Res. 2020;11(3):541-551.

Nishiyama A, Komitova M, Suzuki R, Zhu X. Polydendrocytes (NG2 cells): multifunctional

This article is protected by copyright. All rights reserved



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

cells with lineage plasticity. Nat Rev Neurosci. 2009;10(1):9-22.

Hua Y, Nakamura T, Keep RF, et al. Long-term effects of experimental intracerebral
hemorrhage: the role of iron. J Neurosurg. 2006;104(2):305-312.

Xi,G, Keep RF, Hoff JT. Mechanisms of brain injury after intracerebral haemorrhage. Lancet
Neurol. 2006;5(1):53-63.

Karuppagounder SS, Alim I, Khim SJ, et al. Therapeutic targeting of oxygen-sensing prolyl
hydroxylases abrogates ATF4-dependent neuronal death and improves outcomes after brain
hemorrhage in several rodent models. Science translational medicine. 2016;8(328):328ra329.
Qureshi Al, Mendelow AD, Hanley DF. Intracerebral haemorrhage. Lancet.
2009;373(9675):1632-1644.

Albert-Weissenberger C, Siren AL, Kleinschnitz C. Ischemic stroke and traumatic brain
injurysstherrole of the kallikrein-kinin system. Prog Neurobiol. 2013;101-102:65-82.
Fujii"M;*¥an J, Rolland WB, Soejima Y, Caner B, Zhang JH. Early brain injury, an evolving
frontier in subarachnoid hemorrhage research. Transl Stroke Res. 2013;4(4):432-446.
ClaassendsCarhuapoma JR, Kreiter KT, Du EY, Connolly ES, Mayer SA. Global cerebral
edema after subarachnoid hemorrhage: frequency, predictors, and impact on outcome. Stroke.
2002;33(5):1225-1232.

Keep RF, Andjelkovic AV, Xiang J, et al. Brain endothelial cell junctions after cerebral
hemorrhage: Changes, mechanisms and therapeutic targets. J Cereb Blood Flow Metab.
2018;38(8):1255-1275.

Jha MK, Lee S, Park DH, et al. Diverse functional roles of lipocalin-2 in the central nervous
systemaNeurosci Biobehav Rev. 2015;49:135-156.

Qu XF, Liang TY, Wu DG, et al. Acyl-CoA synthetase long chain family member 4 plays
detrimentalrole in early brain injury after subarachnoid hemorrhage in rats by inducing
ferroptosis. CNS neuroscience & therapeutics. 2021;27(4):449-463.

Shishido H, Zhang H, Okubo S, Hua Y, Keep RF, Xi G. The Effect of Gender on Acute
Hydrocephalus after Experimental Subarachnoid Hemorrhage. Acta Neurochir Supp!.

2016;121:335-339.

This article is protected by copyright. All rights reserved



42. Xie Q, Xi G, Keep RF, Hua Y. Effects of Gender and Estrogen Receptors on Iron-Induced
Brain Edema Formation. Acta Neurochir Suppl. 2016;121:341-345.

43, Chung DY, Oka F, Jin G, et al. Subarachnoid hemorrhage leads to early and persistent
functional,connectivity and behavioral changes in mice. J Cereb Blood Flow Metab.

2021541(5):975-985.

Figure Legends

Fig.1 Morphology and quantification of oligodendrocytes within the corpus callosum of
sham miee«(A)T2-weighted MRI showing the regions (white boxes) selected for five high
magnification images. Representative H&E images showing oligodendrocytes in the CC.
Lower magnification, scale bar = 50 um; higher magnification, scale bar = 10 pm.
Representative immunofluorescence double labeling for Olig2 and Nogo-A in the CC of the
sham group.Olig2" cells were considered as lineage oligodendrocytes; Nogo-A*/Olig2* cells
were considered’as OLs; Nogo-A-/Olig2" cells (white arrowheads) were considered as
immature oligodendrocytes/OPCs. Scale bar = 20 um. (B) Percentile of Nogo-A*/Olig2™ cells,

and Nogo-A+/0lig2" cells in Olig2* cells. Values are mean + SD, n=6.

