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Depleting parenchymal border 
macrophages alleviates cerebral edema 
and neuroinflammation following status 
epilepticus
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Abstract 

Background  Status epilepticus (SE) is a common severe neurological emergency. Cerebral edema caused by SE 
is unavoidable and may exacerbate epilepsy. Recent studies have identified cerebrospinal fluid (CSF) as a crucial fluid 
source of initial cerebral edema following ischemic stroke and cardiac arrest. Moreover, synchronized neuronal firings 
drive CSF influx into interstitial fluid (ISF). Parenchymal border macrophages (PBMs) have been found to play a role 
in regulating CSF flow dynamics. However, the involvement of CSF and PBMs in cerebral edema during SE remains 
unclear. Here, we investigated the fluid source of cerebral edema in the initial phase of SE with the role of PBMs 
involved.

Methods  Lithium chloride-pilocarpine was used to induce SE in C57BL/6 J mice. Electroencephalogram (EEG) 
was acquired to assess changes in relative EEG power pre- and post-seizure onset. Apparent diffusion coefficient 
(ADC) maps reconstructed from diffusion-weighted imaging (DWI) were utilized to evaluate cytotoxic edema. 
Blood–brain barrier (BBB) permeability was examined using sodium fluorescein (NaFl). CSF tracer influx into the brain 
was assessed by transcranial imaging and brain slices. PBMs were depleted using clodronate liposomes. Immunohis-
tochemistry was used to evaluate PBM depletion, severity of vasogenic edema, inflammation, and neuronal damage.

Results  During the initial stage of SE, relative EEG power sharply increased and ADC values significantly decreased. 
Concurrently, CSF tracer influx into the cortex significantly elevated, though NaFl leakage from blood to brain paren-
chyma did not evidently alter. Following depletion of PBM, CSF influx declined but AQP4 expression and polarization 
remained unaffected. Post-PBM depletion, there was no significant alteration in relative EEG power, yet CSF influx 
decreased substantially during the initial stage of SE. The degree of ADC decline lessened, IgG extravasation after SE 
decreased, activated microglia and proliferating astrocytes count fell, and neuronal damage post-SE alleviated.

Conclusions  CSF appeared to contribute to cerebral edema in SE. Depletion of PBM alleviated cytotoxic edema 
in the initial phase of SE, and subsequent vasogenic edema, inflammatory response and neurological damage were 
reduced. These findings may provide potential novel strategies for treating cerebral edema following SE.
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Introduction
Status epilepticus (SE), occurring in 10–41 per 100,000 
people annually, is a common neurological emergency 
that can result in permanent pathological injury or even 
mortality [1, 2]. Cerebral edema is inevitable in SE, as 
evidenced by abnormal diffusion-weighted imaging 
(DWI) signals in the cortex, hippocampus, amygdala, 
thalamus, and other areas of clinical epileptic patients 
and animal models, indicating edema at multiple sites 
[3, 4]. Cerebral edema exacerbates secondary brain 
injury, including cell death, inflammatory response, 
and blood–brain barrier disruption. These pathological 
processes form a positive feedback loop that modulates 
neuronal hyperexcitability and reduces seizure thresh-
old, promoting epileptogenesis [5–7]. Therefore, miti-
gating cerebral edema is one of the primary therapeutic 
strategies for SE, as it could help to improve the prog-
nosis of patients.

There are three distinct phases in the development of 
cerebral edema. Firstly, cytotoxic edema is the key ini-
tial step and driving factor, where dysfunction of the 
Na+/K+-ATPase and imbalanced transmembrane ion 
gradients lead to cell swelling; subsequently, cytotoxic 
edema generates new ion gradients across the blood–
brain barrier (BBB), allowing Na+ and water to accu-
mulate through the BBB, constituting the ionic edema 
stage; finally, the previous stages cause astrocytes and 
vascular endothelial cells swelling and loss of normal 
morphology, damaging BBB integrity and permitting 
plasma proteins and water leakage into the brain tissue 
[8]. However, recent research has found that cerebro-
spinal fluid (CSF) serves as a primary source of Na+ and 
water in early cerebral edema after ischemic strokes 
and cardiac arrests, with CSF and interstitial fluid (ISF) 
exchange providing a pathway [9, 10]. Additionally, a 
newer study discovered that neuronal synchronized 
discharges drive CSF influx into the ISF [11]. However, 
the role of CSF in cerebral edema development during 
SE remains unknown.

In recent years, increasing attention has been paid to 
parenchymal border macrophages (PBMs), also known 
as central nervous system (CNS) border-associated 
macrophages (BAMs). As a resident myeloid cell popu-
lation distinct from microglia, PBMs are distributed in 
the perivascular spaces (PVS) and leptomeninges [12, 
13]. However, their precise roles in the CNS remain 
to be fully explored. Previous studies have shown that 
these macrophages are closely associated with the 

pathogenesis of CNS diseases. They exhibit protective 
effects in bacterial meningitis and Alzheimer’s disease 
(AD) [14–16], but can also increase BBB permeability 
and play harmful roles in chronic hypertension, stroke, 
and experimental autoimmune encephalomyelitis 
[17–19]. Recent research has revealed the critical func-
tion of PBMs in regulating CSF flow dynamics—their 
depletion can reduce CSF influx into brain parenchyma 
[20]. This provides deeper insight into PBM functions 
in neurologic disorders. Given their location and func-
tions, we hypothesize that PBMs may play an important 
role in the development of cerebral edema.

