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Abstract 

Background: Temporal lobe epilepsy (TLE) is a common and often refractory brain disease that is closely correlated 
with inflammation. Alpha-methyl-l-tryptophan (AMT) is recognized as a surrogate marker for epilepsy, characterized 
by high uptake in the epileptic focus. There are many advantages of using the magnetic targeting drug delivery sys-
tem of superparamagnetic iron oxide nanoparticles (SPIONs) to treat many diseases, including epilepsy. We hypoth-
esized that AMT and an IL-1β monoclonal antibody (anti-IL-1β mAb) chelated to SPIONs would utilize the unique 
advantages of SPIONs and AMT to deliver the anti-IL-1β mAb across the blood–brain barrier (BBB) as a targeted 
therapy.

Methods: Acute TLE was induced in 30 rats via treatment with lithium-chloride pilocarpine. The effects of plain-
SPIONs, anti-IL-1β-mAb-SPIONs, or AMT-anti-IL-1β-mAb-SPIONs on seizure onset were assessed 48 h later. Perl’s iron 
staining, Nissl staining, immunofluorescence staining and western blotting were performed after magnetic resonance 
imaging examination.

Results: The imaging and histopathology in combination with the molecular biology findings showed that AMT-anti-
IL-1β-mAb-SPIONs were more likely to penetrate the BBB in the acute TLE model to reach the targeting location and 
deliver a therapeutic effect than plain-SPIONs and anti-IL-1β-mAb-SPIONs.

Conclusions: This study demonstrated the significance of anti-IL-1β-mAb treatment in acute TLE with respect to the 
unique advantages of SPIONs and the active location-targeting characteristic of AMT.
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Background
Epilepsy is a common chronic brain disease. Approxi-
mately 25% of patients with epilepsy cannot be relieved 
of their symptoms by conventional drug therapy and will 
develop refractory epilepsy of which 75% of these cases 
constitute temporal lobe epilepsy (TLE) [1]. TLE is char-
acterized by recurrent seizures with pathological features 
such as hippocampal sclerosis and neuronal network 
alterations [2, 3]. Studies have emphasized that inflam-
mation plays an important role in epilepsy, and seizures 
are known to promote molecular and structural changes 
[4]. The inflammatory response can reduce the threshold 
of epileptic seizures as well as increase the excitability 
of neurons, damage the blood brain barrier (BBB), and 
mediate neuronal apoptosis and synaptic remodelling [5]. 
Interleukin-1β (IL-1β) is the predominant inflammatory 
factor involved in this process. The level of IL-1β in the 
brain tissue of patients was positively correlated with the 
severity of preoperative epilepsy [6], and a clinical study 
revealed the expression of IL-1β/IL-1R1 in the glial cells 
and neurons of drug-refractory epilepsy patients [7]. 
Continuous activation of the IL-1β system causes epi-
lepsy and inflammation, which form a positive feedback 
loop whereby seizures cause inflammation and inflam-
mation leads to nerve cell excitability and seizures. How-
ever, the presence of the BBB prevents the delivery of 
diagnostic and therapeutic agents to the brain [8]. As a 
result, fat-insoluble drugs with molecular masses larger 
than 600 Da are difficult to deliver. Thus, the search for 
new drugs that can penetrate the BBB has become a 
research hotspot.

It is desirable that the materials used as drug carriers 
have both targeted and controlled drug delivery func-
tions, which would not only improve the efficiency of 
the drugs but also greatly reduce the side effects of the 
drugs [9]. Drug-loaded magnetic nanoparticles can act 
accurately on a lesion through an external magnetic 
field, which can improve the drug concentration in the 
targeting area and reduce damage to normal tissue, 
allowing researchers to track the process and distribu-
tion of drug delivery in  vivo through magnetic reso-
nance imaging (MRI). Superparamagnetic iron oxide 
nanoparticles (SPIONs) have demonstrated significant 
advantages as a drug delivery system. Under the action 
of an alternating magnetic field, SPIONs absorb energy 
to generate heat energy, which can also control drug 
release [10]. Through targeting the specific ligand that 
can be combined with the receptor of the target cell, 
SPIONs can be directed to the specific cell to play a role 
in reducing damage to normal cells and actively tar-
geting the lesion. According to the different targeting 
molecules, the ligand can be divided into antibodies, 
receptors and others [11–13]. The delivery effects of 

SPIONs depends on the size of their magnetic particles, 
and good targeting is observed for magnetic particles of 
10–30 nm in size and shoes with a pore structure that is 
more conducive to drug loading and release.

Neurology experts have found that changing the 
ligand of nanoparticles can help to target the seizure 
focus accurately [7]. The present ligand study focused 
on fluorine-labelled deoxyribose, flumazenil, and 
alpha-methyl-l-tryptophan (AMT). AMT is a synthetic 
amino acid and is recognized as a surrogate marker for 
epilepsy; it was first used in tuberous sclerosis complex 
(TSC) epilepsy patients [14]. AMT has high uptake in 
the epileptic focus [15–17] and it can help to distin-
guish between epileptogenic and non-epileptogenic 
regions in children and to evaluate surgeries on tuber-
ous sclerosis and especially multifocal cortical dyspla-
sia [18]. Indeed, through the use of positron emission 
tomography (PET) technology, removing high AMT 
metabolic zones from children with epilepsy nodular 
sclerosis has been shown to stop their seizures [19] 
AMT has been used as a PET ligand to identify epilep-
togenic tissues in several epilepsy conditions [20–23]. 
Later, Akhtari first developed a new functional MRI 
(fMRI) method by combining AMT and MRI for locali-
zation research on epileptic foci [24].

