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Abstract 1 

Acute encephalopathy (AE) is mainly reported in East Asia and, in most cases, results from 2 

pediatric viral infections, leading to fever, seizure, and loss of consciousness. Cerebral edema 3 

is the most important pathological symptom of AE. At present, AE is classified into four 4 

categories based on clinical and pathophysiological features, and cytokine storm-induced AE 5 

is the severest among them. The pathogenesis of AE is currently unclear; this can be attributed 6 

to the lack of a simple and convenient animal model for research. Here, we hypothesized that 7 

the induction of systemic inflammation using lipopolysaccharide (LPS) injection followed by 8 

hyperthermia (HT) treatment can be used to develop an animal model of cytokine 9 

storm-induced AE. Postnatal 8-day-old mouse pups were intraperitoneally injected with 10 

low-dose LPS (50 or 100 μg/kg) followed by HT treatment (41.5°C, 30 min). Histologically 11 

analysis of their brains was subsequently performed. Fluorescein isothiocyanate assay 12 

combined with immunohistochemistry was used to elucidate blood–brain barrier (BBB) 13 

disruption. LPS (100 μg/kg) injection followed by HT treatment increased BBB permeability 14 

in the cerebral cortex and induced microglial activation. Astrocytic clasmatodendrosis was also 15 

evident. The brains of some pups exhibited small ischemic lesions, particularly in the cerebral 16 

cortex. Our results indicate that a low-dose LPS injection followed by HT treatment can 17 

produce symptoms of cytokine storm-induced AE, which is observed in diseases, such as acute 18 
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necrotizing encephalopathy and hemorrhagic shock and encephalopathy syndrome. Thus, this 1 

mouse model can help to elucidate the pathogenetic mechanisms underlying AE. 2 

 3 

 4 

Keywords 5 

hyperthermia, lipopolysaccharide, seizure, blood–brain barrier, vasogenic edema, acute 6 

encephalopathy 7 

 8 

 9 

Impact statement 10 

Acute encephalopathy (AE), mainly reported in East Asia, is classified into the four categories 11 

based on clinical and neuropathological findings. Among them, AE caused by cytokine storm 12 

is known as the severest clinical entity that causes cerebral edema with poor prognosis. 13 

Because suitable and convenient model animal of AE had not been developed, the treatment of 14 

patients with AE is not established. In the present study, we established a simple and 15 

convenient protocol to mimic AE due to cytokine storm. Our model animal should be useful to 16 

elucidate the pathogenesis of AE. 17 

 18 
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 1 

Introduction 2 

 3 

Febrile acute encephalopathy (AE), a severe condition characterized by cerebral edema, is 4 

mainly reported in East Asia and results from pediatric viral infections caused by microbes, 5 

such as influenza virus, Human herpesvirus 6, and rotavirus. It is notable that although 6 

bacterial pathogens, such as Escherichia coli and Salmonella enteritidis, can cause AE in some 7 

cases, they have rarely been detected as pathogens causing AE 1. Children affected by AE due 8 

to infectious diseases exhibit fever, seizure, and loss of consciousness, often leading to death. 9 

Currently, AE is classified into the following four categories based on clinical and 10 

neuropathological findings: metabolic error-induced AE, cytokine storm 11 

(hypercytokinemia)-induced AE, excitotoxicity-induced AE, and AE with unknown 12 

pathogenesis 2. Of these, cytokine storm-induced AE manifests as increased proinflammatory 13 

cytokine production and has the worst severity and prognosis (associated mortality is 14 

approximately 30%–50%) 1–5. Patients who survive cytokine storm-induced AE suffer from 15 

severe neurological sequelae, such as mental retardation and motor paralysis 1,4. Moreover, this 16 

category includes acute necrotizing encephalopathy (ANE) 6 and hemorrhagic shock and 17 

encephalopathy syndrome (HSES) 7, which primarily present as blood–brain barrier (BBB) 18 

disruption leading to cerebral vasogenic edema 2,8. 19 
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Neuropathological findings of patients with ANE include multifocal, symmetric brain 1 

lesions affecting the bilateral thalami, putamina, brain stem tegmentum, and cerebral and 2 

cerebellar white matter; necropsy findings include cerebral edema, brainstem hemorrhage, and 3 

neuronal necrosis, suggesting BBB disruption 2,6,8,9. In addition, neuropathological 4 

examination following necropsy in patients with HSES revealed brain edema and neuronal 5 

necrosis as well as petechial hemorrhage surrounding small vessels and multiple ischemic 6 

injuries, including hemorrhagic infarction 2,10. In severe cases, diffuse necrotic changes and 7 

brain liquefaction, a condition termed as “respirator brain,” are evident 8,11–17. In addition, both 8 