In this study, we found that CSF is an important fluid 
source contributing to cerebral edema in the initial stage 
of SE. Depletion of PBM mitigated cerebral edema, 
inflammatory response and neurological injury in mice 
after SE. These findings may provide a potential novel 
therapeutic approach for cerebral edema following SE.

Methods
Animals
The Animal Ethics Committee of Zhujiang Hospital of 
Southern Medical University approved all experimen-
tal protocols. The Guide for the Care and Use of Labo-
ratory Animals published by the National Institutes of 
Health of the United States was followed for all animal 
experiments. Male C57BL/6 J mice of 8 weeks of age were 
acquired from the Hunan SJA Laboratory Animal Co., 
Ltd. Mice were housed in 12 h dark/light cycle at a stable 
temperature with free access to water and food. In this 
study, a total of 254 mice were used, with 25 excluded due 
to experimental failure or bleeding after cisterna magna 
cannulation. Among the 170 mice used for SE modeling, 
58 died. An additional 2 mice died during transcranial 
imaging experiments.

Induction of SE
Mice were injected intraperitoneally with lithium chlo-
ride (423  mg/kg, i.p.; Sigma-Aldrich) 20  h prior to the 
treatment of pilocarpine (40 mg/kg, i.p.; Sigma-Aldrich). 
To reduce the peripheral effects of pilocarpine, methyl-
scopolamine (1 mg/kg, i.p.; Shanghai Aladdin Biochemi-
cal Technology Co., Ltd.) was administered 20 min before 
the treatment of pilocarpine. Mice of Sham group were 
injected with saline solution. Only mice that displayed 
90 min of SE survived and showed the following levels of 
seizure were selected: falling, wild running or jumping, 
clonic seizures, tonic–clonic seizures. To terminate the 
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SE, diazepam (15 mg/kg, i.p.; Sigma-Aldrich) was admin-
istered 90 min after onset.

Electrode installation
The mice were anesthetized with 1.25% 2,2,2-tribro-
moethanol (Avertin; 0.02  ml/g i.p.; Sigma-Aldrich) and 
mounted in a stereotaxic instrument (RWD Life Science 
Co., Ltd.). Three holes were drilled in the skull to allow 
the installation of three metal electrodes. The recording 
electrode was positioned above the right hippocampus 
(ML: 1.5 mm, AP: 2.0 mm). The reference electrode was 
situated on the opposite frontal bone, while the ground 
electrode was placed on the opposite occipital bone. All 
electrodes were fixed to the skull using dental cement 
with cyanoacrylate glue. After surgery, mice were kept in 
individual cages with food and water ad libitum.

EEG recordings and analysis
The mice were allowed to recover for 1  week from sur-
gery. The electrodes were connected to an electroen-
cephalogram (EEG) recorder (Beijing Solar Electronic 
Technologies Co., Ltd.). EEG data were recorded for 
30 min as the baseline before lithium chloride injection. 
Then continuous recordings were performed from before 
pilocarpine treatment until the termination of SE.

The EEG acquisition software is equipped with features 
to automatically eliminate power frequency interference 
and conduct filtering. MATLAB R2023a was used for 
the processing and analysis of the EEG signal. For each 
data set, time–frequency analysis was conducted, and the 
power of the EEG signal was calculated in particular fre-
quencies: total EEG band (0–100  Hz), delta (0.5–4  Hz), 
theta (4–8  Hz), alpha (8–12  Hz), beta (12–30  Hz), and 
gamma (30–70 Hz). Considering the variability in power 
values among mice, all data are standardized and pre-
sented as relative power, calculated as: (power/baseline 
power)−1.

MRI acquisition
MRI scanning was conducted on a horizontal 7.0 T scan-
ner (PharmaScan 70/16 US, Bruker BioSpin), 30 min after 
SE onset or saline injection. Mice were anesthetized with 
inhaled isoflurane (3.0% for induction, 1.5% for mainte-
nance) and positioned on a bed with mouth and ear bars 
to immobilize them during the experiments. Body tem-
perature was controlled via regulated water flow and 
breathing rate was continuously monitored. Prior to 
diffusion-weighted imaging (DWI), all necessary adjust-
ments and T2-weighted scans were performed to visual-
ize the geometry, with parameters: repetition time/echo 
time (TR/TE) = 4200/52  ms, matrix = 256 × 256, field of 
view (FOV) = 25.6 × 25.6 mm2, slice thickness = 0.7  mm. 
As previously described [21], diffusion-weighted images 

were obtained using a single-shot echo-planar encod-
ing sequence with following parameters: TR/TE = 1325 
/ 63 ms, matrix = 128 × 128, FOV = 25.6 × 25.6 mm2, slice 
thickness = 1 mm. Five images were acquired with differ-
ent gradient gains, resulting in multiple b values (0, 400, 
800, 1200, and 1600  s/mm2). Apparent diffusion coef-
ficient (ADC) images were generated from DWI scans 
using Paravision v.6.0.1 software (Bruker), and regions of 
interest (ROIs) were traced for the cortex on brain slices 
(bregma 1.0 to −2.5 mm). ADC values were then calcu-
lated and averaged.