We engineered AMT and anti-IL-1β mAb chelated 
to SPIONs, which were designed to have a diameter of 
20  nm. To reach the epileptogenic stage and perform 
targeted therapy against epilepsy, we took advantage of 
the active targeting function of AMT for epilepsy foci to 
deliver anti-IL-1β mAb across the BBB.

Methods
Superparamagnetic iron oxide magnetic nanoparticles 
(SPIONs)
We followed a process similar to that of Akhtari [24] and 
Fu [25] to generate three types of superparamagnetic iron 
oxide magnetic nanoparticles (plain-SPIONs, anti-IL-
1β-mAb-SPIONs and AMT-anti-IL-1β-mAb-SPIONs). 
The nanoparticles were surrounded by a polyethylene 
glycol (PEG) layer coating. The core of the nanoparti-
cles was formed from monocrystalline iron oxide cores 
of maghemite. The average diameter of the nanoparti-
cles was 10–20 nm, and the average diameter of the iron 
oxide core was 2–3 nm. AMT and anti-IL-1β mAb were 
then chelated to plain particles with the same proper-
ties (solid content: 5 mg/ml; iron concentration: 2.4 mg/
ml; antibody concentration: 10  μg/mg Fe; and AMT 
density: 5 nmol/mg Fe). Because the process of produc-
ing nanoparticles is complicated, we bought the three 
nanoparticle types that were used for this study from the 
Micromod Company (Rostock, Germany).
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Experimental animals
Forty-five male Sprague-Dawley (SD) rats (8  weeks, 
weighing 200–250  g) were purchased from the LuKang 
Pharmaceutical Co. (Shandong, China). All rats were 
fed under strict sterile laminar flow in the animal labo-
ratory in separate rooms, and maintained under a 12  h 
light/dark cycle, with a room temperature of 25  °C and 
air humidity of 50%, and free access to food and water. 
The experiments were based on the National Institutes 
of Health Guide for the Care and Use of Laboratory Ani-
mals (NIH Publications No. 8023, revised 1978). The 
Jining Medical University Animal Ethics Commission 
(Shandong, China) specifically approved this study and 
supervised all experiments. After the laboratory testing 
was completed, the rats were euthanized with ketamine 
at 10 mg/kg via intramuscular injection (Sigma-Aldrich, 
St. Louis, MO, USA).

Constructing model animals
The rats were first administered with lithium chloride 
(127  mg/kg, Sigma-Aldrich) by intraperitoneal (i.p.) 
injection, followed by atropine (1 mg/kg, Sigma-Aldrich; 
i.p.) 18–20  h later and then pilocarpine (270  mg/kg, 
Sigma-Aldrich, ip). The rats were observed for 30  min 
and scored according to a modified Racine seizure scale 
(Racine, 1972). If the rats did not reach Racine grade 
IV–V seizures, pilocarpine injections were repeated once 
every 10  min was administrated until status epilepticus 
onset, with a maximum additional dose of 60 mg/kg. Sei-
zure levels with Racine grades IV–V and seizures lasting 
more than 1 h were considered to indicate successful TLE 
model development. Diazepam was given after 1 h to end 
the epilepsy episodes after 1 h.

Experimental grouping
Thirty successful and surviving epileptic model rats were 
randomly assigned to the plain-SPIONs group, the anti-
IL-1β-mAb-SPIONs group and the AMT-anti-IL-1β-
mAb-SPIONs group.

MRI studies
The rats were anaesthetized using an intraperitoneal 
injection of chloral hydrate (0.3–0.4 ml/100 mg, Sigma-
Aldrich). After the anaesthesia, the rats were positioned 
and fixed above the 3-inch coil so that the centre of the 
coil matched the centre of the rat body and the magnetic 
field. The MRI scans (3.0T Siemens Magnetom, version 
3.0 T; Berlin, Germany, 2500TR/70TE, repetition time 
(TR): 2500 ms, echo time (TE): 70 ms, T2 sequences and 
T2 map sequences, 6 echoes, 192*192; slices, 12; thick-
ness slice, 2.0  mm; field of view (FOV), 80  mm; and 
acquisition time, 8.25  min) were acquired at two time 

points. We obtained the MRI images at 48  h after suc-
cessful establishment of the epilepsy model and then 
injected the three nanoparticles (plain-SPIONs, anti-IL-
1β-mAb SPIONs, and AMT-anti-IL-1β-mAb-SPIONs, 
15  mg/kg) through the tail vein and acquired the MRI 
images at 4 h after nanoparticle injection to compare the 
differences between the images. A T2 map was scanned 
in the position of the T2 sequence, and then we used the 
Siemens dedicated post-processing station to measure 
the T2 value according to the T2 map image. The regions 
of interest selected for the T2 values were the bilateral 
temporal lobe high signal lesion areas.

Tissue processing
We selected 5 rats randomly from each group. The rats 
were anaesthetized and fixed with 0.9% saline and 4% 
paraformaldehyde after the MRI study. The brain tissues 
were placed in 4% paraformaldehyde at 4 °C overnight to 
be fixed, followed by incubation in 30% sucrose solution 
at 4  °C until the tissues reached the bottom. The brains 
containing the entire temporal lobe were cut on a freez-
ing sliding microtome into consecutive coronal slices at 
a thickness of 5 μm. The sections were stored at − 80 °C 
until they were ready for tissue staining. A total of 8 slices 
from each specimen at intervals of 6 slices were taken 
and randomly selected two temporal lobe slices were 
randomly selected for Perl’s iron staining, Nissl staining, 
and two types of immuno-fluorescence staining. The hip-
pocampi were extracted from the remaining rats, and the 
remaining hippocampus material was used for western 
blotting.

