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Subarachnoid hemorrhage triggers i

neuroinflammation of the entire cerebral cortex,
leading to neuronal cell death
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Abstract

Background: Subarachnoid hemorrhage (SAH) is a fatal disease, with early brain injury (EBI) occurring within 72 h
of SAH injury contributes to its poor prognosis. EBI is a complicated phenomenon involving multiple mechanisms.
Although neuroinflammation has been shown to be important prognosis factor of EBI, whether neuroinflammation
spreads throughout the cerebrum and the extent of its depth in the cerebral cortex remain unknown. Knowing how
inflammation spreads throughout the cerebrum is also important to determine if anti-inflammatory agents are a
future therapeutic strategy for EBI.

Methods: In this study, we induced SAH in mice by injecting hematoma into prechiasmatic cistern and created mod-
els of mild to severe SAH. In sections of the mouse cerebrum, we investigated neuroinflammation and neuronal cell
death in the cortex distal to the hematoma injection site, from anterior to posterior region 24 h after SAH injury.

Results: Neuroinflammation caused by SAH spread to all layers of the cerebral cortex from the anterior to the poste-
rior part of the cerebrum via the invasion of activated microglia, and neuronal cell death increased in correlation with
neuroinflammation. This trend increased with the severity of the disease.

Conclusions: Neuroinflammation caused by SAH had spread throughout the cerebrum, causing neuronal cell death.
Considering that the cerebral cortex is responsible for long-term memory and movement, suppressing neuroinflam-
mation in all layers of the cerebral cortex may improve the prognosis of patients with SAH.
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Introduction

Subarachnoid hemorrhage (SAH) is a serious disease of
the cerebral vasculature that is primarily caused by a rup-
tured cerebral aneurysm [1]. Approximately 6 to 9 people
per 100,000 are affected by SAH every year [2]. Although
SAH accounts for 5-10% of all strokes [3], its mortality
rate is as high as 50%. In addition, SAH occurs not only
disproportionately in the elderly but also frequently in
subjects of mature age, resulting in significant social and
medical economic losses [4, 5].

Therefore, the mechanisms and prognostic factors of
SAH urgently need to be elucidated to develop funda-
mental therapeutic strategies. Recently, the concept of
early brain injury (EBI) has emerged as an important
prognostic factor [6]. EBI is a term used to describe the
pathological event occurring within 72 h of the onset
of SAH [7], which is known to be caused by a variety of
factors, including mechanical damage [8], disruption
of vascular integrity [9, 10], hippocampal damage [11],
and various molecular changes [12, 13].

Neuroinflammation is known to be an important fac-
tor of EBI [14, 15]. Red blood cells that enter the suba-
rachnoid space upon aneurysm rupture are degraded
to release free heme, which promotes oxidative stress
and activates the inflammatory cascade, resulting in
neuroinflammation [16, 17]. Additionally, microglial
activation and neuroinflammation are involved in the
development and recovery of disease complications
[18]. This neuroinflammation leads to neuronal cell
death, which increases the degree of disability [19].

Several reports have focused on specific areas of
the brain, such as the ventral cerebral cortex near the
hematoma [15], which is most affected by pressure
damage due to aneurysm rupture, and the hippocam-
pus [11], which is vulnerable to ischemia. However, it is
not clear whether the damage caused by neuroinflam-
mation is confined to these regions or extends to the
entire cerebrum.
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In addition, to assess the extent of neuroinflamma-
tion, mouse models with varying degrees of disease
severity are needed. However, only a few studies have
reported these analyses, and it was not clear how the
degree of disability caused by EBI varied with the sever-
ity of the disease.

Here, we created a mouse model of SAH according to
the severity and clarified which regions of the cerebrum
were affected by neuroinflammation-induced neuronal
cell death and to the extent to which the degree of dam-
age differed depending on the severity. The results of
this study may help to further elucidate the pathogen-
esis of SAH and appropriate therapeutic strategies by
extensively examining the regions affected and the dis-
ease severity.

Results

Creation and evaluation of mouse models of SAH

of varying severity

We created both mild and severe SAH mouse models
by combining two indicators: the volume of the injected
hematoma and the neurological scores at 24 h after SAH
(Fig. 1a, b). Twenty-four hours after prechiasmatic cistern
blood injection, SAH was confirmed to have occurred
in the brain following fixation (Fig. 1c). The intracranial
pressure at the time of the procedure did not increase
with the sham model, whereas it increased to an average
of 113.0 (+ 36.6) mmHg at peak (after 45 s) in the mild
SAH model and to 196.8 (£ 60.1) mmHg in the severe
SAH model (Fig. 1d).