Cortical water content measurement
Thirty minutes following SE onset or saline injection, 
mice were anesthetized and their brains were extracted, 
cortex were dissected and weighed, then dried in an oven 
at 100  °C for 24 h before being weighed again. The per-
centage of water content was calculated as: (wet weight-
dry weight)/wet weight × 100%.

Sodium fluorescein penetration assay
To assess the BBB permeability during the initial 30 min 
following SE onset, mice were administered sodium fluo-
rescein (NaFl; 10 mg/kg, i.p.; Sigma-Aldrich) at the time 
of onset (or 30  min after saline injection). Thirty min-
utes post-NaFl injection, mice were anesthetized, blood 
was collected via cardiac puncture. Plasma was extracted 
by centrifugation, mixed with an equal volume of 30% 
trichloroacetic acid and centrifuged again to extract NaFl. 
Following cardiac perfusion with phosphate-buffered 
saline (PBS), brains were harvested and homogenized 
with 30% trichloroacetic acid (150 μl/100 mg) using a tis-
sue grinder (SWE-3D, Servicebio). The homogenate was 
then centrifuged to extract NaFl. A fluorescence micro-
plate reader (Feyond-A300, Allsheng Instrument) quanti-
fied the NaFl fluorescence (excitation 470  nm, emission 
520 nm). The NaFl permeability ratio in brain tissue was 
determined by calculating the ratio of brain tissue fluo-
rescence to plasma fluorescence.

To visualize fluorescence penetration in brain slices, 
after transcardial perfusion with PBS, the brains were 
fixed in 4% paraformaldehyde (PFA) overnight, followed 
by cryoprotected in 30% sucrose solution for 2  days 
before being embedded in OCT. Then brains were sec-
tioned into 100 μm thick slices using a cryostat. Six slices 
from each brain were collected (at 500  μm intervals, 
bregma + 0.50  mm to −2.5  mm), rinsed with PBS, and 
mounted on slides. Images of the slices were captured 
using a confocal microscope (Nikon AX). Fiji software 
(ImageJ 1.54f, National Institutes of Health, USA, avail-
able from https://​fiji.​sc/) was used to quantify the fluo-
rescence intensity of the images, and the values for each 
brain were averaged.

https://fiji.sc/
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Cisterna magna cannulation and head plate installation
Cisterna magna (CM) cannulation and head plate instal-
lation were performed as previously described [22]. 
Briefly, mice were anesthetized and placed in a stere-
otaxic frame, and the skin was removed to expose the 
frontal and parietal bones, as well as the cervical muscles. 
After rinsing the skull with sterile saline, a thin layer of 
clear-drying cyanoacrylate glue was applied. The cer-
vical muscles were retracted to expose the CM, and a 
broken-tipped 30 G needle connected to a PE10 tube 
was inserted. Glue was applied, followed by a mixture 
of dental cement and glue to cover the skull and nee-
dle. Once the CM cannula was in place, drugs could be 
administered via the cannula. Next, the head plate was 
positioned on the parietal bone, aligning the observation 
window with the skull, and fixed using the dental cement 
mixture, which also covered the CM cannula. Following 
surgery, the mice either received transcranial imaging or 
were single-housed with food and water ad libitum. Daily 
1-h adaptive training sessions with mice fixed in a head 
holder for 7 days prevented agitation during subsequent 
awake-state transcranial imaging.

Transcranial imaging
Mice were fixed in a head holder either awake or anesthe-
tized and placed on the stage of the macroscope. Using 
a syringe pump, 10  μl of Alexa 555-conjugated ovalbu-
min (OVA, 45  kDa; 1  mg/ml diluted in artificial CSF; 
Invitrogen, O34782) was injected through the CM can-
nula at a rate of 2.5 μl/min. Tracer infusion and imaging 
were performed simultaneously, with images acquired 
every minute on the cy3 channel for 30 min. Each image 
was analyzed using FIJI software to quantify the percent-
age of tracer influx area in the bilateral cortex (region of 
interest, ROI) relative to the total area. Following image 
acquisition, the animals were decapitated, and brains 
were removed and fixed overnight in 4% PFA. For each 
mouse, six thick slices (100  μm) were cut, stained with 
DAPI, mounted, and imaged using a confocal microscope 
(Nikon AX). All 6 images were quantified as the percent-
age of signal area relative to the total slice area, and the 
average was calculated to obtain one value per mouse.

Depletion of PBMs
Mice were placed in a stereotaxic frame following anes-
thesia with Avertin. The neck skin was incised and 
muscles were retracted to expose the CM. A 33-gauge 
Hamilton syringe was employed for the injection. To 
prevent backflow, the syringe remained in place for 
5 min post-injection before suturing the skin. To deplete 
PBMs, mice received an intra-cisterna magna (i.c.m.) 
injection of clodronate (CLO) liposomes (5  μl; YeaSen 

Biotechnology), while the control group received an 
i.c.m. injection of PBS liposomes (5 μl; YeaSen Biotech-
nology). Follow-up experiments were conducted 7  days 
after the treatment. In some experiments, drugs were 
administered through the cannula after CM cannulation 
was completed.

CSF drainage
Seven days post-cisterna magna catheterization, SE mod-
eling commenced. Upon onset of SE seizures, a Hamilton 
syringe with an extension tube was attached to the cath-
eter, and 15 μl of CSF was slowly extracted at 2.5 μl/min. 
Sham group mice underwent catheterization only, with-
out CSF drainage.