Perl’s iron stain
These steps were performed in accordance with the 
Perl’s iron staining kit (Solarbio Beijing, China). The fro-
zen slices were rewarmed at 4  °C for 30 min and dried. 
Then, the slices were rinsed for 2 min with distilled water, 
dipped for 20  min into Perl’s stain, and counterstained 
with Nuclear Fast Red for 10  min. The slices were then 
rinsed for 3  s in tap water and subjected to a conven-
tional ethanol dehydration followed by xylene transpar-
ency and a neutral balata fixation. Image acquisition was 
performed with an ordinary microscope (Carl Zeiss A1, 
Jena, Germany).

Immunofluorescence
Frozen sections were rewarmed at 4  °C for 30 min, and 
5% goat serum was used to block the slices for 2 h. Then, 
the sections were incubated with Cy3-labeled GFAP 
(1:400 dilution; Abcam, Shanghai, China) and Iba1 
(1:400 dilution; Wako, Japan)/NF-κB p65 (1:500 dilu-
tion; Abcam, Shanghai, China), followed by washing 
three times with PBS for 10 min each time. Alexa Fluor 
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488 donkey anti-rabbit IgG antibody (1:1000 dilution; 
Abcam, Shanghai, China) was added and then the slices 
were incubated for 2 h in the dark, followed by washing 
in PBS 3 times for 10 min each, incubation in DAPI for 
10 min at room temperature in the dark, and then wash-
ing in PBS 3 times at 10 min per time. Fluorescence decay 
was used to seal the tablets, and the images were col-
lected using a laser scanning confocal microscope (Carl 
Zeiss I800, Jena, Germany).

Nissl staining
The frozen slices were rewarmed at 4 °C for 30 min and 
dried before being dipped into 0.5% toluidine blue solu-
tion for 10  min (Solarbio, Beijing, China) at 60  °C. The 
slices were then rinsed in distilled water and subjected to 
conventional ethanol dehydration and xylene transpar-
ency, followed by neutral balata fixation. Image acquisi-
tion was performed using an ordinary microscope (Carl 
Zeiss A1, Jena, Germany).

Western blotting
Protein samples were obtained from hippocampus tis-
sue that was removed over dry ice in PMSF and protein 
lysis buffer (Beyotime Institute of Biotechnology, Jiangsu, 
China). The total proteins (30 µg per lane) were separated 
by SDS-PAGE and transferred to polyvinylidene fluoride 
(PVDF) membranes via electroblotting. The membrane 
was blocked in 5% non-fat milk containing Tween-TBS 
(TBST) for 1  h at room temperature, followed by incu-
bation with IL-1β (1:500 dilution; Santa Cruz Biotech-
nology, USA) and NF-κB p65 (1:500 dilution; Abcam, 
Shanghai, China) primary antibodies at 4  °C overnight 
for immunoblotting.

After rinsing in TBST, the membranes were incubated 
with the secondary antibody, the horseradish peroxidase 
(HRP)-conjugated goat anti-rabbit IgG (1:5000 dilution; 
Santa Cruz Biotechnology, USA) secondary antibody for 
1 h at room temperature. Protein bands were visualized 
using ECL western blot detection reagents (ECL, Beyo-
time Institute of Biotechnology) to detect HRP activity 
and Image Quant LAS 500 (General Electric Company, 
USA) was used to capture the band image densities. 
Optical density was determined and then normalized 
them to the corresponding amounts of β-actin.

Statistical analysis
All the analyses were performed with SPSS 21.0 software. 
All the data are expressed as mean ± SD. Multiple com-
parisons among groups were performed by one-way anal-
ysis of variance, and comparisons between two groups 
were performed using the LSD test. T-tests were used 
for the pre/post injection comparison of nanoparticles. A 
p < 0.05 was considered statistically significant.

Results
TLE‑model induction
The SD rats began to display the expected defecation 
and urination, somatic shaking, and stereotyping at 
10 min after intraperitoneal pilocarpine injection until 
eventually experiencing generalized tonic–clonic sei-
zures. The success percentage of the model was 75.6% 
(of 45 total rats, 40 displayed successful acute TLE; 6 
died and 34 survived; 30 rats were used for this study, 
and the remaining 4 rats were used for practising the 
experimental procedures such as tissue processing).

MRI studies
To study the images of the three types of magnetic nan-
oparticles, we performed MRI studies. The resulting 
T2-weighted MRI images showed high signal lesions 
in the brains of the acute TLE models (Fig.  1a). There 
was no significant difference in the values of the T2 
signal between the three groups before particle injec-
tion (p > 0.05, Fig.  1b). The T2-weighted MRI sig-
nal intensity was slightly reduced after plain-SPIONs 
injection (Fig.  1a), and there was no significant differ-
ence in the values of the T2 signals in comparison with 
those obtained pre-injection (p > 0.05, Fig.  1b). The 
T2-weighted MRI signal intensity was decreased after 
anti-IL-1β-mAb-SPION injection (Fig.  1a), and there 
was a significant difference in the T2 signal values in 
comparison with those obtained pre-injection (p < 0.05, 
Fig. 1b). The T2-weighted MRI signal was significantly 
decreased after AMT-anti-IL-1β-mAb-SPION injection 
(Fig. 1a), and there was a highly significant difference in 
the value of the T2 signal in comparison with the pre-
injection values (p < 0.01, Fig. 1b). There was also a sig-
nificant difference in the T2 signal value after the three 
types of particle injection (*p < 0.05, **p < 0.01, Fig. 1b).