ANE and HSES lead to the failure of multiple organs associated with disseminated 9 

intravascular coagulation, including the liver and kidney 2. 10 

Although it has been hypothesized that upregulation of proinflammatory cytokines is 11 

the key factor of AE18, its pathogenesis and neurophysiology remain largely unclear. The 12 

inability to elucidate its pathophysiology, and subsequently, to develop therapeutic methods 13 

can be attributed to the lack of a simple and convenient animal model for research. A mouse 14 

model of influenza-associated encephalopathy (IAE) has been developed from pulmonary 15 

infection with influenza A virus and lipopolysaccharide (LPS, 0.5 mg/kg) injection; however, 16 

dedicated biosafety facilities for handling the pathogenic virus are essential for using this 17 

model 19. Thus, an improved and more convenient animal model is necessary. 18 
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The onset of ANE and HSES occurs during the early febrile period of a viral infection. 1 

Accumulating evidence indicates that low-dose (0.05–0.2 mg/kg)20–22 and high-dose (1 2 

mg/kg)23 LPS injections can induce systemic inflammation with modest and transient 3 

upregulation of proinflammatory cytokines in neonatal rodents. Along with upregulation of 4 

proinflammatory cytokines at acute phase in neonatal rodents, a low-dose LPS injection 5 

induces microglial activation 22,24, but not astrocyte responses 25, whereas a high-dose LPS 6 

injection induces transient BBB disruption 23. However, another study has reported conflicting 7 

effects of low-dose LPS (0.3 mg/kg) injections in neonatal rat pups, wherein neither BBB 8 

disruption nor microglial activation was observed 26. Even high-dose LPS (1 mg/kg) injections 9 

do not result in any permanent neuronal losses in the hippocampus, a brain region vulnerable to 10 

various insults 27. Alternatively, an experimental neonatal rodent model of prolonged febrile 11 

seizures requiring 30 min of hot-air treatment to induce hyperthermia (HT) is widely used 28; in 12 

this model, HT treatment induces generalized tonic–clonic seizure (GTCS) 22. Moreover, HT 13 

treatment induces transient proinflammatory cytokine level upregulation 22,29–31, but does not 14 

result in obvious neuronal losses in the hippocampus 32. These data indicate that neither 15 

low-dose LPS injections nor HT treatment alone can induce AE symptoms. 16 

We hypothesized that the induction of systemic inflammation using LPS injection 17 

followed by HT treatment can be used to develop an animal model of cytokine storm-induced 18 

AE. Studies performed in rodent pups administered with low-dose LPS injections, followed by 19 
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HT treatment have demonstrated increased neuronal excitability, and those performed in pups 1 

receiving low-dose LPS injections have demonstrated susceptibility to HT-induced seizures 2 

22,33. Although a low-dose LPS injection followed by HT treatment upregulates 3 

seizure-induced proinflammatory cytokine production and microglial activation, detailed 4 

pathologic analyses of the brains of these animals are warranted 22. 5 

Here, we tested our hypothesis that a low-dose LPS injection followed by HT treatment 6 

leads to BBB disruption and induces cerebral vasogenic edema in mouse pups. In addition, the 7 

cerebral cortices of the treated mouse pups were analyzed for histopathological changes similar 8 

to those observed in the cerebral cortices of patients with AE. 9 

 10 

 11 

Materials and methods 12 

 13 

Animals 14 

Pregnant ICR mice were supplied by Japan SLC (Shizuoka, Japan). Postnatal day (P) 8 15 

mouse pups of both sexes were used. Pups and their lactating dams were housed in 16 

rack-mounted cages and maintained under a 12-h light/dark cycle. All experiments were 17 
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conducted in accordance with the Guidelines for Animal Experimentation, Faculty of 1 

