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Depolarization time 
and extracellular glutamate levels 
aggravate ultraearly brain injury 
after subarachnoid hemorrhage
Satoshi Murai1, Tomohito Hishikawa1, Yoshimasa Takeda2*, Yasuko Okura3, Miki Fushimi3, 
Hirokazu Kawase2, Yu Takahashi1, Naoya Kidani1, Jun Haruma1, Masafumi Hiramatsu1, 
Kenji Sugiu1, Hiroshi Morimatsu3 & Isao Date1

Early brain injury after aneurysmal subarachnoid hemorrhage (SAH) worsens the neurological 
outcome. We hypothesize that a longer duration of depolarization and excessive release of glutamate 
aggravate neurological outcomes after SAH, and that brain hypothermia can accelerate repolarization 
and inhibit the excessive release of extracellular glutamate and subsequent neuronal damage. 
So, we investigated the influence of depolarization time and extracellular glutamate levels on the 
neurological outcome in the ultra-early phase of SAH using a rat injection model as Experiment 1 and 
then evaluated the efficacy of brain hypothermia targeting ultra-early brain injury as Experiment 2. 
Dynamic changes in membrane potentials, intracranial pressure, cerebral perfusion pressure, cerebral 
blood flow, and extracellular glutamate levels were observed within 30 min after SAH. A prolonged 
duration of depolarization correlated with peak extracellular glutamate levels, and these two factors 
worsened the neuronal injury. Under brain hypothermia using pharyngeal cooling after SAH, cerebral 
perfusion pressure in the hypothermia group recovered earlier than that in the normothermia group. 
Extracellular glutamate levels in the hypothermia group were significantly lower than those in the 
normothermia group. The early induction of brain hypothermia could facilitate faster recovery of 
cerebral perfusion pressure, repolarization, and the inhibition of excessive glutamate release, which 
would prevent ultra-early brain injury following SAH.

Aneurysmal subarachnoid hemorrhage (SAH) remains a devastating and challenging disease with high morbid-
ity and mortality1. Approximately 30% of patients develop delayed cerebral ischemia (DCI)2, resulting in unfa-
vorable neurological outcomes3. In recent years, early brain injury (EBI) has been considered a major etiology 
of DCI. EBI involves pathophysiological changes triggered by the abrupt increase of intracranial pressure and 
subsequent transient global ischemia, and it occurs within 72 h after SAH4. Various mechanisms are involved in 
EBI, including cortical spreading depolarization (CSD)5, neuronal inflammation6, microcirculation impairment, 
blood–brain barrier disruption7, and hypercoagulability8.

It is known that in the acute-phase of SAH, intracranial pressure (ICP) and cerebral blood flow (CBF) changes 
dynamically, resulting in excessive release of excitatory amino acids such as glutamate, which causes neuronal 
damage9. Shimizu et al.10 divided the changes in extracellular potentials into three types, and showed that the 
duration of depolarization was significantly correlated with the severity of neurological injury in a rat perforation 
model. They also revealed that the duration of depolarization that caused 50% of neuronal damage was estimated 
to be 22.4 min, and hypothesized that controlling the ICP within the first hour after SAH was important for brain 
protection. Although both the duration of depolarization and extracellular glutamate levels are associated with 
hyperacute neuronal damage, the detailed mechanisms of how these factors interact and the recovery process of 
membrane potentials and the changes in other physiological parameters after SAH are not well known.

We have focused on a neuroprotective effect of brain hypothermia for EBI. Brain hypothermia has a neu-
roprotective effect through reducing oxygen demand, decreasing blood–brain barrier permeability, limiting 
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inflammatory cell entry, and decreasing calcium-dependent cell injury11. We hypothesize that brain hypothermia 
contributes to lowering energy consumption, accelerating repolarization, which inhibits the excessive release of 
extracellular glutamate and subsequent neuronal damage. But there are no reports investigating the duration of 
depolarization and extracellular glutamate level simultaneously after induction of brain hypothermia.