Immunohistochemistry, imaging and quantification
After anesthesia with Avertin, mice were transcardially 
perfused with PBS followed by 4% PFA. In some experi-
ments, mice were treated with lectin (30 μl; i.v.; Dylight 
649 labelled Lycopersicon Esculentum; Invitrogen, 
L32472) 5 min prior to perfusion. Brains were removed 
and fixed in 4% PFA overnight, followed by cryopro-
tected in 30% sucrose solution for 2 days. For staining of 
CD206, brains were sectioned into 100-μm-thick slices, 
while others were cut into 30-μm-thick sections. Brain 
slices were rinsed in PBS and incubated with block-
ing solution (PBS containing 5% bovine serum albumin 
(BSA) and 0.3% Triton X-100) for 1 h at room tempera-
ture. After blocking, sections were incubated overnight at 
4  °C with primary antibodies diluted in PBS containing 
1% BSA and 0.3% Triton X-100: rat anti-CD206 (Invitro-
gen, MA5-1687; 1:500), rabbit anti-AQP4 (Proteintech, 
16473-1-AP; 1:200), rabbit anti-Iba-1 (Wako, 019–19741; 
1:1000), mouse anti-GFAP (Invitrogen, GA5; 1:500), rab-
bit anti-NeuN (Abcam, ab177487; 1:500), FITC-conju-
gated anti-mouse IgG (Sigma-Aldrich, F5262; 1:200). 
Following incubation, sections were washed in PBS and 
incubated for 2 h at room temperature with Alexa Fluor 
conjugated secondary antibodies (Invitrogen, A-11001/
A-21209/A-21244; 1:1000), diluted in PBS containing 1% 
BSA and 0.3% Triton X-100. Tissue was washed in PBS 
after incubating with DAPI (Beyotime, C1006) for 10 min 
at room temperature and then mounted. According to 
the reagent instructions, Fluoro-Jade-C (FJC) staining 
(Biosensis, TR-100-FJT) was performed to assess neu-
ronal injury. Images were acquired by confocal micros-
copy (Nikon AX). Quantitative analysis was conducted 
using FIJI software.

AQP4 polarization was defined as the ratio between 
the AQP4 intensity along the PVS area and global paren-
chymal domains [23, 24].
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Statistical analyses
Statistical analysis was performed using GraphPad Prism 
9 software. Data are presented as mean ± standard error 
of the mean (SEM). Unpaired t-test was used to deter-
mine statistical significance between two groups. Con-
tinuous data were analyzed by two-way ANOVA with 
Bonferroni’s multiple comparison test. All tests were 
two-tailed, and a P value of < 0.05 was considered statis-
tically significant (*P < 0.05, **P < 0.01, ***P < 0.001 and 
****P < 0.0001).

Results
Cytotoxic edema formation in the initial phase of SE
Lithium chloride-pilocarpine was employed to induce SE 
in mice while concurrently recording EEG (Fig. 1A). Fol-
lowing seizure onset, EEG amplitude rapidly increased, 
after a few minutes of suppression, it rose again and 
maintained a high-amplitude pattern (Fig.  1B). Time–
frequency analysis revealed that during SE, except for a 
few minutes of suppression after onset, power across all 
frequency bands was elevated, with the highest energy 
distributed within 50  Hz (Fig.  1C). Analysis of relative 
power at 10-min intervals showed a rapid increase in the 
first 30 min post-seizure onset, followed by divergence—
leveling off (delta, theta) or rising then falling (total, 
alpha, beta, gamma) (Fig. 1D–I). The rapid relative EEG 
power increase reflected abnormal brain electrical activ-
ity intensification, indicating high energy demand during 
this phase. However, the brain often experiences hypoxic 
conditions during this period [25–27]. This significant 
imbalance leads to cerebral hypoxia and disrupted aden-
osine triphosphate (ATP) production. Na+/K+-ATPase 
dysfunction has been confirmed in humans and animal 
epilepsy studies [28]. This relates to elevated extracellu-
lar glutamate and K+ concentrations, promoting seizures 
and cellular swelling [8, 29]. SE was traditionally defined 
as seizures lasting 30 min or longer, as this duration typi-
cally results in irreversible neuronal injury. Based on this 
definition, in this study we refer to the first 30 min of SE 
as the initial stage of SE [1, 2]. We utilized ADC maps 
from DWI for measurement and found that in the initial 
of SE, ADC values of bilateral cortex were significantly 
lower compared in SE versus sham mice (Fig.  1J–L). 
Simultaneously, cortical water content was higher in SE 
mice (Fig. 1M), suggesting the development of cytotoxic 
edema and altered tissue fluid volume during the initial 
phase of SE.