Iron particle distribution
We applied Perl’s iron staining to study the distribution 
of iron particles in the rat brains. The comparison of the 
number of iron particles for the three types of magnetic 
nanoparticles showed different values between each 
group (Fig.  2a). The iron particles were most densely 
distributed in the AMT-anti-IL-1β-mAb-SPION group 
(Fig.  2a). The iron particle distribution of the three 
types of magnetic nanoparticles also showed significant 
differences among the groups (**p < 0.01, Fig.  2b). The 
iron particle distribution of the three magnetic nano-
particle types was consistent with the T2-weighted 
MRI signal intensity findings.
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Pathological section staining analysis
Nissl staining and immunofluorescence staining were 
applied to study the influence of the three magnetic 

nanoparticle types on neurons, astrocytes and micro-
glia cells. The Nissl bodies shrank, and the neurons 
showed abnormal morphology, with small cell sizes 

Fig. 1 The images of MRI studies and the corresponding statistical drawing. T2-weighted MRI images show high signal lesions in the brains of the 
acute TLE models. The T2-weighted MRI signal intensity was slightly reduced after plain-SPION injection. The T2-weighted MRI signal intensity was 
decreased after anti-IL-1β-mAb-SPION injection. The T2-weighted MRI signal was significantly decreased after AMT-anti-IL-1β-mAb-SPION injection 
(a). The statistical analysis result was consistent with the images from MRI studies (b, *p < 0.05, **p < 0.01). There was no significant difference in 
the values of the T2 signals compared with those obtained pre-injection (b, p > 0.05). There was a significant difference in the T2 signal value after 
injection of the three types of particles (b, *p < 0.05, **p < 0.01)
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Fig. 2 Perl’s iron staining to evaluate the iron particles and the corresponding statistical drawing. The iron particles were most densely distributed 
in the AMT-anti-IL-1β-mAb-SPION group (a), and the statistical analysis was consistent with this finding. b *p < 0.05, **p < 0.01, magnification ×40. 
Nissl staining to evaluate neuronal morphology and loss. These phenomena of Nissl bodies shrank, and the abnormal neuronal morphology was 
improved but not very obvious after injection of AMT-anti-IL-1β-mAb-SPIONs than after injections of anti-IL-1β-mAb-SPIONs and plain-SPIONs (c). 
Magnification ×400
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and triangular or irregular shapes; in addition, the 
boundaries of the nucleus and cytoplasm were unclear 
(Fig. 2c). These alterations were improved after inject-
ing AMT-anti-IL-1β-mAb-SPIONs, but this effect was 
not obvious in comparison with the injections with 

anti-IL-1β-mAb-SPIONs and plain-SPIONs (Fig.  2c). 
Astrogliosis (Fig. 3a) and microglial activation (Fig. 3a) 
involving cell hypertrophy and cell proliferation were 
assessed by laser scanning confocal microscopy, there 

Fig. 3 Immunofluorescence staining of GFAP and Ibal and the corresponding statistical drawing. Astrogliosis and microglial activation involving 
cell hypertrophy and cell proliferation were assessed in three groups (a), and there was no significant difference among the groups (p > 0.05, b). 
Magnification ×200
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was no significant difference among the three groups 
(p > 0.05, Fig. 3b).

Inhibitory effect on inflammation by the IL‑1β monoclonal 
antibody
To detect the inhibitory effects of particle treatment on 
IL-1β and NF-κB, immunofluorescence and western blot-
ting were used in this study. We studied the expression 
of NF-ĸBp65 in the brain of TLE rats after injecting the 
three particle types. NF-κBp65 was primarily expressed 
in the nucleus, but barely expressed in the cytoplasm, of 
the cells (Fig. 4a). The expression of NF-ĸBp65 was more 
clearly decreased in the AMT-anti-IL-1β-mAb-SPION 
group in comparison with the anti-IL-1β-mAb-SPION 
and plain-SPION groups based on the immunofluores-
cence method (Fig. 4a). Corresponding statistical analysis 
showed significant differences of NF-ĸB expression rate 
among the groups (**p < 0.01, Fig. 4b).

Western blot analysis detected IL-1β and NF-κB p65 
expression in the rat hippocampus tissues. The IL-1β and 
NF-ĸB p65 concentrations were reduced in the rats that 
were treated with anti-IL-1β-mAb-SPIONs and AMT-
anti-IL-1β-mAb-SPIONs in comparison with the rats that 
were treated with plain-SPIONs (Fig.  5a). Furthermore, 
the inhibition observed in the AMT-anti-IL-1β-mAb-
SPION group was more obvious, and a significant dif-
ference was observed among the three groups (p < 0.01, 
Fig. 5b).

Taken together, the immunofluorescence and west-
ern blotting results indicate that IL-1β and NF-κB p65 
expression levels were decreased significantly following 
AMT-anti-IL-1β-mAb-SPION injections; furthermore, 
the results of these three approaches were consistent.