To investigate the effect of the duration of depolarization and the extracellular glutamate levels on EBI, and a 
neuroprotective effect of the brain hypothermia, we conducted two experiments. In Experiment 1, we evaluated 
the changes in physiological parameters in the ultra-early phase of SAH, including loss of membrane potentials, 
mean arterial pressure (MAP), ICP, cerebral perfusion pressure (CPP), and CBF. We also closely investigated the 
relationship between the duration of depolarization and the extracellular glutamate levels. Next, the neurological 
and histological outcomes were evaluated. In Experiment 2, we investigated the effect of brain hypothermia on 
neurological and histological outcomes in terms of the changes in the physiological parameters and glutamate 
release.

Results
Experiment 1.  Characteristics.  The baseline results of ABG are shown in Supplementary Table 1. The CO2 
level was well controlled (37.5 ± 3.3 mmHg). The mean volume of injection blood was 0.34 ± 0.03 ml. Cortical 
depolarization was observed in 8 (88.9%) rats, and mean depolarization was 20.6 min. A depolarization duration 
of more than 20 min was observed in 4 (44.4%) rats (Supplementary Table 2). One of the nine rats (11%) died 
within 24 h after SAH.

Temporal changes of physiological parameters.  Dynamic changes in membrane potentials, MAP, ICP, CPP, CBF, 
and extracellular glutamate levels were observed during the first 30-min observation. Cortical depolarization 
occurred within 2 min after blood injection. ICP abruptly elevated immediately after injection. It transiently 
decreased to around 30 mmHg within 10 min, and showed a gradual increase during the observation period. 
MAP increased immediately after injection along with ICP elevation. It recovered to the normal level within 
4 min. CPP declined immediately after injection along with ICP elevation, and was under 40 mmHg at 1 min. It 
recovered to approximately 50 mmHg within 10 min, but gradually decreased again. CBF also decreased imme-
diately after injection, and reached 25 to 50% of the baseline. It recovered to approximately 40 to 80% of baseline 
within 10 min, then gradually declined and hovered around 20 to 60%. The extracellular glutamate levels started 
to rise from 10 min after blood injection, and plateaued at 20 min. The changes in the physiological parameters 
in the illustrative case with a longer duration of depolarization are shown in Fig. 1.

Linear regression analysis showed that MAP and ICP at 10 min were not correlated with peak extracel-
lular glutamate level (r = −0.59, p = 0.089 and r = 0.47, p = 0.20, respectively), but CPP and CBF at 10 min were 
significantly correlated with peak extracellular glutamate levels (r = −0.77, p = 0.016, and r = −0.82, p = 0.0073, 

Figure 1.   The changes in the physiological parameters in the illustrative case with a longer duration of 
depolarization. Cortical depolarization occurred within 2 min after blood injection. ICP abruptly elevated 
immediately after injection. It transiently decreased to around 30 mmHg within 10 min, and gradually increased 
during the observation period. MAP increased immediately after injection along with ICP elevation, and 
recovered to the normal level within 4 min. CPP declined immediately after injection along with ICP elevation, 
and was under 40 mmHg at 1 min. CBF also decreased immediately after injection, and reached 30% of the 
baseline. CPP and CBF gradually recovered during 30 min. The extracellular glutamate levels started to rise 
from 10 min after blood injection, and plateaued at 20 min.
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respectively) (Fig. 2A–D). At 20 min after SAH, MAP, ICP, and CPP were not correlated with extracellular gluta-
mate level (r = 0.13, p = 0.73, r = 0.51, p = 0.16, and r = −0.21, p = 0.58, respectively), and only CBF was significantly 
correlated with peak extracellular glutamate levels (r = −0.87, p = 0.0022) (Supplementary Fig. 1). Similarly, at 
30 min after SAH, MAP, ICP, and CPP were not correlated with extracellular glutamate level (r = 0.045, p = 0.91, 
r = 0.57, p = 0.11, and r = −0.45, p = 0.23, respectively), and only CBF was significantly correlated with peak extra-
cellular glutamate levels (r = −0.87, p = 0.0020) (Supplementary Fig. 2).