The mortality rate of mice was 0% in the negative con-
trol (not to be operated), sham, and mild SAH groups,
and 33% in the severe SAH group (Fig. 1le). The modi-
fied Garcia score (Supplementary Table 1) at 24 h after
the procedure was 18 for all mice in the control and sham
groups; 16, 17, 17, and 18 (n = 4) for mice in the mild
SAH group; and 14, 16, 16, and 16 (n = 4) for mice in the
severe SAH group (Fig. 1f).

(See figure on next page.)

values in the bar graphs represent the mean =+ SD. *p < 0.05

Fig. 1 An experimental SAH model by severity. a Simplified diagram of the experiment. In the SAH group, SAH was induced by blood injection

24 h before sacrifice. The neurocognitive score (modified Garcia score) was evaluated just prior to SAH induction and sacrifice (star). b Schematic
diagram of the site of blood injection to create the subarachnoid hemorrhage model. ¢ Photographs of the brains of each mouse after sacrifice
showing no hematoma in the control and sham groups and increased hematoma volumes in the severe SAH group compared to the mild

SAH group. d Intracranial pressure in each mouse during surgery. In the SAH groups, the hematoma was injected (red arrow) over 45 s, and the
intracranial pressure gradually increased. The peak intracranial pressure was the highest in the severe SAH group. e Mortality of mice in the control,
sham, and SAH groups (n = 18, total). f Modified Garcia score at 24 h is shown for each group. The severe SAH group had significant decreased
neurological scores compared to those of the control group. Statistical analysis was performed with an unpaired two-tailed Student’s t test. The
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Fig. 2 Expression patterns of microglial markers. a A scatterplot of microglial marker expression. The expression matrix of the microglial markers
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Trem2) had positive loadings in eigenvector 1, which suggested that the PC1 score increased as the expression levels of the four genes increased. ¢
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Neuroinflammation caused by SAH alters the expression

of microglia-specific genes

EBI, which develops within 72 h after SAH injury,
induces inflammation that leads to neurological dam-
age [20]. However, it is not known how far inflamma-
tion extends into the cerebral cortex. First, we reanalyzed
the RNA sequencing (RNA-seq) data of an SAH model
mouse analysis study [21] to determine which inflam-
matory markers should be used to analyze the extent of
inflammation spillover using the cerebral cortices of SAH
model mice in detail.

To determine whether the expression patterns of the
microglial markers varied between the control and SAH
groups, we examined a set of RNA-seq data acquired
under desirable conditions (GSE79416). When we quanti-
fied the expression patterns of notable microglial markers
(Aifl, Cx3crl, Cd68, P2ry12, P2ryl3, Tmemll19, Gpr34,
Siglech, and Trem2) by principal component analysis,
overt gaps in the PC1 scores were observed between the
SAH group and the controls (Fig. 2a). This result was
interpreted as the differences in the expression levels of
microglial markers because certain genes, including AifI
(a coding gene of Ibal protein), have a positive loading on
eigenvector 1, while the rest have negative loading (Fig. 2b)
[22]. Since Aifl was highly correlated with other upregu-
lated genes, Cx3crl, Cd68, and Trem?2, we used Aifl as an
indicator of microglial markers induced in SAH (Fig. 2c).

On these grounds, we focused on microglia [18]
induced by neuroinflammation and used Ibal [23] as
a marker of microglia. Ibal-positive cells with radially
extending projections are known as activated microglia
[24], which are induced by inflammation, and their num-
bers were quantified in each brain section.

In the mouse model of SAH, neuroinflammation spills

over into the deep VI layer of the cerebral cortex

in both the anterior and posterior regions of the cerebrum
As mentioned above, we constructed model mice
according to the severity of SAH and sectioned their
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brains 24 h later (Fig. 1la) to compare the numbers of
active microglia in the control, sham, mild SAH, and
severe SAH groups. In addition, sections from three
regions (1.0 mm anterior to bregma, 1.0 mm posterior to
bregma, and 2.5 mm posterior to bregma) were prepared
and analyzed (Fig. 1b).

In the anterior part of the cerebrum (1.0 mm ante-
rior to bregma), the number of Ibal-positive micro-
glia increased with the severity of SAH in layers I to III
(superficial layers) of the dorsal region of the cerebral
cortex (Fig. 3a, c¢). The number of Ibal-positive micro-
glia increased with the severity of SAH in the deeper
layers IV to VI (Fig. 3b, d). In the anterior cerebral
region of the SAH model mice, active microglia were
induced in all layers of the cerebral cortex (Fig. 3e),
indicating that neuroinflammation spread throughout
all layers.