Discussion
This study shows that the IL-1β monoclonal antibody 
combined with AMT and SPIONs can reduce the con-
centration of IL-1β more effectively due to improved 
location targeting The pathological mechanism of epi-
lepsy is very complicated. It is presently believed that 
ion channel dysfunction, excitatory/inhibitory neuro-
transmitter expression imbalance, and glial cell micro-
environment destruction are involved in the pathology 
of epilepsy. It is also well known that inflammation is 
important in the pathogenesis of epilepsy. In a study on 
resected hippocampi from TLE patients, one of the key 
molecular signatures of epilepsy was IL-1 [26]. Accord-
ingly, in animal models, targeting IL-1 can reportedly 
reduce seizures [27, 28]. IL-1β is one of the most impor-
tant inflammatory types of IL-1. Epileptic patients and rat 
models have demonstrated high levels of IL-1β expres-
sion in the hippocampus zone [29, 30], which was crucial 

for the network characteristics and neuronal excitability, 
making IL-1β a potential therapeutic target [31–33].

IL-1β is involved in the pathogenesis of epilepsy in a 
variety of ways. IL-1β promotes N-methyl-D-aspartate 
(NMDA)-mediated glutamate release from synaptic ter-
minals and blocks glutamate reuptake from the synaptic 
space, which is mediated by astrocytes. Moreover, the 
activation of glutamate receptors causes an influx of a 
large number of sodium ions, which increases neuronal 
excitability [34]. IL-1β reduces GABA-mediated neuro-
transmission and inhibits  Cl− outflow, which is mediated 
by GABA receptors, hence reducing the suppression of 
signal transduction mediated by GABA receptors that 
contributes to the occurrence of epilepsy in TLE patients 
[35]. The activation of IL-1R1 induces NR2B subunit 
phosphorylation of the NMDA receptor complex, which 
is mediated by the Src kinase within minutes, leading to 
increased  Ca2+ influx into neurons [36, 37]. Moreover, 
other studies have shown that IL-1β regulates the PI3K/
Akt/mTOR signalling pathway to generate mesio-tem-
poral lobe epilepsy (MTLE) [38]. The kynurenine path-
way (KP) is an important pathway of tryptophan (TRY) 
metabolism in the brain. The KP is based on inflamma-
tory factors mediated by TRY via tryptophan 2,3-dioxy-
genase (TDO) or indolamine-2,3-dioxygenase (IDO), 
which is broken down to produce kynurenine (KYN). 
KYN can be further broken down into quinolinic acid 
(QA), which is a potentially neurotoxic metabolite, and 
kynurenic acid (KYNA), which is a potentially neuropro-
tective metabolite. KYN and QA are rich in glial cells in 
the hippocampus of the temporal lobe, affecting neuronal 
activity and partial neurotransmitter expression in this 
area, which may be a potential factor in the onset of epi-
lepsy. IDO is induced by proinflammatory cytokines. It is 
suggested that chronic epilepsy can induce the expression 
of inflammatory cytokines, which can, in turn, induce the 
expression of IDO1 in the brain. In TRY metabolism, the 
first step involves IDO, especially in response to inflam-
mation [39].

Studies have suggested that IL-1β reduces hippocampal 
neurogenesis and activates the neurotoxic branches of 
the KP in humans. In addition, IL-1β promotes the pro-
liferation of undifferentiated progenitor cells, which is 
associated with increased activation of KP neuroprotec-
tive branches [40].

The upregulation of IDO1 subsequently increases the 
KYN/TRY ratio and decreases the serotonin/tryptophan 
ratio in the hippocampus. Studies have observed that the 
induction of IL-1β and IL-6 expression induces upregula-
tion of IDO1 expression in the hippocampus in chronic 
TLE rats, which was almost certainly a result of cerebral 
IDO induction by IL-1β [41]. The neurotoxic effects and 
mechanisms of QA that are the products of Kynurenine 
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Fig. 4 Immunofluorescence staining of NF-κBp65 expression. NF-κBp65 was primarily expressed in the nucleus but barely expressed in the 
cytoplasm of the cells. The expression of NF-ĸBp65 was more clearly decreased in the AMT-anti-IL-1β-mAb-SPION group than that in the 
anti-IL-1β-mAb-SPION and plain-SPION groups (a). The corresponding statistical analysis showed significant differences in the NF-ĸB expression rate 
among the groups (**p < 0.01, b). Magnification ×400
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pathway which is produced by provoking enhanced intra-
cellular calcium through over activation of NMDAR, 
augmenting levels of extracellular glutamate, increasing 
reactive oxygen species and reactive nitrogen species for-
mation, reducing activity and expression of antioxidant 
systems as well as oxidative stress, stimulating protease 
activity, and cell death [42–45]. QA may be the primary 
mediator of convulsions acting through glutamate and 
GABA.  One of the reported mechanisms of QA neuro-
toxicity is to increase accumulation of glutamate at the 
synapse by increasing its release from neurons and inhib-
iting its uptake by astrocytes [46].

In this study the IL-1β monoclonal antibody that was 
chelated to magnetic nanoparticles was beneficial for 
targeted epilepsy treatment. The results of this study 
showed that the expression of inflammatory cytokines 
was significantly different among the AMT-anti-IL-1β-
mAb-SPION, anti-IL-1β-mAb-SPION and plain-SPION 
groups. Moreover, the inhibition of inflammatory 
cytokines was most obvious in the AMT-anti-IL-1β-
mAb-SPION group. Therefore, we can conclude that 
the IL-1β monoclonal antibody reached an effective 
therapeutic concentration at the epileptogenic focus 

in the acute TLE model due to the active targeting of 
AMT and the unique advantage of magnetic nanoparti-
cles in the acute TLE model.