Medicine, Tottori University under the International Guiding Principles for Biomedical 2 

Research Involving Animals. 3 

 4 

LPS administration 5 

LPS (E. coli, serotype O127:B8; Sigma, St. Louis, MO, USA) was dissolved in sterile 6 

pyrogen-free phosphate buffered saline (PBS, pH 7.0) at concentrations of 5 or 10 μg/mL. LPS 7 

was intraperitoneally (ip) injected at a dose of 50 or 100 μg/kg 2 h before HT treatment (Fig. 8 

1A). For control pups, the same volume of sterile pyrogen-free PBS was injected. 9 

Based on what was administered to the pups, they were categorized into five groups: 10 

PBS (control, n = 8), LPS 100 μg/kg only (LPS100, n = 8), HT only (HT, n = 8), LPS 50 μg/kg 11 

+ HT (LPS50 + HT, n = 19), and LPS 100 μg/kg + HT (LPS100 + HT, n = 8) (Fig. 1A). From 12 

each group, three pups were randomly selected and used for FITC leakage analysis (see 13 

below). 14 

[insert Figure 1.] 15 

 16 

Hyperthermia treatment and seizure induction 17 
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Hyperthermic seizures were induced using a heat lamp, as previously reported 22. The 1 

rectal temperature in pups was continuously monitored using a rectal probe (RET-4; Physitemp 2 

Instruments, Clifton, NJ, USA) connected to a multipurpose thermometer (BAT-10; Physitemp 3 

Instruments). P8 mice were placed in a transparent container and were heated using the heat 4 

lamp. The rectal temperature was increased by 0.5°C every 2 min and was maintained at >39°C 5 

for 30 min. Heating was discontinued when a convulsion was noted or when the rectal 6 

temperature exceeded 41.5°C. HT treatment was resumed when the rectal temperature 7 

decreased to <40°C and seizure interruption was confirmed. Behavioral seizures in pups were 8 

limited to GTCS and excluded any other movements that could be recognized as part of a 9 

partial seizure. After 30 min of HT treatment, the pups were placed in a cool container 10 

containing water-soaked paper towels until their rectal temperatures returned to normal (33°C–11 

35°C) and then placed back in their cages. At 6 h after HT treatment, survived pups were 12 

perfused with fluorescein isothiocyanate (FITC) for histological analysis, as described further 13 

in the text below. 14 

 15 

FITC perfusion followed by alkaline paraformaldehyde fixation 16 

A new technique developed by Miyata et al. was employed for visualizing cerebral 17 

vasculature and BBB disruption in brain tissue sections in combination with histological 18 
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analysis via fluorescent immunostaining 34. Briefly, the pups were euthanized using 1 

pentobarbital (50 mg/kg, ip) and intracardially perfused with PBS (pH 7.0) for 2 min, followed 2 

by perfusion of 0.1 mg/mL FITC isomer-I (FITC-I, Dojindo, Tokyo, Japan) in PBS (pH 7.0) 3 

for 7 min. They were then perfused with PBS (pH 7.0) for 3 min to wash out any remainder 4 

intravascular FITC and fixed by intracardiac perfusion with 4% paraformaldehyde (PFA) in 5 

0.1 M phosphate buffer (PB; pH 8.0) for 7 min. The treated brains were extracted and 6 

post-fixed with the same fixative overnight. All the brains were then cryoprotected with 20% 7 

sucrose in PBS. Other organs (liver and kidney) were also extracted and embedded in paraffin. 8 

 9 

Histological procedures 10 

The brains were embedded in Super Cryo Mount (Muto Pure Chemicals, Tokyo, Japan) 11 

and snap frozen on dry ice. Free-floating, 30-µm-thick coronal sections were transversely cut 12 

using a cryostat (model OT; Bright Instruments, Bedfordshire, UK). The sections were then 13 

incubated with the following primary antibodies: mouse anti-GFAP (1:400; Sigma), rabbit 14 

anti-Iba1 (1:1000; Wako Chemicals, Tokyo, Japan), mouse anti-NeuN (1:200, Millipore, 15 