Extracellular glutamate levels and neuronal injury.  The extracellular glutamate levels at baseline were 
44.0 ± 17.2 μmol/l. From our previous findings, we compared the extracellular glutamate levels between the two 
groups: duration of depolarization 20 min or more and less than 20 min. When the duration of depolarization 
was 20 min or more, the extracellular glutamate levels started to rise 10 min after blood injection, and almost 
plateaued at 20 min. When the duration of depolarization was less than 20 min, the extracellular glutamate 
levels were almost unchanged during the 1-h observation (Fig. 2E). The peak extracellular glutamate level in the 
former group was 345.7 ± 159.4 μmol/l, which was significantly higher than 83.6 ± 49.9 μmol/l in the latter group 
(p = 0.0097).

Histologically, cases with short duration of depolarization showed mild neuronal damage, but cases with 
longer duration of depolarization showed severe neuronal damage characterized by chromatin aggregation in 
the nucleus, shrinkage, or eosinophilic staining in the cytoplasm (Fig. 3A, B). The duration of depolarization was 
significantly correlated with extracellular glutamate levels (r = 0.77, p = 0.016). Both the duration of depolariza-
tion and extracellular glutamate levels were negatively correlated with neurological score (r = −0.89, p = 0.0033, 
and r = −0.80, p = 0.018) (Fig. 3C, D). Probit analysis showed that the duration of depolarization was significantly 
correlated with neuronal damage (r = 0.81, p = 0.014), and the value that caused 50% of neuronal damage was 
estimated to be 16.5 min (Fig. 3E). The peak extracellular glutamate levels were significantly correlated with 
neuronal damage (r = 0.85, p = 0.0073), and the value that caused 50% of neuronal damage was estimated to be 
146.1 μmol/l (Fig. 3F).

Experiment 2.  Characteristics.  The baseline results of ABG are shown in Supplementary Table 3. The CO2 
level was well controlled (39.0 ± 2.7 mmHg). The mean volume of injection blood was 0.36 ± 0.04 ml. Cortical de-
polarization was observed in 7 (100%) rats, and the mean duration of depolarization was 13.0 ± 17.8 min. A de-
polarization duration of more than 20 min was observed in 2 (28.6%) rats (Supplementary Table 4). Pharyngeal 
cooling was started immediately after depolarization. The epidural temperature decreased and reached 30 °C in 
7.0 ± 1.6 min. The minimum epidural temperature was 28.9 ± 0.3 °C, and the average final epidural temperature 
was 30.1 ± 0.7 °C (Fig. 4A). In contrast to the epidural temperature, the rectal temperature was preserved within 
35 °C (Fig. 4B). One of the seven rats (14.3%) died within 24 h after SAH.

Temporal changes of physiological parameters.  MAP elevated immediately after blood injection in both groups. 
It decreased to baseline within 4 min in the NT group, but remained higher and hovered around 100 mmHg in 
the HT group. The difference between the two groups was significant at 20 and 30 min (p = 0.015 and p = 0.015, 
respectively) (Fig.  5A). ICP abruptly elevated immediately after blood injection. It decreased to less than 
30 mmHg within 10 min, and gradually increased again in both groups. It was slightly lower in the HT group 
at 10, 20, and 30 min, but the difference between the two groups was not significant (p = 0.26, 0.17, and 0.17, 
respectively) (Fig. 5B). CPP declined to 40 mmHg in the NT group and 30 mmHg in the HT group 1 min after 
blood injection. CPP in the NT group remained low around 40 mmHg, but that in the HT group recovered to 
70 mmHg within 10 min, and gradually declined again. The difference between the two groups was significant 
at 10, 20, and 30 min (p = 0.030, 0.0083, and 0.0034, respectively) (Fig. 5C). CBF decreased to 30% from baseline 
in both groups immediately after blood injection. CBF in the HT group recovered to 60% within 10 min, which 
was earlier than that in the NT group. Then, it declined again in both groups. The difference was not significant 
between the two groups at 10, 20 and 30 min (P = 0.63, 0.36, and 0.64, respectively) (Fig. 5D).

Extracellular glutamate levels and neuronal injury.  The extracellular glutamate levels in the HT group at base-
line were 5.6 ± 6.2 μmol/l. In the NT group, peak extracellular glutamate levels elevated in proportion to the 
duration of depolarization, but in the HT group, peak extracellular glutamate level did not increase even with 
the longer duration of depolarization (Fig. 6A). The peak extracellular glutamate levels had a significantly lower 
prevalence than those in the NT group (26.2 ± 19.5 vs. 200.1 ± 172.8 μmol/l, p = 0.020) (Fig. 6B).