In the present study, we studied the MRI images and 
histopathology of SD rats injected with either plain-
SPIONs, anti-IL-1β-mAb-SPIONs or AMT-anti-IL-1β-
mAb-SPIONs. The results showed that the magnetic 
field-guided delivery of plain-SPIONs, anti-IL-1β-
mAb-SPIONs and AMT-anti-IL-1β-mAb-SPIONs 
allowed them to penetrate the BBB of rats in the acute 
TLE model. The reasons why these particles can enter 
the brain are very complicated. Seizures induce high 
levels of inflammatory responses, which are involved 
in the generation and spread of epileptic activity [47]. 
Previous evidence has shown that BBB permeabil-
ity increases after status epilepticus [48]. On the one 
hand, the inflammatory reaction caused by epilepsy 
itself changes the function of the BBB by destroying 
the integrity of tight junctions and enhancing vascular 
endothelial cell endocytosis, which enables monocytes 
and macrophages in the blood to cross the BBB [49]. 
On the other hand, the superparamagnetic proper-
ties of SPIONs can induce a local magnetic field under 
the influence of an external magnetic field, strongly 
affecting the relaxation process of hydrogen protons 
in water molecules. This action effectively shortens the 
time of T2, leading the lesions to show negative signal 
enhancement. Furthermore, the small size effect of the 
SPIONs was beneficial in terms of leaking through the 
BBB [50, 51] and we could observe a change in the MRI 
signal after injecting the three types of nanoparticles. 
Previous studies have shown that nanoparticles in the 
tissue change the T1 and T2 signals in a concentration-
dependent manner by changing the magnetic envi-
ronment around the proton [52]. For instance, the T2 
relaxation time of SPIONs was reduced from 170 to 
130 ms in a phantom study about magnetic nanoparti-
cles [15].

Imaging and histopathology in combination with 
molecular biology revealed that magnetic field-guided 
delivery of anti-IL-1β-mAb-SPIONs enabled the particles 
to enter the brain tissue, and these particles displayed 
much higher MRI T2 sensitivity than the plain-SPIONs. 
Previous evidence showed that iron oxide nanoparticles 
that were mediated by an antibody could penetrate the 
BBB through receptor-mediated transport [53]. Moreo-
ver, our laboratory previously showed that anti-IL-1β-
mAb-SPIONs that were guided by a magnetic field were 
more likely to be taken up by brain tissue in comparison 
with plain-SPIONs, and these particles also significantly 
enhanced the anti-inflammatory effect of treatment [25]. 
Thus, the current study is consistent with the results of 
our previous study.

Fig. 5 Western blot exposure imaging and the corresponding 
statistical drawing. We normalized IL-1β and NF-ĸB p65 
to the corresponding amounts of β-actin. The IL-1β and 
NF-ĸB p65 concentrations were more clearly decreased in 
the AMT-anti-IL-1β-mAb-SPION group than those in the 
anti-IL-1β-mAb-SPION and plain-SPION groups (**p < 0.01, a, b)
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Imaging and histopathology in combination with 
molecular biology demonstrated that magnetic field-
guided delivery of AMT-anti-IL-1β-mAb-SPIONs ena-
bled the particles to enter brain tissues, and this type of 
particle displayed much higher MRI T2 intensity than 
anti-IL-1β-mAb-SPIONs or plain-SPIONs, which pro-
vided a more precise location of the epileptic focus. 
SPIONs were more easily absorbed by the brain paren-
chyma due the active targeting of AMT. As an epilepsy 
tracer, AMT revealed specific brain functional areas 
under MRI, specifically a negative enhancement signal. 
Studies implicated the kynurenine pathway of tryptophan 
metabolism as a primary mechanism of increased brain 
tissue retention of AMT in epileptogenic brain regions, 
rather than alterations in serotonin synthesis [54]. AMT 
was originally designed as a tracer to measure the seroto-
nin synthesis rate. In epilepsy pathology, the kynurenine 
metabolic pathway is significantly enhanced, and AMT is 
localized to regions in the brain that synthesize seroto-
nin. This observation implies that the kynurenine path-
way of tryptophan metabolism increases the brain tissue 
retention of AMT in epileptogenic brain regions, instead 
of inducing serotonin synthesis alterations [55]. The acti-
vation of ammonia-2,3-indole dioxygenase results in a 
tenfold increase in brain quinolinic acid (a metabolite of 
the kynurenine pathway) [20, 56]. Moreover, studies have 
shown that the magnetic induction of the kynurenine 
pathway may be associated with immune activation in 
the pathological state of the epileptic focus [54].