Temecula, CA, USA), rabbit anti-activated Caspase-3 (1:400; Promega, Madison, WI, USA), 16 

or rabbit anti-CD31 antibody (1:100; Abcam, Cambridge, UK). Primary antibodies were 17 

detected using species-specific secondary donkey antibodies conjugated to Alexa Fluor 555 18 
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(1:800, Invitrogen, Carlsbad, CA, USA), Alexa Fluor 647 (1:800; Thermo Fisher Scientific, 1 

Pittsburgh, PA, USA), or Cy3 (1:200; Jackson ImmunoResearch, West Grove, PA, USA). For 2 

visualizing nuclei, the immunostained sections were mounted onto glass slides, with mounting 3 

media containing 0.2% n-propyl gallate, 50% glycerol, and 5 µg/mL Hoechst 33258 in PBS, 4 

and covered using coverslips. The paraffin-embedded livers and kidneys were cut into 4- and 5 

3-μm-thick sections, respectively, and were processed for hematoxylin and eosin (HE) staining 6 

according to the standard protocol. 7 

  8 

Image acquisition and analysis 9 

Single optical confocal microscopy images were acquired using the LSM 780 10 

microscope with a 40× objective lens (Carl Zeiss, Oberkochen, Germany) and were stacked 11 

using the ZEN software (Carl Zeiss). The vasculature of the subventricular zone (SVZ) is 12 

physiologically permeable owing to the relative lack of blood vessel coverage by astrocytic 13 

endfeet and pericyte 35,36. Moreover, circumventricular organs (CVOs) contain permeable 14 

fenestrated capillaries and lack the BBB 37. Hence, we quantified the BBB permeability in the 15 

cerebral cortex at the level of the anterior commissure. For this, brain images were acquired 16 

using the BIOREVO BZ-9000 epi-fluorescence microscope (Keyence, Osaka, Japan) with a 17 

10× objective lens. Sites demonstrating BBB disruption were identified using FITC staining, 18 
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and the corresponding sections were analyzed using the Image J program 1 

(https://imagej.nih.gov/ij/). Because FITC leakage was never observed in the corpus callosum, 2 

the image brightness was normalized to that of the corpus callosum. The FITC-stained images 3 

were converted to black and white binary images, and the stained areas were automatically 4 

quantified using the particle analysis function of the Image J program. The entire cortical area 5 

was also assessed using the Image J program to calculate the proportion of the FITC-positive 6 

cortical area. 7 

 8 

Statistical analysis 9 

One-way analysis of variance followed by Tukey’s multiple comparison test was 10 

conducted to compare the differences in the proportions of the FITC-positive cortical areas 11 

among the experimental groups. Three mice randomly selected from each group were 12 

analyzed. The statistical significance was set at p < 0.05. All statistical analyses were 13 

performed using the SPSS Statistics 24.0 software (IBM, Tokyo, Japan). 14 

 15 

 16 

Results 17 
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 1 

LPS exacerbates HT insult 2 

All pups in the HT groups (HT, LPS50 + HT, and LPS100 + HT) exhibited GTCS, 3 

whereas none in the control and LPS100 groups exhibited seizures. Some complex partial 4 

seizures with chewing automatism, limb clonus, and limb stiffening sometimes progressed to 5 

GTCS. Varying onset times of behavioral arrest, ptyalism, and vomiting were noted in some 6 

cases. The mortality rates in the LPS100 + HT and LPS50 + HT groups (58.8% and 32.1%, 7 

respectively) were high, whereas that in the HT group was low (12.5%). Moreover, all mouse 8 

pups in the LPS100 and control groups survived. 9 

 10 

BBB disruption in the LPS100 + HT group 11 

Of all the treatment groups, only the LPS100 + HT group demonstrated a significantly 12 

higher proportion of the FITC-positive cortical area than the control group (Fig. 1B–F). 13 

Although the LPS50 + HT group had a moderate mortality rate, the proportion of the 14 