Next, we performed a similar analysis of the cor-
tex in the intermediate (1.0 mm posterior to bregma)
and posterior (2.5 mm posterior to bregma) regions
of the cerebrum. In layers I to III (superficial layers) of
the intermediate cortex, the number of Ibal-positive
microglia increased with the severity of SAH, as in
the anterior region (Fig. 4a, c). In layers IV to VI, the
number of Ibal-positive microglia increased with the
severity of SAH (Fig. 4b, d), and the number of active
Ibal-positive microglia increased in all layers (Fig. 4e).
The same result was observed in the posterior cortex
(Fig. 5a—e). However, although the number of Ibal-pos-
itive activated microglia increased in the posterior part
of the cerebrum after SAH injury, the number seemed
to be slightly lower than that in the anterior region. In
addition, in severe SAH, the anterior cortex had signifi-
cantly more Ibal-positive cells than the posterior cor-
tex, all in the superficial (Fig. 6a), deep (Fig. 6b), and all
layers (Fig. 6¢).

Microglia are known to undergo morphological
changes upon stimulation. They change their shape
due to inflammation, transforming from a ramified

(See figure on next page.)

Fig. 3 Ibal-positive microglia infiltrated layers | to VI of the cerebral cortex (dorsal region) located in the anterior region of the brain (1.0
mm anterior to bregma). a Representative immunostaining images of Iba1-positive cells (red) in layers | to Il of the anterior cerebrum in the
control, sham, mild SAH, and severe SAH groups. Scale bar, 100 um for the general figure and 50 um for the enlarged figure. b Representative

immunostaining images of Iba1-positive cells (red) in layers IV to VI of the anterior cerebrum in the control, sham, mild SAH, and severe SAH groups.
Scale bar, 100 um for the general figure and 50 um for the enlarged figure. ¢ Quantification of the number of Iba1-positive cells in layers | to Il of
the anterior region of the cerebrum (n = 4, each group, control vs. severe SAH; p = 0.002, sham vs. severe SAH; p < 0.001). d Quantification of the
number of Iba1-positive cells in layers IV to VI of the anterior region of the cerebrum (n = 4, each group, control vs. severe SAH; p = 0.003, sham vs.
severe SAH; p = 0.01). e Quantification of the number of Iba1-positive cells in all layers of the anterior region of the cerebrum (n = 4, each group,
control vs. severe SAH; p < 0.001, sham vs. severe SAH; p < 0.001, mild SAH vs. severe SAH; p = 0.025). Statistical analyses were performed with
one-way ANOVA and Tukey—Kramer post hoc tests. The values in the bar graphs represent the mean =+ SE. *p < 0.05, **p < 0.01, ***p < 0.001
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structure with small cell bodies and long processes
to a hyperramified or reactive structure with large
cell bodies and thick, short processes. They also
become amoeboid with phagocytic ability [25]. The
Ibal-positive microglia observed in the present study
were mainly ramified in the control and sham groups,
whereas they were mainly hyperramified or reactive
in the SAH group (Fig. 7a—c). A few Ibal-positive
amoeboid-type cells were also observed (Fig. 7c). The
results were similar regardless of depth in the corti-
cal layers and showed that microglia undergo mor-
phological remodeling under inflammatory conditions
induced by SAH.

Reactive astrocytes are also known to be activated
after traumatic brain injury (TBI) or ischemic stroke
[26, 27] by activated microglia, which divide, prolifer-
ate, and enlarge to extend their projections [28]. We
attempted to detect reactive astrocytes by GFAP immu-
nostaining and the intraperitoneal administration of
5-ethynyl-2'-deoxyuridine (EAU) (50 mg/kg, i.p.) 1 hour
before the dissection of the mice, but no reactive astro-
cytes were found in the cortices of mice in the control,
sham, or any SAH groups (data not shown). The acti-
vation of astrocyte is reported to increase at approxi-
mately 3 days after brain injuries such as TBI [27], and
similarly, reactive astrocytes were potentially observed
a few days after SAH injury in the present study on SAH
model mice.

Neuronal cell death is increased in layers

I to Ill of the cerebral cortex in correlation

with neuroinflammation

We showed that in SAH model mice, activated micro-
glia were induced from the anterior to posterior regions
of the cerebrum and in all layers of the cerebral cortex
depending on the severity of the injury. Since neuro-
inflammation triggers neuronal cell death in SAH and
brain injury models [29-32], we investigated whether the
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worsening of neuroinflammation in all layers of the cor-
tex led to neuronal cell death.