Fig.2 Corpus callosum T2 hyperintensity was observed at 4 hours, worsened on day 1,

and reduced by day 8 after SAH. (A) Representative T2-weighted MRI scans showing the
area of T2 hyperintensity area at 4 hours, on day 1, and day 8 after SAH or day 1 after sham
operation in WT mice. White arrow indicates the region of T2 hyperintensity. (B)

Quantification of the volume of T2 hyperintensity in the CC at 4 hours (n=31), on day 1
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(n=33), and day 8 (n=8) after SAH or sham operation (n=6). Values as median; #p<0.05 vs.
sham. (C) Quantification of the volume of T2 hyperintensity in the CC of each individual
mouse at 4 hours and on day 1 after SAH. Values as median; n=25; #p<0.05. (D)
Quantification,ef the volume of T2 hyperintensity in the CC of each individual mouse on day

1 and day 8/after SAH. Values as median; n=8; #p<0.05.

Fig.3 All OLs, immature oligodendrocytes, and OPCs died acutely after SAH but
immature oligodendrocytes/OPCs recovery was observed by 8 days after SAH. (A)
Representative immunofluorescence double labeling for Olig2 and Nogo-A in the CC at 4
hours, on day“1, and day 8 after SAH. Scale bar = 20 pm. Quantification of (B) Olig2™ cells,
(C) Nogo-A*/Olig2* cells, and (D) Nogo-A~/Olig2* cells (white arrowheads) at 4 hours (n=6),
on day 1 (n=8)yand day 8 (n=8). Values as mean = SD; # p<0.05 vs. sham group; *p<0.05 vs.
the SAH 4h"and"8d groups; ** p<0.05 vs SAH 4h and 1 d groups.

Multiple comparisons were made using a Tukey’s test. In (B), the differences in Olig2*
cells fromsshamseontrols were 378 cells/mm? (95% confidence interval (CI) [199, 556]) at 4
hours, 573 cells/mm? (95% CI [406, 740]) at 1 day and 407 cells/mm? (95% CI [240, 574]) at
8 days post SAH. The difference between day 1 and 4 hours after SAH was 196 cells/mm?
(95% CI [29, 362]), and between day 1 and 8 was 166 cells/mm? (95% CI [12, 321]). In (C),
the differenceé in‘mature Nogo-A*/Olig2* oligodendrocytes from sham controls were 255
cells/mm? (95%"CI [98, 412]) at 4 hours, 341 cells/mm? (95% CI [194, 488]) at 1 day and
408 cell/mm? (95% CI [261, 556]) at 8 days after SAH. In (D) the difference in immature
Nogo-A*/0lig2eligodendrocytes/OPCs from sham controls was 123 cells/mm? (95% CI [26,
219]) at 4 hours and 232 cells/mm? (95% CI [142, 323]) at 1 day after SAH induction. There
was more cell lossjon day 1 compared to 4 hours post-SAH: difference 109 cells/mm? (95%
CI [19, 200}).but a recovery by day 8 (difference vs. day 1, 234 cells/mm?, 95% CI [150,

317)).

Fig.4 LCN2 colocalizes with both Olig2 and Nogo-A 24 hours after SAH induction.
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Immunofluorescence double labeling for LCN2 with Olig2 or Nogo-A shows that both

lineage oligodendrocytes and OLs express LCN2. Scale bar = 20 um.

Fig.5 LCN2 deficiency attenuates corpus callosum T2 hyperintensity and
oligodendrocyte death after SAH induction. (A) Representative T2-weighted MRI scans
showing the region of T2 hyperintensity on day 1 after SAH in WT (n=25) and LCN2-- mice
(n=10). Values as median; #p<0.01. (B) Representative immunofluorescence double labeling
for Olig2 and Nogo-A in the CC on day 1 after SAH in WT and LCN2- mice. Scale bar = 20
um. Quantification of (C) volume of T2 hyperintensity, (D) Olig2™* cells, (E) Nogo-A*/Olig2*
cells, and (F)Nogo-A-/Olig2* cells on day 1 after SAH in WT (n=10) and LCN2"- (n=10)

mice. Values as mean + SD; #p<0.01; *p<0.05.
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