Discussion
Key results.  In contrast to the conventional injection model, we developed a model that can control the 
severity of SAH by controlling ICP. The results of Experiment 1 showed that cortical depolarization occurred in 
88.9% of cases, and a duration of depolarization of 20 min or more occurred in 44.4% of cases. The duration of 
depolarization was significantly correlated with peak extracellular glutamate levels. The extracellular glutamate 
levels were also significantly correlated with worsening neurological scores and neuronal injury. The results of 
Experiment 2 showed that cortical depolarization occurred in 100% of cases, but a longer than 20 min duration 
of depolarization was observed in only 28.6% of cases despite the comparable ICP. CPP recovered earlier in the 
HT group. The extracellular glutamate levels had a lower prevalence than those in the NT group.

Early brain injury and physiological parameters.  Early brain injury occurs as a result of pathophysi-
ological mechanisms triggered by the combination of mechanical trauma and ischemic injury during the first 
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Figure 2.   Linear regression analysis showed that MAP and ICP at 10 min were not correlated with peak 
extracellular glutamate levels (r = -0.59, p = 0.089 and r = 0.47, p = 0.20, respectively) (A, B), but CPP at 10 min 
and CBF at 10 min were significantly correlated with peak extracellular glutamate levels (r = -0.77, p = 0.016 and 
r = -0.82, p = 0.0073, respectively) (C, D) (Black circles mean the duration of depolarization 20 min or more, 
and open circles mean the duration of depolarization less than 20 min). When the duration of depolarization 
was 20 min or more, the extracellular glutamate levels started to rise 10 min after blood injection, and almost 
plateaued at 20 min (E).
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Figure 3.   Histologically, cases with longer duration of depolarization showed severe neuronal damage 
characterized by chromatin aggregation in the nucleus, shrinkage, or eosinophilic staining in the cytoplasm 
(A), and cases with short duration of depolarization showed mild neuronal damage (B). Duration of 
depolarization (C) and extracellular glutamate levels (D) were significantly correlated with neuronal injuries 
(r = -0.89, p = 0.0033, and r = -0.80, p = 0.018). Probit analysis showed that the duration of depolarization (E) 
and extracellular glutamate levels (F) that caused 50% of neuronal damage were 16.5 min and 146 μmol/l, 
respectively.
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Figure 4.   After pharyngeal cooling, the epidural temperature immediately declined to 30 °C within 7 min (A). 
In contrast, the rectal temperature was preserved within 35 °C (B).

Figure 5.   MAP elevated immediately after blood injection in both groups. It decreased to baseline within 
4 min in the NT group, but remained higher and hovered around 100 mmHg in the HT group (A). ICP abruptly 
elevated immediately after blood injection. It decreased to under 30 mmHg within 10 min, and gradually 
increased again in both groups (B). CPP declined to 40 mmHg in the NT group and 30 mmHg 1 min after 
blood injection. CPP in the NT group remained low around 40 mmHg, but that in the HT group recovered to 
70 mmHg within 10 min, and gradually declined again. The difference between the two groups was significant at 
10, 20, and 30 min (C). CBF decreased to 30% from baseline in both groups immediately after blood injection. 
CBF in the HT group recovered to 60% within 10 min, which was earlier than that in the NT group. Then, it 
declined again in both groups (D) (*p < 0.05, **p < 0.01).
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72 h after SAH which worsens the outcome. First, when an aneurysm ruptures, the arachnoid space is filled with 
hematoma and the ICP increases to over 150 mmHg12. The compression from the hematoma filling the suba-
rachnoid space causes acute arterial constriction. This, in turn, causes a marked CBF decrease13. Subsequently, 
changes including brain edema, inflammation, oxidative stress, microvascular embolism, CSD, and apoptosis 
cause EBI4,14,15. Our blood injection model using ICP control successfully showed dynamic changes in the mem-
brane potentials, ICP, MAP, CPP, CBF, and extracellular glutamate levels within 1 h after SAH, and these param-
eters are strongly associated with neuronal injuries.