CSF is an important fluid source for cerebral edema 
during the initial phase of SE
Traditionally, it was thought that cytotoxic edema stage 
solely involved the movement of interstitial fluid into 

cells, without additional fluid accumulation, and net 
fluid increase only occurred during ionic edema or after 
BBB disruption [30]. However, our experiments revealed 
that in the mouse cortex, cytotoxic edema coincided 
with increased brain water content during early SE, and 
the marked decrease in ADC values did not support the 
inference that the mice were experiencing vasogenic 
edema [4, 31]. Drawing from recent studies on ischemic 
stroke and anoxic cerebral edema [9, 10], we suspected 
that CSF might contribute to the development of cerebral 
edema during the initial phase of SE. To examine early 
BBB permeability and blood fluid influx in early SE, we 
utilized NaFl (Fig. 2A), a small molecular weight (376 Da) 
hydrophilic molecule, which is regarded as a sensitive 
marker of BBB early disruption [32–37]. By quantifying 
the fluorescence intensity of NaFl, we found no substan-
tial increase in the quantity of NaFl infiltrating from the 
blood into the brain within 30 min of SE onset (Fig. 2D), 
and no significant increase in fluorescence intensity was 
detected in the visualized brain slices (Fig.  2B, C). Sub-
sequently, to investigate CSF transport at this stage, we 
utilized transcranial imaging and observed that, under 
awake conditions, within 30  min after the onset, there 
was a significant increase in the influx of CSF tracer in 
the bilateral cerebral cortex (Fig.  2E-H). Quantitative 
analysis of fluorescent tracer in brain slices also showed 
higher tracer amounts in SE mice (Fig.  2I, J). As blood 
flow persists during SE, fluid contribution from the blood 
cannot be completely ruled out. Nevertheless, the afore-
mentioned data indicate that CSF is an important fluid 
source during the initial stage of SE.

CSF influx significantly reduces following PBM depletion
Recent studies on PBMs [20] led us to hypothesize that 
they may affect CSF flow into the cortex and contrib-
ute to cerebral edema following SE. To deplete PBMs, 
mice received CLO liposome administration via i.c.m. 
injection. Seven days post-depletion, we observed a sig-
nificant reduction in PBM coverage (Fig.  3A-C). Tran-
scranial imaging assessed CSF transport and distribution 
in PBM-depleted mice, revealing a marked decrease 
in fluorescent tracer flow into the cortex (Fig.  3D–G). 
Quantitative analysis of brain slices also showed signifi-
cantly lower OVA coverage (Fig. 3H, I). Situated on the 
endfeet of perivascular astrocytes, AQP4 plays a crucial 
role in regulating CSF circulation [38, 39]. To determine 
if PBM depletion impacts AQP4, we conducted immuno-
histochemical (IHC) detection. However, no significant 
alterations in AQP4 coverage or polarization index were 
observed following PBM depletion (Fig.  3J–L). These 
findings indicate that the decreased CSF influx result-
ing from PBM depletion occurs independently of AQP4, 
consistent with prior research outcomes [20].
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Fig. 1  Relative EEG power increased and ADC value decreased during the initial phase of SE. A Schematic of experiment. B Representative 
EEG tracings in mice treated with pilocarpine. C Representative time–frequency power distribution diagram pre- and post-onset of SE. The 
gray rectangles represent the initial stage of SE. D–I Changes in relative power of various frequency bands pre- and post-onset of SE. The gray 
rectangle represents the initial stage of SE. n = 5. J Schematic of experiment. K Representative ADC images reconstructed after DWI scans. The ROIs 
indicate the calculation regions for bilateral cortical ADC values. L Quantification of mean ADC values of the bilateral cortex. n = 5 per group. M 
Quantification of cortical water content. n = 5 per group. Data are presented as mean ± SEM, unpaired t-test. *P < 0.05, ***P < 0.001
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PBM depletion has no effect on SE susceptibility and EEG 
power
To investigate whether PBM depletion affects SE in mice, 
we performed SE modeling and collected EEG data after 
depletion (Fig. 4A, B). Time–frequency analysis showed 
that during SE, apart from a brief suppression period 

following onset, EEG power across all frequency bands 
was significantly elevated in both groups of mice, with 
highest energy distributed within 50  Hz (Fig.  4C). The 
relative power of each band over time was analyzed at 
10-min intervals for both groups, and inter-group dif-
ferences were assessed using two-way ANOVA with 

Fig. 2  CSF is an important source of cerebral edema during the initial stage of SE. A Schematic of experiment. B Representative images 
of visualized NaFl leakage. Scale bar = 2 mm. C Quantification of the mean fluorescence intensity of NaFl in brain sections. n = 5 per group. 
D Quantification of the proportion of NaFl leakage into brain tissue. n = 6 per group. E Schematic of experiment. F Representative images 
of fluorescent tracer transport and distribution within 30 min after CM injection. Scale bar = 2 mm. The dashed area represents the ROIs included 
in the quantification. G Influx area of fluorescent tracer during the 30 min after CM injection, quantified from the ROIs in (F). n = 5 per group. H 
Quantification of the influx area of fluorescent tracer at 30 min. n = 5 per group. I Representative images of fluorescent tracer coverage in brain 
sections. Scale bar = 2 mm. J Quantification of the fluorescent tracer coverage. n = 5 per group. Data are presented as mean ± SEM, unpaired t-test. 
*P < 0.05, ****P < 0.0001, ns = not significant
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Bonferroni’s multiple comparison correction. The 
results showed no significant changes in the relative 
EEG power in CLO-treated mice across all bands: total 

(p = 0.8800), delta (p = 0.4400), theta (p = 0.6378), alpha 
(p = 0.7650), beta (p = 0.3652), and gamma (p = 0.2749). 
The time × treatment interaction was also not significant 