FITC-positive cortical area did not significantly increase compared with that in the control, HT, 15 

and LPS100 groups (Fig. 1F). In contrast, LPS100 + HT treatment resulted in the exacerbation 16 

of BBB disruption, which was confirmed by an increased proportion of the FITC-positive 17 
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cortical area (Fig. 1F). The FITC signal was detected both in the vasculature and brain 1 

parenchyma (Fig. 1E). Light microscopic observation of the HE-stained liver and kidney 2 

specimens revealed no notable changes between the control and LPS100 + HT groups (data not 3 

shown). 4 

 5 

Microglial activation and astrocytic clasmatodendrosis in the LPS100 + HT group 6 

Microglial and astrocytic responses to treatment were assessed using anti-Iba1 and 7 

anti-GFAP antibodies, respectively. In the LPS100 + HT group, almost all the microglia were 8 

morphologically activated when compared with other groups (Fig. 2A–D); the microglia 9 

exhibited an amoeboid shape with an enlarged cell-body size and more elaborate processes 10 

(Fig. 2D). There was no obvious localization of the activated microglia in the LPS100 + HT 11 

group (data not shown). 12 

The astrocytes also exhibited a reactive state in the LPS100 + HT group, with 13 

prominent processes and enlarged cell bodies (Fig. 2E–H, Supplemental Fig. 1). Notably, some 14 

astrocytes exhibited a loss in processes, leading to fragmentation, as indicated by the diffused 15 

GFAP signals; this irreversible morphological change is characteristic to astrocytic 16 

clasmatodendrosis 38 (Fig. 2H). The reactive state and severity of clasmatodendrosis in reactive 17 

astrocytes varied between each pup in the LPS100 + HT group (Fig. 2H, Fig. 3E, and 18 
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Supplemental Fig. 1B). In addition, there was no obvious localization of reactive astrocytes 1 

with clasmatodendrosis in the cortical gray matter. Double immunostaining for anti-Iba1 2 

and anti-GFAP antibodies revealed overlapping signals, suggesting the phagocytosis of 3 

astrocytes by microglia (Fig. 3, arrow). Phagocytic images could be acquired in any region of 4 

the cortical gray matter where clasmatodendrosis of astrocytes was detected. The nuclear 5 

morphology of the cerebrocortical neurons indicated no neuronal death (data not shown).  6 

 [insert Figure 2.],  [insert Figure 3.] 7 

 8 

Small cortical ischemic sites in some pups in the LPS100 + HT group 9 

Interestingly, two of the eight pups in the LPS100 + HT group exhibited several small 10 

spots with an extremely faint or nonexistent FITC signal in the cerebral cortex (Fig. 4A, white 11 

arrowheads). HE staining revealed that these spots represented dying neurons with 12 

vacuolation, damaged neuropil, pyknotic nuclei, and eosinophilic cell bodies (Fig. 4B, C, 13 

white arrowheads, black arrowheads and arrows). Moreover, NeuN immunoreactivity, a 14 

marker that is used for identifying mature neurons and that demonstrates neurodegeneration, 15 

decreased in these spots (Supplemental Fig. 2). Activated Iba1 immunopositive (+) microglial 16 

invasion was noted in these spots (Supplemental Fig. 3). To analyze these degenerating 17 

neurons, immunostaining with anti-activated Caspase 3 antibody (Cas3), a marker of apoptosis, 18 
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was performed. The results indicated that the number of Cas3(+) cells did not significantly 1 

increase in these spots (data not shown). Anti-CD31 antibody staining, a marker of vascular 2 

endothelial cells, identified minute blood vessels and endothelial cells despite the lack of FITC 3 

signals in these areas (Fig. 5, arrows).   4 

[insert Figure 4.],  [insert Figure 5.] 5 

 6 

 7 

Discussion 8 

 9 

In the present study, a model of cytokine storm-induced AE generated by treating pups 10 

with LPS100 + HT demonstrated relatively mild BBB disruption, microglial activation, and 11 

clasmatodendrosis of astrocytes. These histopathological changes are crucial in the assessment 12 

of ANE and HSES. 13 

BBB disruption is recognized on non-invasive brain imaging results in patients with 14 