We quantified the degree of cell death by immunostain-
ing for neural NeuN, a marker nuclei in neurons [33], and
terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) [34]. In the anterior part of the cere-
brum, neuronal cell death increased with the severity of
SAH in superficial layers I to III (Fig. 8a, d). In the deeper
layers (IV to VI), neuronal cell death also tended to
increase according to the severity of SAH, but not signifi-
cant (Fig. 8b), and this phenomenon was observed in all
layers of the cerebral cortex (Fig. 8c). In the intermediate
of the cerebrum, similar to the anterior region, neuronal
cell death increased as the severity of SAH worsened
(Figs. 9a—d). And the difference was not significant in the
posterior cortex (Fig. 10a—d).

Neuroinflammation in the hippocampus is milder

than that in the cerebral cortex

Next, we analyzed the degree of neuroinflammation
by quantifying the number of Ibal-positive microglia
in the hippocampus, which is located deeper from
the pia mater than the cerebral cortex. Since SAH has
been reported to damage the dentate gyrus of the hip-
pocampus due to ischemia [35, 36], we focused on this
region to investigate how neuroinflammatory damage
extends beyond the cerebral cortex. We quantified the
number of Ibal-positive microglia in the granular cell
layer of the hippocampus in each group and found that
the number was significantly increased in the severe
SAH model mice (Fig. 11a, ¢ and Supplementary Fig-
ure Sla). The number of microglia in the hilus was also
slightly increased in the severe SAH model (Fig. 11b
and Supplementary Figure Sla). However, the num-
ber of induced microglia was lower than in the cortex,
and the number of Ibal-positive microglia was not
significantly increased in hilus, although there was an
increasing trend.

(See figure on next page.)

Fig. 4 Ibal-positive microglia infiltrate the intermediate cortex in the SAH mouse model (1.0 mm posterior to bregma). a Representative
immunostaining images of Ibal-positive cells (red) in layers | to lll of the intermediate cerebrum in the control, sham, mild SAH, and severe SAH
groups. Scale bar, 100 um for the general figure and 50 um for the enlarged figure. b Representative immunostaining images of Iba1-positive cells
(red) in layers IV to VI of the intermediate cerebrum in the control, sham, mild SAH, and severe SAH groups. Scale bar, 100 um for the general figure
and 50 pm for the enlarged figure. ¢ Quantification of the number of Iba1-positive cells in layers | to lll of the intermediate region of the cerebrum
(n =4, each group, control vs. severe SAH; p = 0.001, sham vs. severe SAH; p = 0.008). d Quantification of the number of Iba1-positive cells in

layers IV to VI of the intermediate region of the cerebrum (n = 4, each group, control vs. severe SAH; p = 0.230, sham vs. severe SAH; p = 0.025). e
Quantification of the number of Iba1-positive cells in all layers of the intermediate region of the cerebrum (n=4, each group, control vs. severe SAH;
p = 0.005, sham vs. severe SAH; p = 0.003). Statistical analyses were performed with one-way ANOVA and Tukey—Kramer post hoc tests. The values
in the bar graphs represent the mean =+ SE. *p < 0.05, **p < 0.01, NS; not significant
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The extent of neuronal cell death was also quantified
using TUNEL staining and NeuN. In the granular cell
layer, neuronal cell death tended to increase in the mild
SAH model but not significant (Fig. 11d, e).

The hippocampus is well known to be vulnerable to
SAH and susceptible to damage [11, 37, 38], and SAH-
induced ischemia has been reported to be responsible for
these phenotypes [36, 39, 40]. In the granular cell layer
and hilus of the hippocampal dentate gyrus, the effects
of neuroinflammation may be limited. This suggests that
other factors, such as ischemia, are responsible for neu-
ronal cell death.

Effect of neuroinflammation on adult neurogenesis

The above analysis showed that the degree of neuroin-
flammation in the hippocampus, which is located deeper
than the cortex, was milder than that in the cortex. We
examined whether SAH-induced neuroinflammation in
the hippocampus, which is located deeper than the cor-
tex, affects other functions.

One of the characteristic functions of the hippocam-
pus and ventricular-subventricular zone (V-SVZ) is adult
neurogenesis [41, 42]. In the hippocampus, neurogenesis
occurs throughout life, allowing for new memories [43],
and neurons generated in the V-SVZ migrate to the olfac-
tory bulb, where they contribute to odor identification
and sexual behavior [44]. This neurogenesis is known to
be impaired by neuroinflammation [45].