Fig. 3  CSF influx decreases after depletion of PBM. A Schematic of experiment. B Representative images of brain sections showing CD206 
and lectin staining. Scale bar = 200 μm. C Quantification of the coverage of CD206+ cells. n = 6 per group. D Schematic of experiment. E 
Representative images of fluorescent tracer distribution within 30 min after CM injection. Scale bar = 2 mm. The dashed area represents the ROIs 
included in the quantification. F Influx area of fluorescent tracer during the 30 min after CM injection, quantified from the ROIs in (E). n = 5 
per group. G Quantification of the influx area of fluorescent tracer at 30 min. n = 5 per group. H Representative images of fluorescent tracer 
coverage in brain sections. Scale bar = 2 mm. I Quantification of the fluorescent tracer coverage. n = 5 per group. J Representative images of AQP4 
expression in the cerebral cortex. Scale bar = 100 μm. K Quantification of AQP4 coverage. L Quantification of the polarization index of AQP4. For K 
and L. n = 6 per group. Data are presented as mean ± SEM, unpaired t-test. **P < 0.01, ***P < 0.001, ns = not significant
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Fig. 4  PBM depletion does not impact SE susceptibility and EEG power. A Schematic of experiment. B Representative EEG tracings in mice treated 
with pilocarpine. C Representative time–frequency power distribution diagram pre- and post-onset. D–I Quantitative analysis of the relative 
EEG power pre- and post-onset. Data are presented as mean ± SEM. Differences among multiple groups were examined by two-way ANOVA 
with Bonferroni’s multiple comparison test. n = 6 per group. J Quantification of the AUC in (D–I) for the PBS and CLO group. K Quantitative analysis 
of the latency period for the onset. For J and K, n = 6 per group. Data are presented as mean ± SEM, unpaired t-test. ns = not significant
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for all bands: total (p = 0.9418), delta (p = 0.0863), theta 
(p = 0.6586), alpha (p = 0.5872), beta (p = 0.8964), and 
gamma (p = 0.8136) (Fig. 4D, I). Furthermore, there were 
no significant differences in the area under the curve 
(AUC) of the relative power between groups for each 
band (Fig. 4J). Using the latency to onset as an indicator 
of susceptibility, mice with PBM depletion did not exhibit 
significant shortening or prolongation (Fig.  4K). These 
data suggest PBM depletion does not exert a direct posi-
tive or negative impact on SE in mice.

PBM depletion alleviates cerebral edema following SE
In the above experiments, we observed that during initial 
SE, CSF influx increased and cytotoxic edema formed. 
Interestingly, this influx was significantly reduced follow-
ing PBM depletion. To further investigate the role of this 
treatment in SE-induced cerebral edema, we performed 
SE modeling 7  days after CLO or PBS liposomes injec-
tion (Fig.  5A). Transcranial imaging revealed markedly 
decreased tracer influx in PBM-depleted mice within 
30  min post-onset, confirmed by brain section analysis 
showing significantly lower OVA coverage (Fig.  5B–F). 
Cortical water content was also lower in PBM-depleted 
mice compared to controls (Fig. 5G). Additionally, DWI 
scans 30  min post-onset showed higher ADC values 
in PBM-depleted mice (Fig.  5H–J), indicating a milder 
degree of cytotoxic edema. Cytotoxic edema is a criti-
cal initiating step driving cerebral edema development, 
closely associated with subsequent ionic and vasogenic 
edema. Vasogenic edema reaches its peak on days 2–3 
following SE, coinciding with the greatest accumula-
tion of IgG leakage from blood vessels into the brain 
parenchyma [3, 40–42]. IHC performed on day 3 post-
SE showed significantly reduced IgG leakage in PBM-
depleted mice (Fig.  5K, L), consistent with their lower 
cortical water content (Fig. 5M). To explore whether this 
reduction in edema was directly related to CSF flow, we 
performed cisterna magna cannulation to drain CSF at 
SE onset (Fig. S1A). This intervention resulted in reduced 
IgG leakage and lower cortical water content 3 days post-
SE (Fig. S1B-D), suggesting attenuated vasogenic edema. 
Collectively, these findings indicate PBM depletion alle-
viates both cytotoxic and vasogenic edema following SE.

Depletion of PBM alleviates neuroinflammation 
and neuronal injury induced by SE
Cerebral edema not only results from neuroinflamma-
tion but also triggers or exacerbates secondary injury 
and inflammatory responses [5, 6]. During the inflam-
matory process, microglia and astrocytes are activated, 
leading to the release of pro-inflammatory factors and 
neurotoxic effects [43]. Previous studies have demon-
strated that following pilocarpine-induced SE, microglia 

rapidly activate and proliferate, while astrocyte numbers 
decrease within 3  days post-SE, displaying abnormal 
morphology. However, after 10 days, astrocyte numbers 
recover, and the cells proliferate and exhibit hypertrophy 
[44, 45]. We then investigated whether depleting PBMs 
mitigates neuroinflammation and neuronal injury follow-
ing SE. Before SE modeling, we assessed Iba-1 and GFAP 
immunoreactivity in cortex and hippocampus, finding no 
significant changes after CLO treatment, suggesting that 
PBM depletion does not directly influence microglial and 
astrocytic expression under physiological conditions. We 
then conducted tests on days 1, 3, and 7 post-SE. Iba-1+ 
cells displayed activated morphology on all 3  days, but 
their numbers were lower in the cortex and hippocampus 
of PBM-depleted mice (Fig. 6A–C). GFAP+ cells showed 
no significant differences in the cortex and hippocampus 
on day 1 post-SE and exhibited atrophied morphology. 
On day 3 post-SE, GFAP+ cell numbers were lower in cor-
tex of PBM-depleted mice but not hippocampus. By day 
7 post-SE, proliferating and hypertrophic GFAP+ cells 
were observed in all mice, albeit with lower numbers in 
cortex and hippocampus of PBM-depleted mice (Fig. 6A, 
B, D). To examine whether these changes were related to 
CSF inflow, we conducted experiments on CSF-drained 
mice and control mice. We found that 3  days after SE, 
CSF-drained mice exhibited reduced Iba-1+ cells in both 
cortex and hippocampus, and decreased GFAP+ cells 
in the cortex (Fig. S2A-D). Furthermore, we assessed 
NeuN reactivity in cortex and hippocampus of non-SE 
mice, finding no significant changes in CLO-treated mice 
(Fig. 7A, B). Lastly, we employed FJC staining to evaluate 
hippocampal neuronal damage on day 7 post-SE, reveal-
ing significantly fewer FJC+ cells in the hippocampus of 
PBM-depleted mice (Fig. 7C, D). These findings indicate 
that PBM depletion attenuates both neuroinflammation 
and neuronal injury induced by SE.