AE, which is extremely important for clinically diagnosing AE 8,9. Although histopathological 15 

data are essential to elucidate the pathogenesis of AE, they are limited owing to ethical 16 

concerns and the low incidence of AE. For experimental animals, Evans Blue (molecular 17 
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weight, 960.81 Da) is commonly used for evaluating BBB disruption 19,39,40 However, Evans 1 

Blue tightly and rapidly binds to serum albumin (molecular weight, 69 kDa) 40,41, implying that 2 

it can be used only in cases of severe BBB disruption, such as in cases of brain trauma and the 3 

filamentous occlusion of the middle cerebral artery 42. 4 

In contrast, FITC (molecular weight, 389.38) is a low-molecular weight tracer that is 5 

fixable on tissue sections using PFA at an alkaline pH 34. Thus, owing to its higher sensitivity 6 

than Evans Blue, we used FITC to visualize and identify the vasculature and BBB disruption in 7 

tissue sections 34. Evans Blue leakage could not be evidently detected using light and 8 

fluorescence microscopy in the preliminary experiments in the LPS100 + HT group (data not 9 

shown). However, FITC leakage was evident in the LPS100 + HT group. These findings 10 

suggest that the BBB disruption in the LPS100 + HT group was mild or at an early stage and 11 

that only small molecules passed through walls of the blood vessels. 12 

Our results showed that the combination of systemic inflammation and hyperthermia 13 

was the key factor for inducing an AE-like state in the model. Regarding the degree of 14 

inflammation, high-dose LPS (1–3 mg/kg) injections without HT are known to induce BBB 15 

disruption in rodent pups 43,44. Wang et al. have reported that a single ip injection of low-dose 16 

LPS (300 μg/kg) without HT in P7 rats did not influence tight junctions of cerebral endothelial 17 

cells or induce BBB disruption or microglial activation 26. Although certain conflicting 18 
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observations were noted 23, our results supported the data reported by Wang et al. that no 1 

significant difference was noted in the proportion of the FITC-positive area in the cerebral 2 

cortex between the control and LPS100 groups. For the application of HT, prolonged HT itself 3 

does not elicit serious, permanent effects on the neonatal rodent brains 22,32. Our results 4 

corroborate with the results of these studies in that no significant differences were noted 5 

regarding FITC leakage in the HT and control group. 6 

In contrast, low-dose LPS injections exacerbate subsequent insults, such as hypoxia 7 

and HT 22,33,45. Indeed, the present study demonstrated that the pups in the LPS100 + HT group 8 

had significantly greater FITC leakage and the highest mortality among all groups. Notably, 50 9 

μg/kg LPS was inadequate to exacerbate the effects of subsequent HT, probably owing to the 10 

LPS dose-dependent upregulation of proinflammatory cytokines 46. It has been clearly 11 

demonstrated that prolonged HT treatment itself induces proinflammatory cytokine 12 

upregulation 22,29–31. Considering these results, only a sufficient elevation in the 13 

proinflammatory cytokine level followed by HT treatment can replicate the histopathological 14 

changes in a mouse model of cytokine storm-induced AE. The procedure is simple and does 15 

not require special facilities; hence, it can be applicable to other species as well. 16 

Cytokine storm-induced AE results in high mortality (30%–50%) in humans. In the 17 

present study, the LPS100 + HT group exhibited the highest mortality (58.8%). Furthermore, 18 
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LPS100 + HT treatment induced significant BBB disruption and microglial activation with an 1 

amoeboid shape and elaborate processes. These neuropathological findings are frequently 2 

detected in patients with AE 2,6,8,9. A notable finding of our study is that the LPS100 + HT 3 

group exhibited astrocytic clasmatodendrosis and putative phagocytosis of degenerating 4 

astrocytes by activated microglia. Astrocytic clasmatodendrosis is characterized by swollen 5 

cell cytoplasm and vacuolated cell bodies with beaded and fragmented processes and is 6 

associated with various degenerative disorders in human patients, including Alzheimer's 7 