Here, we investigated whether neuroinflammation
caused by SAH also impairs adult neurogenesis. We
used doublecortin (DCX) [46] as a marker for newly
generated neurons. In the V-SVZ, the number of DCX-
positive cells did not differ between the severe SAH,
control and sham groups but was significantly increased
in the mild SAH group (Supplementary Figure S2a and
b). In the hippocampus, the number of DCX-positive
cells did not differ among the control, sham, and severe
SAH groups, but was mildly increased in the mild SAH
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group (Supplementary Figure S2c and d). The increase
in the number of DCX-positive cells in the mild SAH
group was unexpected, suggesting that mild inflam-
mation is a convenient stimulus for DCX upregula-
tion. However, in this study protocol, brain sections
were analyzed 1 day after SAH injury, and it would
thus be reasonable to assume that DCX expression was
increased by inflammatory stimuli rather than that neu-
rogenesis was increased. To determine whether neuro-
genesis is sustained, mid- to long-term analyses after
SAH injury are needed.

Discussion

In this study, we found that neuroinflammation spilled
over from superficial to deep layers in the cerebral cor-
tices of mice after SAH injury, leading to neuronal cell
death, especially in the anterior cortex. Neuroinflamma-
tion and neuronal cell death increased with the severity
of SAH.

In clinical practice, SAH patients present with a vari-
ety of clinical manifestations, ranging from mild dis-
ease with few sequelae to severe disease with severe
sequelae or even death [37, 38]. Therefore, to study the
pathogenesis of the disease, it was necessary to analyze
the disease according to its severity and therefore cre-
ated model mice with mild and severe disease. There
are two main experimental models of SAH, the injec-
tion model [37, 47] in which hematoma is injected
into the prechiasmatic cistern or cisterna magna, and
the perforation model [48, 49], in which the tip of the
internal carotid artery is punctured with nylon thread
or wire. The perforation model is probably the most
popular model in recent experimental SAH studies but
is limited by the fact that the amount of blood spurting
and intracranial pressure cannot be controlled, result-
ing in inconsistent brain damage due to SAH [50].
On the other hand, the intracranial pressure does not
increase substantially in the injection model [51]. As

(See figure on next page.)

Fig. 5 Ibal-positive microglia infiltrated layers | to VI of the cerebral cortex (dorsal region) in the posterior cerebral cortex (2.5 mm posterior to
bregma). a Representative immunostaining images of Iba1-positive cells (red) in layers | to Il of the posterior cerebrum in the control, sham, mild
SAH, and severe SAH groups. Scale bar, 100 um for the general figure and 50 um for the enlarged figure. b Representative immunostaining images
of Ibal-positive cells (red) in layers IV to VI of the posterior cerebrum in the control, sham, mild SAH, and severe SAH groups. The scale bar is 100

um for the general figure and 50 um for the enlarged figure. ¢ Quantification of the number of Iba1-positive cells in layers | to Il of the posterior
region of the cerebrum (n = 4, each group, control vs. severe SAH; p = 0.001, sham vs. severe SAH; p = 0.028). d Quantification of the number of
Ibal-positive cells in layers IV to VI of the posterior region of the cerebrum (n = 4, each group, control vs. severe SAH; p < 0.001, sham vs. severe SAH;
p = 0.007). e Quantification of the number of lba1-positive cells in all layers of the posterior region of the cerebrum (n = 4, each group, control vs.
severe SAH; p < 0.001, sham vs. severe SAH; p = 0.010). Statistical analyses were performed with one-way ANOVA and Tukey-Kramer post hoc tests.
The values in the bar graphs represent the mean=+SE. *p < 0.05, **p < 0.01, ***p < 0.001
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such, we herein made it possible to adjust the amount  cytokines is upregulated in the cerebral cortex adja-
and time of hematoma injection and ensured the cent to and distal to the hematoma in experimen-
results by simultaneously measuring the intracranial tal SAH [56]. Additionally, microglia are upregulated
pressure. We tried several combinations of the blood in not only the vicinity of the hematoma but also the
volume and injection time and decided to target the motor cortex following SAH [24]. Despite this, how far
elevation of intracranial pressure at approximately the the inflammatory changes associated with microglial
same level as the elevated blood pressure during SAH, invasion after SAH extend into the cerebrum remained
which is considered equivalent to the global ischemia  unknown.
status of intracranial blood flow [52], for the creation In our study, we showed that neuroinflammation was
of the severe disease model. Furthermore, mice with  increased in all layers of the cerebral cortex contralateral
lower neurological scores at 24 h were included in to the basal cistern where the hematoma was injected.
the analysis of the severe SAH model, and those with  Furthermore, this result was similar in not only the ante-
scores that were too high excluded. For the mild SAH rior region of the cerebrum but also the intermediate and
model, we created a model in which the intracranial  posterior regions. This result suggests that the inflam-
pressure was elevated but the neurological scores were  matory changes associated with SAH are widespread
not too low. throughout the cerebrum. With respect to inflammation
In the acute phase of SAH, microglia plays exclusive after SAH, the effects of heme and other degradation
role to neuronal apoptosis [53]. Also, residual micro- products of blood are known [57]. However, in remote
glia activate 24 h after SAH and macrophage does not areas, hematomas are thought to have less direct effects.
appear until 72 h later [54]. Within 24 h of SAH, the Therefore, the activation of neuroinflammation in remote
residual microglia show morphological changes in areas may not be achieved only by interaction with heme
their activation [24], reaching a peak, which is more and microglia but rather may include other insults, such
common in brain regions adjacent to the hematoma as transient global ischemia, ischemia due to acute vasos-
[55]. Some reports suggest that SAH may cause dam- pasm, and a dysregulated inflammatory response after
age in remote areas; the expression of inflammatory stroke [58-60]. In addition, the interaction between
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a Hoechst Iba1 Hoechst / Iba1

