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October 15, 2026

To Members of the Press

Mechanism Underlying Progressive Brain Injury in the
Early Phase After Subarachnoid Hemorrhage Elucidated

— Neutrophil RAGE Drives Cerebral Vasospasm and Impaired Cerebral Circulation —

A research group led by Assistant Professor Hiroshi Ishii and Professor Osamu Hori of the
Department of Neuroanatomy, Kanazawa University, has revealed that RAGE (receptor for
advanced glycation end products), expressed by the inflammatory cell type known as neutrophils,
promotes neutrophil accumulation around cerebral arteries during the early phase after
subarachnoid hemorrhage (SAH), thereby inducing cerebral vasospasm, impaired cerebral
circulation, and neurological dysfunction.

SAH is a severe form of stroke caused by rupture of a cerebral aneurysm. In addition to the initial
injury by bleeding itself, subsequent reductions in cerebral blood flow, cerebral vasospasm, and
inflammation act together to worsen patient outcomes. However, the detailed mechanisms have
remained unclear.

In 2023, using clinical data from patients with SAH together with an SAH mouse model, our group
reported that sympathetic hyperactivity immediately after SAH causes a reduction in cerebral
blood flow and worsens neurological outcome (Demura, Ishii et al., Stroke 2023). In the present
study, we further focused on the inflammatory vascular injury that follows this early response and
identified neutrophil RAGE as a driver of cerebral vasospasm and cerebral microcirculatory
impairment after SAH.

In RAGE-deficient mice, neurological impairment after SAH was attenuated, and both vasospasm
of major cerebral arteries and cortical microcirculatory impairment were markedly improved. In
wild-type mice, numerous neutrophils accumulated around cerebral arteries during the early phase
after SAH, whereas this accumulation was strongly reduced in RAGE-deficient mice.

These results indicate a newly recognized pathological sequence after SAH in which an immediate
sympathetic cerebrovascular response is followed by neutrophil RAGE-mediated inflammatory
cerebrovascular injury (Fig.1). This work provides a basis for understanding early SAH pathology
as a continuous interaction among the nervous, vascular, and immune systems and for identifying
new therapeutic targets.

This study was published online in the Journal of Cerebral Blood Flow & Metabolism on June
1, 2026. The article is now available open access as of October 1, 2026.



[Research Background]

Subarachnoid hemorrhage is a severe form of stroke caused by rupture of a cerebral aneurysm and
frequently affects relatively young individuals. Current treatment can prevent rebleeding from a
ruptured aneurysm by clipping or endovascular coiling; however, reductions in cerebral blood flow,
cerebral vasospasm, inflammation, and cerebral edema can continue to progress thereafter and
often result in severe sequelae, including higher cognitive dysfunction.

These pathological changes arising soon after SAH have attracted increasing attention under the
concept of early brain injury. However, it has remained unclear which responses occur sequentially
immediately after onset and how they ultimately lead to brain injury.

Our group previously used clinical data from patients treated for SAH at Kanazawa University
Hospital together with an SAH mouse model to show that sympathetic hyperactivity immediately
after SAH reduces cerebral blood flow and worsens neurological injury (Demura, Ishii et al.,
Stroke 2023). In that study, removal of the cervical sympathetic ganglion in SAH mice improved
cerebral blood flow and neurological deficits, demonstrating an important role for the sympathetic
nervous system in circulatory impairment immediately after SAH.

RAGE, in contrast, is a receptor that recognizes damage-associated molecular patterns (DAMPs),
including HMGBI, released during tissue injury, and promotes inflammatory responses. We
therefore investigated the possibility that RAGE contributes to cerebrovascular injury after SAH,
with particular focus on RAGE expressed by neutrophils.

[Summary of Research Findings]

1. RAGE deficiency attenuates neurological deficits, reduces cerebral vasospasm,
and improves cerebral circulation

We first induced SAH in wild-type mice and mice lacking RAGE (RAGE-KO) and compared
neurological deficits, the diameters of major cerebral arteries, and perfusion of cortical vessels.

In wild-type mice, neurological scores deteriorated 12-24 hours after SAH, and marked vasospasm
was observed in major cerebral arteries, including the internal carotid artery, anterior cerebral
artery, and middle cerebral artery. In the cerebral cortex, the total length of vessels adequately
perfused with blood was markedly reduced, indicating widespread microcirculatory impairment.

In contrast, RAGE-KO mice showed attenuated neurological deficits, reduced vasospasm of major
cerebral arteries, and marked improvement in cortical microcirculation (Fig.2). In the original study,
neurological findings, major cerebral artery diameters, and the length of ink-perfused cortical
vessels were all improved by RAGE deficiency.