In a previous study, the duration of depolarization was significantly correlated with the severity of neurologi-
cal injury10. The results of Experiment 1 also indicated that the duration of depolarization has a strong impact 
on the aggravation of the neuronal injury. In a retrospective study on human SAH, severe ICP elevation was the 
primary cause of early and prolonged loss of consciousness at the onset of SAH, and loss of consciousness was an 
important predictor of poor neurological outcome16. Loss of consciousness is caused by electroencephalographic 
suppression due to cortical depolarization, supporting the fact that the longer the duration of depolarization, 
the worse the neurological outcome.

Acute vasoconstriction and cerebral autoregulation.  Under normal autoregulation, elevation of 
MAP induces vasoconstriction and reduces the cerebrovascular beds. Next, CBF is maintained in the normal 
range. In the case of a severely damaged brain in which cerebrovascular autoregulation is disrupted, CBF increases 
in proportion to the ABP rise by passive dilatation. This leads to brain edema and ICP increase, which results 
in CPP decrease17. In the hyperacute stage of SAH, acute vasoconstriction occurs independently of the changes 
in ICP and CPP, and is associated with CBF decrease and persistent elevation of extracellular glutamate18–20. 
The subsequent disruption of cerebrovascular autoregulation contributes to EBI14. Sukhotinsky et al. modulated 
CPP by controlling MAP, and examined the influence of CPP on the duration of CSD by KCl application. They 
showed that induced hypertension significantly shortened the CSD recovery, independent of tissue oxygenation, 
by facilitating glucose delivery and extracellular K clearance. They concluded that CPP is a critical determinant 
of CSD duration in the compromised brain, as seen in cases of ischemic stroke and SAH21.

The results of Experiment 1 showed that CPP and CBF at 10 min after SAH were significantly correlated 
with peak extracellular glutamate levels, and extracellular glutamate levels plateaued just 20 min after SAH. This 
indicates that the impairment of cerebrovascular autoregulation after acute vasoconstriction and the subsequent 
CBF decrease have a big impact on the prolonged duration of depolarization and neuronal damage. It appears 
that the fate of SAH patients may be decided within 30 min as a result of ultra-early brain injury.

Extracellular glutamate levels and therapeutic time window.  Under normal conditions, glutamate 
can be synthesized from glutamine or α-ketoglutarate. After glutamate is released into the synapse, it is removed 
by excitatory amino acid transporters (EAATs) on the pre- and postsynaptic membranes and also glial cells. 
EAAT3 is located on the postsynaptic membrane, and EAAT1 and EAAT2 are located on glial cell membranes. 
Under ischemic conditions, disruptions to Na+, K+, and pH gradients will cause transporters to function in 
reverse, leading to elevated extracellular glutamate concentrations22,23. The increase in extracellular glutamate 
levels plays an important role in neuronal injury because the excessive release of extracellular glutamate causes 
an overload of intracellular Ca2+ via post-synaptic N-methyl-D-aspartate (NMDA) receptors. An increase in 
Ca2+ concentration activates Ca2+-dependent enzymes, resulting in neuronal injury.

Figure 6.   In the NT group, peak extracellular glutamate levels elevated in proportion to the duration of 
depolarization, but in the HT group, peak extracellular glutamate level did not increase even with the longer 
duration of depolarization (A). The extracellular glutamate levels in the HT group were significantly lower than 
those in the NT group (26.2 ± 19.5 vs. 200.1 ± 172.8 μmol/l, p = 0.020) (B).
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In an experimental severe-ischemic model, extracellular glutamate levels started to rise 4 min after depolariza-
tion, and reached maximum levels 12 min after depolarization24. In our injection model, we conducted detailed 
measurements every 2 min. We first showed that the increase in extracellular glutamate levels started 10 min after 
injection (i.e., approximately 8 min after depolarization), indicating a slower rise in extracellular glutamate levels 
compared to ischemic injury. Because CBF recovered to 30 to 40% of the baseline after initial mechanical insult 
and acute vasoconstriction in the SAH model, the elevation of glutamate concentration in the extracellular space 
might be delayed compared to that in the cerebral ischemic model. In addition, multifactorial mechanisms, such 
as trapped hematoma, brain swelling, or ICP increase, may also be associated with delayed glutamate release.