Control

b Hoechst Iba1 Hoechst / Iba1

Sham

Cc Hoechst Iba1 Hoechst / Iba1

Severe SAH

Fig. 7 Microglia are morphologically transformed by SAH. a Immunostaining images of nuclear (blue) and Iba (red) staining in the control group;
Ibal-positive cells have a ramified shape. b Immunostaining images of nuclear (blue) and Iba1 (red) staining in the sham group; Iba1-positive cells
have a ramified shape. ¢ Immunostaining images of nuclear (blue) and Iba1 (red) staining in SAH. Iba1-positive cells are hyperramified or reactive in
shape. Some cells were amoeboids, as shown by the white arrows. Scale bars: 20 pm
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microglia and neurons contributes to neuronal apoptosis
after SAH, and depletion of microglia significantly inhib-
its neuronal apoptosis in experimental SAH [31, 53]. We
also showed that neuronal cell death was widespread in
the cerebrum and that it was correlated with the extent
of neuroinflammation. These results indicate that SAH-
induced neuroinflammation extends to the entire cer-
ebrum and causes neuronal cell death.

In our results, the degree of neuroinflammation was
lower in the granular layer and hilus of the hippocam-
pus, which is located deeper than the cerebral cortex,
than in the cerebral cortex. This result may suggest that
a mechanism other than inflammation is responsible for
neuronal cell death in the hippocampus. In general, the
hippocampus is vulnerable to ischemia [61], and whole-
brain ischemia caused by SAH are thought to affect the
hippocampus [36]. Therefore, ischemia and/or other
effects, but not inflammation, were thought to responsi-
ble for the hippocampal damage caused by SAH.

Since the cerebral cortex controls movement [62]
and long-term memory [63] and since neuroinflamma-
tion can impair motor function and long-term memory
retention even when intracranial hypertension [64] or
physical damage [65] caused by SAH is mild, reducing
inflammation throughout the cerebrum may be a prom-
ising therapeutic strategy. Although some studies using
mouse models of SAH have reported that anti-inflam-
matory drugs have therapeutic effects [66, 67], there is
still no clear evidence that anti-inflammatory treatment
strategies can be useful for patients with SAH. Previ-
ous studies have not shown that the therapeutic effect is
due to the suppression of neuroinflammation spreading
throughout the cerebrum. Our results suggest that the
therapeutic target for inflammatory changes in the acute
phase of SAH is not localized but extends to the entire
brain. Thus, in the future, preclinical studies should be
conducted to determine which anti-inflammatory drugs
should be administered and when and how they should
be administered to achieve the best therapeutic effects.

Comparison with previous reports

The central theme of the study by Zheng et al. [24] was
microglial activation and polarity. This study showed
that SAH increased the number of microglia near the
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hematoma, in the motor cortex, and the hippocampus.
In contrast, our study is novel in that it showed that
inflammation was induced in the entire cerebral cortex.
In terms of hematoma in a remote area, our study was
more detailed, showing that even in the remote area,
from the anterior to the posterior cortex, respectively,
and superficial to deep layers, respectively, inflammation
was induced. Therefore, we believe that our results show
considerably more findings than this study in terms of
how brain damage due to SAH extends throughout the
cerebrum and how the damage depends on the severity
of the injury.

The previous study by Duris et al. [56] showed that
inflammatory cytokines are elevated in the distal cortex
of the hematoma after SAH. Again, we have newly shown
from our result that there is an associated increase in
neuronal death, which is severity-dependent.

Sabri et al. [37] showed that SAH causes microvessel
thrombosis and increased cell death in a specific brain
area. Although it is the same in the sense that we are
studying cell death caused by the acute phase of SAH,
this is substantially different from our research about
neuroinflammation and neuronal cell death in the entire
cortex.

Overall, compared to previous studies showing acute
remote inflammation, this study newly shows that EBI
causes neuroinflammation and neuronal cell death
throughout the brain and that its severity is consistent
with the magnitude of the load on the animal model.