These results demonstrate that RAGE plays an important role in the progression of early
cerebrovascular and neurological injury after SAH.

2. Neutrophils accumulate around cerebral arteries early after SAH in a RAGE-
dependent manner

We next investigated the cell type through which RAGE contributes to cerebrovascular injury.

Examination of perivascular regions after SAH showed that neutrophils accumulated around
cerebral arteries from an early stage in wild-type mice. MPO-positive neutrophils were most
abundant around 6 h after SAH.

In RAGE-KO mice, the number of neutrophils accumulating around cerebral arteries was
markedly reduced (Fig.3). Analyses using bone-marrow-derived cells and mice lacking RAGE in
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myeloid cells further demonstrated that neutrophil RAGE is important for cerebrovascular injury
after SAH.

3. Inflammatory responses mediated by neutrophil RAGE contribute to cerebral
vasospasm

Neutrophils are immune cells that migrate to sites of inflammation and release a variety of
inflammatory mediators. We further showed that DAMPs such as HMGBI, released from
hematoma and injured tissue after SAH, activate neutrophils through RAGE and promote
neutrophil migration and inflammatory responses.

Pharmacological interventions that suppress RAGE signaling or neutrophil-derived inflammatory
responses also improved cerebral vasospasm and neurological deficits after SAH.

Together, these findings identify the following new pathological pathway:

Hematoma-derived DAMPs

— Activation of neutrophil RAGE

— Neutrophil accumulation around cerebral arteries

— Vasospasm of major cerebral arteries and impaired cerebral circulation
— Brain injury

This pathway defines a previously unrecognized mechanism of cerebrovascular injury after SAH.
[Relationship to Our Previous Research]
In our 2023 study, we reported that sympathetic hyperactivity immediately after SAH causes

cerebral arterial constriction and circulatory impairment (Demura, Ishii et al., Stroke, 2023).

The present study demonstrates that, during the subsequent phase, neutrophil RAGE-mediated
inflammatory cerebrovascular injury develops.

Together, these findings suggest a time-dependent pathological sequence after SAH:

Hyperacute phase: sympathetic stimulation -> alphal receptor-mediated cerebral arterial
constriction and impaired cerebral circulation

Hyperacute to acute phase: neutrophil RAGE -> cerebral vasospasm and impaired cerebral
circulation

These findings suggest the existence of a temporally progressive pathophysiological sequence after
SAH (Fig.1).

How sympathetic nervous system responses and neutrophil RAGE responses interact with each
other remains to be determined.

[Future Directions]

Current SAH treatment aims not only to prevent rebleeding but also to suppress cerebral
vasospasm and cerebral blood-flow impairment. Nevertheless, no treatment has yet been
established that can sufficiently prevent the brain injury that begins during the early phase after
SAH.



The present study demonstrates that neutrophil RAGE represents a previously unrecognized
pathological mechanism upstream of cerebral vasospasm and impaired cerebral circulation, which
have traditionally been regarded primarily as downstream manifestations of SAH.

Future studies will clarify how the sympathetic response immediately after SAH and the
subsequent neutrophil RAGE-dependent inflammatory response evolve spatially and temporally
and how they lead to impaired cerebral circulation and neurological injury.

Furthermore, targeting upstream pathological molecules, including RAGE, may lead to therapeutic
strategies that differ from current approaches directed primarily at cerebral vasospasm.

These findings provide a new framework for viewing post-SAH brain injury not as a single event,
but as a temporally evolving pathological sequence involving the nervous, vascular, and immune
systems.

This study was supported by Grants-in-Aid for Scientific Research (KAKENHI) from the Japan
Society for the Promotion of Science (JSPS), including Challenging Research (Exploratory),
Fostering Joint International Research (A and B), and Scientific Research (C) (JP26K23560,
JP18KKO0459, JP18KK 0255, JP23K08562, JP20K09343, and JP17K10821).
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[Glossary]

*1 RAGE (receptor for advanced glycation end products)

A cell-surface receptor that recognizes inflammatory mediators such as HMGBI1 and transduces
intracellular inflammatory signals.



*2 Neutrophils
A type of white blood cell that rapidly accumulates at sites of infection or tissue injury and
contributes to inflammatory responses.

*3 DAMPs (damage-associated molecular patterns)
Molecules released from damaged cells or tissues that activate immune responses. HMGBI is
one example.

*4 Cerebral vasospasm
Abnormal narrowing of cerebral arteries after SAH, which can reduce blood flow to the brain
and contribute to cerebral ischemia and neurological injury.
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