Discussion
Cerebral edema is an inevitable complication of various 
CNS disorders and may be fatal in severe cases. Prior 
studies on cerebral edema following SE have primarily 
concentrated on the phase of BBB disruption, while the 
earlier stages have received minimal attention. In the pre-
sent study, we discovered that CSF influx contributes to 
cerebral edema development during the initial phase of 
SE. Depletion of PBM diminished CSF inflow, mitigated 
cytotoxic edema in the early stage of SE and subsequent 
vasogenic edema, as well as attenuating the inflammatory 
response and neuronal injury post-SE.

The conventional wisdom is that cerebral edema fluid 
is exclusively derived from blood [8]. However, recent 
studies have updated our understanding of edema for-
mation mechanism. Cytotoxic edema occurs after stroke 
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Fig. 5  PBM depletion attenuates cerebral edema following SE. A Schematic of experiment. B Representative images of fluorescent tracer 
distribution within 30 min after CM injection. Scale bar = 2 mm. The dashed area represents the ROIs in the bilateral cortex included 
in the quantification. C Influx area of fluorescent tracer during the 30 min after CM injection, quantified from the ROIs in (B). n = 5 per group. D 
Quantification of the influx area of fluorescent tracer at 30 min. n = 5 per group. E Representative images of fluorescent tracer coverage in brain 
sections. Scale bar = 2 mm. F Quantification of the fluorescent tracer coverage. n = 5 per group. G Quantification of cortical water content. 
n = 5 per group. H Schematic of experiment. I Representative ADC images reconstructed after DWI scans. J Quantification of mean ADC values 
of the bilateral cortex. n = 5 per group. K Representative images of IgG leakage in brain parenchyma. Scale bar = 2 mm. L Quantitative analysis of IgG 
leakage. n = 5 per group. M Quantification of cortical water content. n = 5 per group. Data are presented as mean ± SEM, unpaired t-test. *P < 0.05, 
**P < 0.01, ***P < 0.001



Page 12 of 16Lin et al. Journal of Translational Medicine         (2024) 22:1094 

Fig. 6  PBM depletion alleviates neuroinflammation following SE. A Panoramic stitched images of Iba-1+ cells and GFAP+ cells in cortex 
and hippocampal region. 10 × magnification field of view. Scale bar = 500 μm. B Representative images of Iba-1+ cells and GFAP+ cells in cortex 
and hippocampal region. 40 × magnification field of view. Scale bar = 100 μm. C, D Quantification of Iba-1+ cells and GFAP+ cells. n = 4–6 per group. 
Data are presented as mean ± SEM, unpaired t-test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns = not significant
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and cardiac arrest, where rapid CSF influx in the com-
plete absence of blood flow provides Na+ and water to 
ischemic tissues. In this process, high osmotic gradients 
and spreading depolarization-induced intense arteriolar 
constriction provide the driving forces for rapid CSF 
influx. The arteriolar constriction causes the perivascu-
lar space (PVS) to suddenly expand and its pressure to 
reduce, sucking fluid into tissues [9, 10]. In this study, 
excessive neuronal firing and synchronized discharges 
were observed within 30  min of seizure onset, i.e., the 

initial phase, as EEG power rapidly increased, indicating 
the brain urgently required more energy. However, vas-
cular spasms and hypoperfusion predominated at this 
stage [26, 46, 47]. While some reported congestion and 
increased perfusion during seizures [48, 49], quantita-
tive modeling found that when vasospasm occurs causing 
heterogeneous perfusion, increased cerebral blood flow 
actually exacerbates hypoxia [50]. Spasms drive extravas-
cular fluid influx by altering pressure balances while 
intensifying severe mismatches between heightened 

Fig. 7  PBM depletion attenuates neuronal injury induced by SE. A Representative images of NeuN+ cells in cortex and hippocampal region. 
10 × magnification field of view; scale bar = 500 μm (the top images). 40 × magnification field of view; scale bar = 100 μm (the bottom images). B 
Quantification of NeuN+ cells. n = 6 per group. C Representative images of FJC staining in the hippocampal region. 10 × magnification field of view; 
scale bar = 500 μm (the top images). 40 × magnification field of view; scale bar = 100 μm (the bottom images). D Quantification of FJC+ cells. n = 4–5 
per group. Data are presented as mean ± SEM, unpaired t-test, ***P < 0.001, ns = not significant
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metabolism and compromised oxygen delivery, inducing 
hypoxia and halting ATP production. Abnormal Na+/K+-
ATPase function closely associates with elevated extra-
cellular glutamate and potassium, instigating seizures 
and cytotoxic edema, and novel ion gradients power 
subsequent ionic fluid surges [8, 28, 29]. ADC cannot 
distinguish between intracellular and extracellular dif-
fusion restriction. We observed decreased ADC values 
during the initial stage of SE, indicating cytotoxic edema 
formation [4, 31], while increased brain water content 
suggested external fluid ingress [8]. While blood flow was 
not completely absent during SE, we did not observe BBB 
permeability changes or increased blood-derived fluid 
but rather increased CSF influx during initial SE stage, 
suggesting CSF contributes to edema formation.