Limitations of this study

First, although we revealed the increase of the number of
Ibal-positive cells after SAH, this study does not confirm
whether these phenomena are the cause or result of tis-
sue injury. Additional experiments under inhibition of
microglial activation will be needed to address the cause-
and-effect relationship between microglia-mediated neu-
roinflammation and neuronal cell death.

Second, although Ibal was used as a marker of neuro-
inflammation in this study, strictly speaking, Ibal cannot
distinguish between microglia and macrophages. There-
fore, it is necessary to distinguish between microglia and
macrophages by checking the expression of other specific
markers.

(See figure on next page.)

Fig. 8 As the severity of SAH worsens, neuronal cell death increases in the cerebral cortex in the anterior region of the cerebrum (1.0 mm anterior
to bregma). a Cells that were positive for both NeuN and TUNEL were quantified to assess neuronal cell death. The number of dead neural cells in
layers | to Il of the anterior region of the cerebrum was quantified (n = 3, each group). b Quantification of the number of dead neural cells in layers
IV to VI of the anterior region of the cerebrum (n = 3, each group). ¢ Quantification of the number of dead neural cells in all layers of the anterior
region of the cerebrum (n = 3, each group). d Representative confocal images of TUNEL (green) and NeuN (red) in the anterior cortex. Nuclei were
counterstained with Hoechst (blue). Scale bar, 50 um. Statistical analyses were performed with one-way ANOVA and Tukey-Kramer post hoc tests.
The values in the bar graphs represent the mean =+ SD. **p < 0.01, ***p < 0.001. NS: not significant
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Fig. 9 Neural cell death in the intermediate cerebral cortex (1.0 mm posterior to bregma). a Quantification of the number of dead neural cells

in layers | to lll of the intermediate region of the cerebrum (n = 3). b Quantification of the number of dead neural cells in layers IV to VI of the
intermediate region of the cerebrum (n = 3, each group). ¢ Quantification of the number of dead neural cells in all layers of the intermediate region
of the cerebrum (n = 4, each group). d Representative confocal images of TUNEL (green) and NeuN (red) in the intermediate cortex. Nuclei were
counterstained with Hoechst (blue). Scale bar, 50 pm. Statistical analyses were performed with one-way ANOVA and Tukey—Kramer post hoc tests.
The values in the bar graphs represent the mean =+ SD. *p < 0.05. **p < 0.01, ***p < 0.001. NS: not significant
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analyses were performed with one-way ANOVA and Tukey—Kramer post hoc tests. The values in the bar graphs represent the mean £ SD. *p < 0.05,
NS: not significant
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represent the mean = SE. NS: not significant




Yamada et al. Inflammation and Regeneration (2022) 42:61

Conclusion

Analysis of the SAH mouse model revealed that EBI-
induced inflammation and neuronal cell death were not
localized but rather extended to the entire cerebrum,
with inflammatory damage generally occurring in all
layers of the cerebral cortex. Furthermore, the degree
of neuroinflammation increased as the severity of the
disease increased, causing neuronal cell death. As a
future prospect, suppression of inflammation in the
entire cerebrum is suggested to be a useful therapeutic
strategy for EBI.

Methods

Mice

All experimental procedures were approved by the ethics
committee of Keio University and performed in accord-
ance with the Guide for the Care and Use of Labora-
tory Animals (U.S. National Institutes of Health). Male
C57BL/6] mice (12-14 weeks old) were purchased from
Sankyo Lab Service (Tokyo, Japan).

SAH induction

In creating a mouse model of subarachnoid hemorrhage,
we implemented the anterior injection method [68].
Although several methods have been reported for creat-
ing SAH models [46, 47], no perfect model is available.
Since our goal was to create both a mild and a severe
model, we adopted a method that allowed us to inten-
tionally adjust the severity of the disease by ourselves
depending on the amount and speed of the hematoma
injection. Mice were anesthetized by the intraperitoneal
injection (0.01 mL/g) of a mixture of midazolam (4 mg/kg),
dexmedetomidine hydrochloride (0.75 mg/kg), and
butorphanol tartrate (5 mg/kg), and the procedure was
performed under spontaneous breathing; the mouse
body temperature was maintained at 37.0 °C £ 0.5 °C
using a thermometer and a heating pad. The head of the
mouse was fixed with a stereotaxic instrument (David
Kopf Instruments, Los Angeles, USA), and a midline
scalp incision was made from anterior to the bregma
to the occipital bone. A burr hole was drilled 4.5 mm
anterior to bregma and 1 mm lateral to the right side. A
27-G spinal needle was inserted 45° caudally until it hit
the skull base (typically approximately 7 mm deep) and
was then pulled back 0.5 mm to reach the subarachnoid
space. A burr hole was also drilled on the contralateral
side, and a fiber-optic pressure transducer and 0.9 Fr tip
catheter (Neuroscience incorporation, Tokyo, Japan) was
inserted to measure the intracranial pressure. During
the intracranial pressure measurement, nonheparinized
blood obtained from the left atrium of the homogeneous
isochronic mouse was injected using a stereotaxic injec-
tor (Muromachi Kikai Corporation, Tokyo, Japan). In the
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mild disease model, 40 pl of blood was injected over 45
s, whereas 80 pl of blood was injected over 45 s in the
severe disease model. After the injection, the needle was
kept in the same position for 3 min to prevent backflow
of blood and was then removed. Sham mice were only
subjected to needle insertion and were not injected with
blood. Control mice received only anesthesia and no nee-
dle insertion.