disease, post-stroke dementia, mixed dementia, and Ataxia telangiectasia47–52 as well as in 8 

experimental conditions53,54. In fact, the postmortem immunohistochemical analysis of the 9 

brains of all patients with ANE and HSES has confirmed the presence of clasmatodendritic 10 

astrocytes 9,52,55,56. The mechanism of cell death in astrocytes is different in each disease, for 11 

example, necrosis, apoptosis, and autophagy. Recently, it was suggested that 12 

clasmatodendrosis of astrocytes in IAE patients represents the acute phase of necrosis52. At 13 

present, it is unclear whether necrotic death of astrocytes is a common mechanism of cell 14 

death in all types of AE. Further studies are required to investigate this. 15 

Another notable finding of the present study is that 25% (two of eight) of the LPS100 + 16 

HT pups had presumptive ischemic spots in the cerebral cortex that were almost devoid of 17 

FITC leakage. These spots were found to have CD31(+) endothelial cells and 18 

Cas3-immunonegative necrotizing neurons, indicating that these resulted from focal ischemia. 19 
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Both ANE and HSES show similar neuropathological findings, such as neuronal necrosis 1 

resulting from vasogenic edema, owing to BBB disruption and multiple organ failure 2 

associated with disseminated intravascular coagulation 2. However, because ischemia in HSES 3 

is widespread 10, the LPS100 + HT pups with focal ischemia could serve as a suitable model of 4 

HSES. 5 

Some inconsistent pathological data were noted between the LPS100 + HT pups and 6 

patients with AE. First, neuronal necrosis, an important symptom of AE 2,6,8,9, was limited to 7 

the FITC-devoid spots in the brain specimens of the LPS100 + HT pups. Second, BBB 8 

disruption was relatively mild, which was inferred from the passage of relatively small 9 

molecules through the walls of blood vessels, whereas hemorrhage and plasma leakage is 10 

common in most patients with HSES and ANE 2,6,8. Third, although the number of Cas3(+) 11 

cells considerably increases in some human autopsy cases with IAE 2,9, the number of Cas3(+) 12 

(apoptotic) cells did not significantly increase. Fourth, although various nonspecific 13 

pathological changes (e.g., systemic petechial hemorrhage, pneumonia, renal infarction, and 14 

fatty changes of the liver) were noted in patients with ANE and HSES6,12,14,17, no obvious 15 

pathological changes were noted in the liver and kidney of the pups in the present study. These 16 

differences could be attributed to the timing of tissue sampling: autopsy samples were obtained 17 

much later than those obtained from our mouse model after the onset of AE symptoms, such as 18 
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fever and seizures. Further studies are warranted to confirm this effect of the timing of tissue 1 

sampling. 2 

The neuropathological changes observed in our mouse model were primarily attributed 3 

to proinflammatory cytokines induced by low-dose LPS injection and HT. Meanwhile, certain 4 

genetic factors can precipitate the emergence of AE in humans. For example, AE is a regional 5 

syndrome occurring mainly in East Asia, which suggests that the genetic background could be 6 

involved in the pathogenesis. In addition, some gene variations in humans affect their 7 

susceptibility to AE. Mutations in the sodium voltage-gated channel alpha subunit 2 (SCN2A) 8 

and Ran-binding protein 2 (RANBP2) cause recurrent ANE 57,58. Mutations in SCN1A and 9 

polymorphisms in the adenosine A2A receptor (ADORA2A) and carnitine palmitoyl transferase 10 

II (CPT2) are involved in various AE syndromes 59–61. Because the genetic information of mice, 11 

such as the data regarding differences in susceptibilities to febrile seizures between mouse 12 

strains 62, is easily accessible, our mouse model may contribute to further studies in the field of 13 

AE. 14 

In conclusion, the present study showed that P8 mice treated with LPS100 + HT can 15 

serve as an animal model of cytokine storm-induced AE, such as ANE and HSES. The 16 

simplicity of our mouse model should render it useful for studying the pathogenesis of and for 17 

developing potential treatments for AE. 18 
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 11 