Our results indicate that the therapeutic time window in SAH may be longer than that in cerebral ischemia. 
Fifty percent of neuronal cells were injured around 20 min after injection; therefore, in the experimental model, 
20 min might be a therapeutic target that we can aim for to prevent the elevation of extracellular glutamate and 
neuronal injury.

Brain hypothermia targeting EBI.  The neuroprotective effect of brain hypothermia for SAH has been 
reported in several studies25,26. Recent animal studies have shown that mild hypothermia has the potential to 
inhibit secondary brain injury by reversing CPP-independent hypoperfusion, preventing brain edema, and 
reducing vasospasm. Shubert et al. studied the effect of hypothermia using microdialysis in an SAH rat model. 
They reported that hypothermia ameliorated the acute hypoperfusion and dysfunction of cerebral autoregu-
lation and suppressed the release of excitatory amino acids, such as glutamate, aspartate, and histidine27. In 
another study using a traumatic brain injury model, hypothermia was shown to improve cerebral autoregulation 
and preserve vascular dilatation in response to hypoperfusion28.

Our results of Experiment 2 showed that brain hypothermia within 20 min contributed to the shorter dura-
tion of depolarization, earlier recovery of CPP, and reduced elevation of extracellular glutamate concentrations 
compared to normothermia, despite comparable peak ICP values. Brain hypothermia may inhibit glutamate 
release in the extracellular space and activate the Na+/K+/ATP pump by suppressing energy metabolism, induc-
ing early repolarization and preventing brain edema due to the influx of Na+ and Ca2+. It decreases the activa-
tion of downstream signaling for glutamate receptors, especially the overload of intracellular Ca2+ that activates 
Ca2+-dependent enzymes, such as protease and phospholipase, leading to the collapse of cytoskeletal elements 
and arachidonic acid accumulation, respectively. In addition, hypothermia may ameliorate MAP and CPP by 
suppressing acute vasoconstriction and the subsequent cerebral autoregulation, which may, in turn, facilitate 
glucose delivery and restore the ionic gradients.

Probit analysis showed that the duration of depolarization that caused 50% of neuronal injury is 22.4 min in a 
perforation model10, and 16.5 min in an injection model. This indicates that the early introduction of neuropro-
tective therapy such as brain hypothermia within 20 min after SAH inhibits the excessive release of extracellular 
glutamate and neuronal injuries. Because this study was conducted using rats, the cutoff value of the time window 
for EBI-targeting therapy in humans remains unknown and further research is needed.

Limitations.  There were several limitations in this study. First, because the observation period was limited 
to 60 min after SAH, any changes that took place after 60 min were not evaluated. ICP tended to increase dur-
ing the 60-min period, and it is possible that some cases may have developed brain swelling and herniation 
after observation, resulting in cerebral ischemia and second depolarization. In addition, because we sacrificed 
all rats 24 h after SAH in this study, we did not investigate whether the duration of depolarization and eleva-
tion of extracellular glutamate levels were associated with chronic neurological deficits and long-term mortal-
ity. We also did not evaluate if brain hypothermia could increase the survival rate of the rats. In the future, it is 
necessary to investigate the effect of brain hypothermia in terms of neuroregeneration, functional recovery, and 
long-term survival. Second, after 60 min of observation, most cases had brain herniation from the burr hole due 
to increased ICP, which may have caused cerebral contusion at the bony margin of the burr hole and local gluta-
mate elevation. To minimize the effect of brain herniation, a DC electrode and microdialysis probe were inserted 
into the same burr hole. Moreover, it is possible that the neuronal damage was caused by the insertion of the elec-
trode or microdialysis probe itself, and we should have established a control group in which only the electrode 
and microdialysis probe were inserted without SAH. In order to minimize brain damage during probe insertion, 
we inserted a microdialysis probe gently after incision of pia mater. The pilot study showed that the elevation of 
extracellular glutamate levels due to probe insertion disappeared within 30 min. Thus, the influence of mechani-
cal injury is not considered to be a concern. Third, in this study, body temperature was managed with rectal and 
epidural temperatures to avoid brain injury caused by inserting a temperature sensor into the brain cortex, but 
there was some discrepancy between epidural temperature and brain temperature. In our pilot study, epidural 
temperature remained under 30 °C during the 1-h observation period, but brain temperature began to increase 
after pharyngeal cooling was discontinued because of blood flow. Fourth, due to our study design, Experiments 
1 and 2 were performed consecutively and not randomized. We selected male rats in this study because female 
rats have an estrous cycle, and estrogen and progesterone have a neuroprotective effect on ischemic brain injury. 
Last, in this study, we started brain hypothermia immediately after depolarization, but this is not appropriate for 
actual clinical situations. To determine the optimum therapeutic time window, we plan to examine when to start 
hypothermia therapy to prevent glutamate release and neuronal injury.