Neurological scoring

A modified Garcia score [69, 70] with a score of 18 points
was evaluated to assess neurological function at two time
points: just prior to the induction of SAH and just prior
to sacrifice 24 h later. Mice with a score of 16 to 18 points
after 24 h were adopted as mild disease model mice, and
those with a score of 16 points or less were adopted as
severe disease model mice.

Immunostaining

For immunohistochemistry, vibratome sections were
prepared by standard protocols after perfusion and fixa-
tion with 4% PFA/PBS. The sections were treated with 3%
H202/PBS for 15 min to quench endogenous peroxidase
activity and then processed for the retrieval of antigens
optimized for each antibody as described below. Subse-
quently, the sections were permeabilized with 0.3% Tri-
ton X-100 (Sigma—Aldrich, X100-1GA)/PBS for 30 min
at room temperature. After blocking with blocking One
buffer (Nacalai Tesque, 03953-95) for 30 min at room
temperature, the sections were incubated at 4 °C over-
night with the following antibodies: rabbit monoclonal
anti-Ibal (Fujifilm Wako Chemicals, 019-19741; 1:500),
mouse monoclonal anti-NeuN (Millipore, MAB377;
1:500), (Cell Signaling Technology, 9661; 1:500), rat
monoclonal anti-GFAP (Invitrogen, 13-0300; 1:500),
and goat polyclonal anti-DCX (Santa Cruz Biotech-
nology, sc-8066; 1:500). After washing with PBS three
times, the sections were incubated for 90 min at room
temperature with secondary antibodies conjugated to
biotinylated substrates (Jackson ImmunoResearch, 111-
065-144 or 712-065-153 or 115-065-146; 1:500). The
signals were then enhanced with a VECTASTAIN Elite
ABC HRP Kit (Vector Laboratories, PK-6100) and ana-
lyzed with a TSA™ Fluorescein System (Perkin Elmer,
NEL701001KT or NEL702001KT). To detect cell death,
we used In Situ Cell Death Detection Kit, Fluorescein
(Roche, 11684795910) in accordance with the manu-
facturer’s instructions. Cell nuclei of the sections were
counterstained with Hoechst 33258 (Sigma—Aldrich,
B2883; 10 pg/mL). The sections were mounted on glass
slides and analyzed with a confocal laser scanning micro-
scope LSM700 (Carl Zeiss). Tiling images of the cortex
and hippocampus of the samples were taken using a x 40
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objective lens, and the number of Ibal-positive cells and
NeuN-TUNEL (sigma-aldrich/Roche, In Situ Cell Death
Detection Kit, Fluorescein; Cat. 11684795910)-positive
cells were manually calculated.

Statistical analysis

For each statistical analysis, at least three independent
experiments were conducted. Statistical significance was
determined by the unpaired two-tailed Student’s ¢ test
(two-tailed) and one-way analysis of variance followed by
the Tukey—Kramer post hoc test for the comparison of
two data sets. Throughout the study, p values of less than
0.05 were considered statistically significant. The follow-
ing significance thresholds were used throughout: *p <
0.05, **p < 0.01, ***p < 0.001; NS, not significant. The val-
ues in bars and line graphs represent the mean + SE for
the rest of the figures.

RNA-seq data analysis

Original data were downloaded from Gene Expression
Omnibus and the RKPM values were transformed into
log,(RKPM+1). The expression matrix of microglial mark-
ers (Aifl, Cx3crl, Cd68, P2ry12, P2ry13, Tmeml119, Gpr34,
Siglech, and Trem2) was transformed by principal com-
ponent analysis. The correlation coefficients among those
genes were also calculated.
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EBI: Early brain injury; RNA-seq: RNA sequencing; SAH: Subarachnoid hemor-
rhage; SGZ: Subgranular zone; V-SVZ: Ventricular-subventricular zone.
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