Figure legends 12 

 13 

Figure 1. Blood–brain barrier disruption in the LPS100 + HT group 14 

(A) Schematic representation of the treatment protocol. Epi-fluorescence microscopy images 15 

of FITC labeling in the cingulate cortex indicating the control (B), HT (C), LPS100 (D), and 16 

LPS100 + HT (E) groups. (F) The proportion of the FITC-positive cortical area is compared 17 

among the experimental groups. The proportion of the FITC-positive cortical area significantly 18 

increased in the LPS100 + HT group compared with that in the control group. n = 3 in each 19 
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group, *: p < 0.05, one-way analysis of variance followed by Tukey’s multiple comparison test. 1 

Scale bar: 300 μm. 2 

 3 

Figure 2. Morphologies of microglia and astrocytes in the LPS100 + HT group 4 

Stacked confocal microscopy images of Iba1(+) microglia (A–D) and GFAP(+) astrocytes (E–5 

H) in each group: control (A, E); HT (B, F); LPS100 (C, G); LPS100 + HT (D, H) groups. 6 

Iba1(+) microglia exhibit an amoeboid form in the LPS100 + HT group (D). GFAP(+) 7 

processes in the LPS100 + HT group are fragmented (H). No or moderate morphological 8 

changes are detected in the other groups (A–C and E–G). Scale bar: 50 μm. 9 

 10 

Figure 3. Presumptive phagocytosis by microglia in the LPS100 + HT group 11 

Stacked (A–C and E–G) and single optical (D and H) confocal microscopy images in the 12 

cerebral cortex of the control (A–D) and LPS100 + HT (E–H) groups. The phagocytosis of a 13 

swollen and fragmented GFAP(+) astrocyte (green) by Iba1(+) activated microglia (magenta) 14 

is evident in the LPS100 + HT group (E–H). The single optical section reveals the 15 

co-localization of GFAP and Iba1 signals (white, arrow) (H). These overlaps between the 16 

GFAP and Iba1 signals are not detected in the control group (D). Scale bar: 10 μm. 17 

 18 
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Figure 4. Spots devoid of FITC signals in the LPS100 + HT group 1 

Epi-fluorescence microscopy image of FITC in the cerebral cortex (A). The same section 2 

stained using hematoxylin and eosin is shown in (B). The FITC-devoid spots are indicated by 3 

white arrowheads. The boxed area in (B) contains dying neurons with eosinophilic cell bodies 4 

(black arrowheads) and pyknotic nuclei (arrows) (C). Scale bar: 500 μm (A) and 100 μm (C). 5 

 6 

Figure 5. Focal cerebral ischemia in the LPS100 + HT group 7 

An FITC-devoid spot (A) containing CD31(+) minute vessels (B, arrows). Hoechst33258 (C) 8 

and merged images (D) distinctly show the edge of the spot (dashed line, D). Pyknotic nuclei 9 

visualized with Hoechst33258 staining are visible in the spot. Single optical confocal 10 

microscopy images are shown. Scale bar: 50 μm. 11 

 12 

 13 

Supplemental figures 14 

 15 

Supplemental Figure 1. Reactive astrocytes in the LPS100 + HT group 16 
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Stacked confocal microscopy images of the GFAP(+) astrocytes in the cerebral cortex of the 1 

control (A) and LPS100 + HT (B) groups are shown. The GFAP(+) reactive astrocytes in the 2 

LPS100 + HT group have swollen cell bodies and thick processes (B). Scale bar: 50 μm. 3 

 4 

Supplemental Figure 2. Decreased NeuN immunoreactivity in the FITC-devoid spots 5 

(A) NeuN(+) cells in the FITC-devoid spot with faint signals compared with other areas (B). 6 

Single optical confocal microscopy images are shown. Scale bar: 100 μm. 7 

 8 

Supplemental Figure 3. Activated microglia in the FITC-devoid spots 9 

Activated microglia (magenta) were detected both inside (left) and outside (right) the 10 

FITC-devoid spots. A single optical and merged confocal microscopy image is shown. Dashed 11 

line represents the edge of the spot. FITC, green; Iba1, magenta; Hoechst33258, cyan. Scale 12 

bar: 50 μm. 13 
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