Conclusions
We found that a prolonged duration of depolarization correlated with extracellular glutamate levels, and that 
these two factors worsened the neuronal injury. As the extracellular glutamate levels plateaued within just 20 min 
after SAH, the therapeutic time window of SAH might be limited. The early induction of brain hypothermia 
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could facilitate the early recovery of CPP, repolarization, and the inhibition of excessive glutamate release, which 
would prevent ultra-early brain injury following SAH.

Methods
All experiments were performed in accordance with the National Institutes of Health animal care guidelines and 
were approved by the Animal Research Control Committee of Okayama University Medical School (approval 
number: OKU-2019359), and reported in compliance with the ARRIVE (Animal Research: Reporting in Vivo 
Experiments) guidelines. A flow chart of inclusion and exclusion criteria is shown in Supplementary Fig. 13. 
In this study, cases in which extracellular glutamate levels could not be measured were excluded. Nine male 
Sprague–Dawley (SD) rats (Charles River Japan, Yokohama, Japan) weighing 291.7 ± 16.4 g were used in Experi-
ment 1. Seven male SD rats weighing 300.7 ± 27.9 g were used in Experiment 2.

General procedure.  A schematic illustration of the experimental settings is shown in Fig. 7. Animals were 
fasted overnight before the experiments, but they had free access to water. Anesthesia was induced with a mix-
ture of 4.0% isoflurane in oxygen. After tracheal intubation and the initiation of artificial ventilation (SN-408-7; 
Shinano, Tokyo, Japan), anesthesia was maintained with 2.0% isoflurane in 60% oxygen balanced with nitrogen. 
During the experiment, rectal temperature was maintained at 37.0 ± 0.5 °C with a heated water blanket. A PE50 
polyethylene catheter (Sp-45; Natsume Seisakusyo, Tokyo, Japan) was placed in the right femoral artery for con-
tinuous monitoring of arterial blood pressure and blood sampling. After placement of the animal in a stereotaxic 
instrument (Narishige, Tokyo, Japan), four burr holes were drilled into the bilateral parietal lobes. After incision 
of pia mater, a microdialysis probe (A-I-4-010; Eicom, Kyoto, Japan) was inserted gently through the burr hole in 
the right parietal lobe (3 mm lateral and 3 mm posterior to the bregma) at a depth of 1250 μm below the cortical 
surface so that the center of the membrane is located at the fifth layer for the serial measurement of extracellular 
glutamate concentration. A borosilicate glass direct-current (DC) electrode was inserted at a depth of 750 μm 
through the same burr hole for monitoring the loss of membrane potentials. To measure regional CBF, a laser-
Doppler flow probe (OmegaFlo FLO-CI; Omegawave, Tokyo, Japan) was placed in the ipsilateral burr hole in 
the parietal lobe. ICP was measured continuously using an ICP sensor (Codman MicroSensor; Codman and 
Shurtleff Inc., Raynham, MA, USA), which was inserted into the burr hole in the left parietal lobe. Brain surface 
temperature was also monitored using a small thermocouple (500 μm in diameter) placed in the left parietal 
epidural space and controlled at 37.0 ± 0.5 °C by a gentle flow of warmed saline coursing over the skull surface.