It is worth noting that while we were preparing this 
manuscript, a study was reported that provided an 
alternative explanation for the possible mechanism of 
increased CSF influx during the early SE. Synchronized 
neuronal discharges during sleep generate large, rhyth-
mic ionic waves in the ISF, which enhance CSF influx into 
the brain tissue and serve to remove metabolic wastes 
generated by neuronal activity. In contrast, during wak-
ing, neurons discharge highly desynchronized, cancelling 
out one another’s field potentials in the ISF and resulting 
in only minor fluctuations and significantly reduced CSF 
influx [11]. Another study also found a strong correla-
tion between neuronal activity (elevated delta and beta 
power) and CSF influx [51]. Similarly, during the initial 
stage of SE, massive synchronized high-amplitude neu-
ronal firing led to rapid increases across frequency bands, 
accompanied by a significant rise in CSF influx. From this 
perspective, during SE neurons generate more metabolic 
waste, abnormal glutamate accumulation, and imbal-
ances in ion gradients. The enhanced synchronous fir-
ing and activity promote greater CSF influx for flushing. 
However, under pathological conditions, this mechanism 
is unable to serve its beneficial physiological role and 
instead facilitates the development of cerebral edema.

PBMs originate from early erythroid progenitor cells 
within the yolk sac, localizing to the PVS and pia mater. 
While the roles of PBMs in neurological diseases are 
complex [14–19], their precise functions in epilepsy 
remain unclear. We observed reduced CSF influx follow-
ing PBM depletion, a change that persisted in the initial 
SE stage. Although PBM-depleted mice exhibited no 
alteration in SE severity or susceptibility, cerebral corti-
cal ADC values exceeded controls, indicating reduced 
CSF influx is associated with attenuated cytotoxic edema. 
Prior studies showed PBMs regulate matrix metallo-
proteinase (MMP) activity modulating the extracellu-
lar matrix (ECM) enclosing vessels, thereby impacting 
PVS and arterial stiffness to govern CSF flow [20]. Our 

findings elucidate PBM involvement in cerebral edema 
genesis. Additionally, data showed milder vasogenic 
edema in PBM-depleted mice, partly from attenuated 
cytotoxic edema as the primary driving edema force [8], 
and partly from ECM accumulation and BBB permeabil-
ity decline following PBM depletion [17, 18, 20].

Cerebral edema and neuroinflammation can exacerbate 
each other through a vicious cycle [5, 6]. While short-
term neuroinflammation is neuroprotective, prolonged 
neuroinflammation can lead to neural damage [52]. 
During the inflammatory response, microglia and astro-
cytes are activated and release inflammatory factors [43]. 
According to previous studies, microglia rapidly activate 
and proliferate after SE, whereas astrocytes first undergo 
degeneration before recovering, proliferating and hyper-
trophying [44, 45]. We observed a similar sequence of 
events. As with other research, depletion of PBM did 
not impact microglia and astrocytes under physiologi-
cal conditions. However, PBM-depleted mice exhibited 
lower numbers of activated microglia following SE, and 
while astrocyte degeneration did not differ significantly, 
proliferation was reduced, suggesting a milder inflam-
matory response after SE. The degree of neural damage 
also reflected differences in neuroinflammation between 
the two groups, with PBM-depleted mice experienc-
ing lighter neural injury post-SE. Although PBM deple-
tion-induced immunosuppression remains a possibility, 
our CSF drainage experiments yielded similar results: 
decreased IgG leakage and attenuated inflammation. 
This indicates that alterations in CSF inflow contribute to 
these effects.

As previously mentioned, PBM plays a dual role in 
neurological disorders. Depletion of PBM impairs brain 
clearance in AD [20], highlighting the long-term effects 
of PBMs on CSF flow regulation. However, we observed 
positive effects of PBMs in short-term pathological pro-
cesses such as cerebral edema. Further studies utilizing 
diverse methods are required to investigate the long-term 
impacts of PBMs following SE.

In addition, our study focused on the function of PBMs 
in regulating CSF flow dynamics. However, to more com-
prehensively explore the role of PBMs in epilepsy, future 
work needs to pay attention to the functions of PBMs 
as immune cells situated at the blood–brain border and 
brain-fluid boundary in inflammation, such as phagocy-
tosis and antigen presentation [13, 53].

In summary, we show that CSF contributes to cerebral 
edema formation during SE, and PBM depletion attenu-
ated cerebral edema and inflammatory responses post-
SE. This study adds insight into the mechanisms behind 
cerebral edema development during SE and the role of 
PBMs therein, pointing to potential new therapeutic 
strategies.
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