Neurons and glia activate the corresponding cognate 
receptor to induce IL-1β release, trigger NF-ĸB inflam-
matory gene cascades and exert direct neuromodulatory 
functions in injured tissue. In this study, the results of the 
western blot analysis in our study showed that NF-ĸB 
expression was significantly decreased after the injection 
of AMT-anti-IL-1β-mAb-SPIONs in this study. Neurons, 
astrocytes and microglia contribute to inflammatory 
mediator synthesis [57–59]. When the BBB permeabil-
ity is damaged, systemic invading leukocytes contribute 
to seizures [60, 61]. Neuron excitability and plasticity can 
be modulated by neurotransmitters, which are released 
by glial cells and astrocytes [62]. Astrocytes can also pro-
mote the onset of epilepsy synchronous activity in the 
neuronal network [63]

and this action may induce ictal discharge genera-
tion [64]. Increasing studies have found that astrocytes 
play a role as active partners in neural information pro-
cessing. Novel techniques such as  Ca2+ imaging and 
advanced electrophysiological testing have revealed 
that, like neurons, astrocytes have functional trans-
mitter receptors and ion channels [65]. In cultured 
astrocytes, an increased level of the intracellular  Ca2+ 
concentration promoted glial cells to release glutamate 

[66]. The activation and proliferation of microglia can 
also promote hyperexcitability via neuroinflammatory 
mechanisms and neurotoxicity [67–69].

We studied astrocytes and microglial cells with immu-
nofluorescence; astrogliosis and microglial activation 
occurred in each group, mainly resulting in significant 
increases in GFAP and Iba1 expression levels, cell hyper-
trophy and cell proliferation. These phenomena were not 
significantly different following injection of the three 
particles; this result may be due to the short experimen-
tal cycle. Alternatively, perhaps there was no relevant 
response to change. The effects of SPIONs, anti-IL-1β-
mAb-SPIONs, and AMT-anti-IL-1β-mAb-SPIONs on 
neurons, astrocytes and microglia were also studied in 
the current investigation. The neuron morphology was 
not clearly improved after injecting AMT-anti-IL-1β-
mAb-SPIONs in comparison with the injection of anti-
IL-1β-mAb-SPIONs and plain-SPIONs, which further 
demonstrated that IL-1β monoclonal antibodies reached 
an effective treatment concentration in the acute TLE 
model via the active targeting ability of AMT. However, 
the neuron morphology phenomenon was not improved 
significantly with treatment. Microglial activation and 
astrogliosis were observed but were not effectively 
improved after injecting AMT-anti-IL-1β-mAb-SPIONs 
or anti-IL-1β-mAb-SPIONs. In future work, we aim to 
address the chronic phase of epilepsy and related behav-
ioural observations due to the impact of these particles 
on neurons, astrocytes and microglia. Furthermore, we 
have not yet analysed the optimal concentration of iron 
particles and the optimal therapeutic concentration of 
IL-1β monoclonal antibodies; we also did not study the 
toxicology of these particles. These important questions 
are currently under investigation by our research group.

Conclusions
Our study shows that AMT can actively target nanopar-
ticles to the epileptogenic focus and can accurately locate 
epileptic lesions through MRI due to the unique advan-
tages of magnetic nanoparticles. The IL-1β monoclonal 
antibody successfully penetrated the BBB to reach effec-
tive therapeutic concentrations in epileptic foci due to 
the precise targeting location of AMT and MRI.

Abbreviations
TLE: temporal lobe epilepsy; AMT: alpha-methyl-l-tryptophan; MTDS: mag-
netic targeting drug delivery system; SPIONs: superparamagnetic iron oxide 
nanoparticles; anti-IL-1β mAb: IL-1β monoclonal antibody; BBB: blood brain 
barrier; MRI: magnetic resonance imaging; IL-1β: Interleukin-1β; TSC: tuberous 
sclerosis complex; PET: positron emission tomography; fMRI: functional MRI; 
PEG: polyethylene glycol; SD: Sprague–Dawley; KP: kynurenine pathway; TRY 
: tryptophan; TDO: tryptophan 2,3-dioxygenase; IDO: indolamine-2,3-dioxyge-
nase; KYN: kynurenine; QA: quinolinic acid; KYNA: kynurenic acid.



Page 12 of 13Wang et al. J Transl Med          (2018) 16:337 

Authors’ contributions
QK is responsible for the study design. YW and YW are responsible for the 
study operation and writing of the manuscript. XW and XC are responsible for 
constructing the model animals. XH and LG are responsible for the MRI stud-
ies. SZ and RS are responsible for the superparamagnetic iron oxide magnetic 
nanoparticles. All authors read and approved the final manuscript.

Author details
1 Department of Neurology, Affiliated Hospital of Jining Medical University, Jin-
ing, China. 2 Department of Magnetic Resonance Imaging, Affiliated Hospital 
of Jining Medical University, Jining, China. 

Acknowledgements
We would like to thank the Affiliated Hospital of Jining Medical College 
and the Pathological Teaching Department at Jining Medical University Key 
Laboratory of Molecular Pathology for providing us with invaluable technical 
assistance.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
This article includes the datasets that support our findings.

Consent for publication
Not applicable.

Ethics approval and consent to participate
The experiments were based on the National Institutes of Health Guide for the 
Care and Use of Laboratory Animals (NIH Publications No. 8023, revised 1978). 
The Jining Medical University Animal Ethics Commission (Shandong, China) 
specifically approved this study and supervised all experiments.

Funding
This study was supported by the National Natural Science Foundation of 
China (Grant No. 81371423).

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 8 June 2018   Accepted: 30 November 2018

References
 1. Espinosa-Jovel CA, Sobrino-Mejía FE. Drug resistant epilepsy. Clinical and 

neurobiological concept. Revista De Neurologia. 2015;61(4):159.
 2. Fisher RS, et al. ILAE official report: a practical clinical definition of epi-

lepsy. Epilepsia. 2014;55(4):475–82.
 3. Moshe SL, et al. Epilepsy: new advances. Lancet. 2015;385(9971):884–98.
 4. Vezzani A, Friedman A. Brain inflammation as a biomarker in epilepsy. 