Single injection SAH model.  A polyethylene catheter connected with a 30-gauge needle (Terumo, Tokyo, 
Japan) was inserted into the cisterna magna from the occipitoatlantal membrane after the placement of animals 
in the stereotaxic instrument. Autologous blood was collected and heparinized with 10 units/ml heparin to 
allow slow injection. Under ICP monitoring, heparinized autologous blood was injected manually so as to reach 
80 mmHg in the first 30 s and maintain above 80 mmHg for at least 1 min.

Brain hypothermia.  In Experiment 2, the general procedure and induction of SAH were performed in the 
same way as in Experiment 1. Brain hypothermia was initiated by the nasopharyngeal cooling method imme-
diately after the onset of loss of membrane potentials. This cooling method is designed to allow heat exchange 
with the bilateral carotid arteries at the pharynx and enable a rapid decrease of brain temperature without a 
decrease of body temperature29,30. Twenty-gauge cannulas were inserted into the bilateral nasal cavities. Cold 
physiological saline (4 °C) was infused at a rate of 100 ml/min/kg using a roller pump until the brain surface 
temperature decreased to 30 °C. Cold saline flowed out of the oral cavity and was aspirated by a suction device. 
Brain hypothermia was maintained during the 1-h observation period. The animals were rewarmed naturally at 
room temperature.

Measurement of extracellular glutamate concentration.  The microdialysis probe was perfused 
with Ringer solution at 2 μL/min using a microsyringe pump (ESP-32; Eicom). Our pilot study showed that 
the increase in extracellular glutamate concentration caused by probe insertion recovered within 30 min31, so 
measurements of extracellular glutamate concentration were started 40 min after insertion of the probe. The 
dialysate was automatically collected every 2 min using a fraction collector (EFC-82; Eicom), starting 10 min 
before blood injection and continuing for 70 min. Quantification of extracellular glutamate concentration in the 
dialysate was performed using a high-performance liquid chromatography (HPLC) system (Nanospace SI-2; 
Osaka Soda, Osaka, Japan).

Neurological and histological evaluation.  In Experiments 1 and 2, neurological evaluation was per-
formed 24 h after SAH using an 18-point modified Garcia scale32. Next, animals were anesthetized with 4% 
isoflurane. After insertion of a cannula into the ascending aorta, animals were perfused with heparinized physi-
ologic saline (10 units/ml) and 4% paraformaldehyde. Each DC recording site was marked with blue–black ink 
through the burr hole. The brain of each animal was removed, embedded in paraffin, and sectioned coronally 
with a thickness of 5 μm. Sections were stained with hematoxylin and eosin. The number of intact and injured 
neurons in the fifth layer of the brain cortex was counted at the DC recording site. The pyramidal neurons were 
characterized by their relatively large somata and their apical dendrites. Pyramidal neurons exhibiting chroma-
tin aggregation in the nucleus, shrinkage, or eosinophilic staining in the cytoplasm were considered to have been 
injured24. We counted normal and damaged neurons in three fields of view with a magnification of 400× and an 
area of 350 μm × 250 μm. The percentage of neuronal damage was calculated as the number of damaged neurons 
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divided by the total number of neurons in the visual field, multiplied by 100. The evaluation was performed by 
an observer blinded to this study.

Statistical analyses.  Continuous variables are presented as the mean ± standard deviation. The sample size 
for correlation analysis was determined assuming α = 0.05, power = 0.80 and a correlation coefficient of 0.7. After 
assessing the normality using the Shapiro–Wilk W test, the relationship between the physiological parameters 
(MAP, ICP, CPP and CBF) and the extracellular glutamate levels was analyzed using the Pearson correlation 
coefficient. Next, probit analyses were performed to identify the duration of depolarization and extracellular glu-
tamate levels that cause 50% of neuronal damage using Origin 8 software (OriginLab Corporation, Northamp-
ton, MA, USA). In Experiment 2, these analyses were also performed between Experiment 1 (normothermia 
[NT] group) and Experiment 2 (hypothermia [HT] group) using Student’s t-test (JMP 14 software; SAS Institute, 
Cary, North Carolina, USA). All tests were two-tailed and p values < 0.05 ware considered statistically significant.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.
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