Biomark. 2011;5(5):607–14.
 5. Xu D, et al. Immune mechanisms in epileptogenesis. Front Cell Neurosci. 

2013;7:195.
 6. Mattia M, et al. Interleukin-1beta biosynthesis inhibition reduces acute 

seizures and drug resistant chronic epileptic activity in mice. Neurothera-
peutic. 2011;8(2):304–15.

 7. Juillerrat-Jaannerert L. The targeted delivery of cancer drugs across the 
blood-brain barrier: chemical modifications of drugs or drug-nanoparti-
cles? Drug Discov Today. 2008;13(23–24):1099–106.

 8. Corot C, et al. Recent advances in iron oxide nanocrystal technology for 
medical imaging. Adv Drug Deliv Rev. 2006;58(14):1471–504.

 9. Zhang JL, et al. Core-shell magnetite nanoparticles surface encapsu-
lated with smart stimuli-responsive polymer: synthesis, characteriza-
tion, and LCST of viable drug-targeting delivery system. Langmuir. 
2007;23(11):6342–51.

 10. Jain KK. Advances in the field of nanoonclology. BMC Med. 2010;13(8):83.

 11. Lukyanov AN, et al. Tumor-targeted liposomes: doxorubicin-loaded 
long-circulating liposomes modified with anti-cancer antibody. Control 
Release. 2004;100(1):135–44.

 12. Xu Z, et al. In vitro and in vivo evaluation of actively targetable nanoparti-
cles for paclitaxel delivery. Int J Pharm. 2005;288(2):361–8.

 13. Shen Z, et al. A galactosamine-mediated drug delivery carrier for targeted 
liver cancer therapy. Pharmacol Res. 2011;64(4):410–9.

 14. Chugani DC, et al. Imaging epileptogenic tubers in children with tuber-
ous sclerosis complex using alpha-[11C]methyl-l-tryptophan positron 
emission tomography. Ann Neurol. 1998;44(6):858–66.

 15. Akhtari Massoud, Bragin Anatol, Cohen Mark, et al. Functionalized 
magnetona noparticles for MRI diagnosis and localization in epilepsy. 
Epilepsia. 2008;49(8):1419–30.

 16. Kumar A, et al. α-[11C]- methyl-l-tryptophan PET for tracer localiza-
tion of epileptogenic brain regions: clinical studies. Biomarkers Med. 
2011;5(5):577–84.

 17. Rubí S, et al. Positron emission tomography with α-[11C] methyl-
l-tryptophan in tuberous sclerosis complex-related epilepsy. Epilepsia. 
2013;54(12):2143–50.

 18. Ergün EL, et al. SPECT-PET in epilepsy and clinical approach in evaluation. 
Semin Nucl Med. 2016;46(4):294–307.

 19. Kaqawa K, et al. Epilepsy surgery outcome in children with tuberous scle-
rosis complex evaluated with alpha- [11C] methyl-L-trypotophan position 
emission tomograpgy (PET). Child Neurol. 2005;20(5):429–38.

 20. Fedi M, et al. Localizing value of alpha-methyl-l-tryptophan PET in intrac-
table epilepsy of neocortical origin. Neurology. 2001;57(9):1629–36.

 21. Juhasz C, et al. Imaging the epileptic brain with positron emission 
tomography. Neuroimag Clin N Am. 2003;4:705–16.

 22. Natsume J, et al. Alpha-[11C] methyl-l-tryptophan and glucose 
metabolism in patients with temporal lobe epilepsy. Neurology. 
2003;60(5):756–61.

 23. Kaqawa K, et al. Epilepsy surgery outcome in children with tuberous scle-
rosis complex evaluated with alpha- [11C] methyl-l-trypotophan position 
emission tomograpgy (PET). ChildNeurol. 2005;20(5):429–38.

 24. Akhtari M, et al. Imaging brain neuronal activity using functionalized 
magnetonanoparticles and MRI. Brain Topogr. 2012;25(4):374–88.

 25. Fu T, Kong Q, et al. Value of functionalized superparamagnetic iron oxide 
nanoparticles in the diagnosis and treatment of acute temporal lobe 
epilepsy on MRI. Neural Plast. 2016;2016:2412958.

 26. Johnson MR, et al. Systems genetics identifies Sestrin 3 as a regulator of 
a proconvulsant gene network in human epileptic hippocampus. Nat 
Commun. 2015;23(6):6031.

 27. Vezzani A, et al. ICE/caspase 1 inhibitors and IL-1beta receptor antago-
nists as potential therapeutics in epilepsy. Curr Opin Investig Drugs. 
2010;11(1):43–50.

 28. Maroso M, et al. Interleukin-1beta biosynthesis inhibition reduces acute 
seizures and drug resistant chronic epileptic activity in mice. Neurothera-
peutics. 2011;8(2):304–15.

 29. Akin D, et al. IL-1beta is induced in reactive astrocytes in the somatosen-
sory cortex of rats with genetic absence epilepsy at the onset of spike-
and-wave discharges, and contributes to their occurrence. Neurobiol Dis. 
2011;44(3):259–69.

 30. Jarvela JT, et al. Temporal profiles of age-dependent changes in cytokine 
mRNA expression and glial cell activation after status epilepticus in 
postnatal rat hippocampus. J Neuroinflamm. 2011;8(8):29.

 31. Vezzani A, et al. New roles for interleukin-1 beta in the mechanisms of 
epilepsy. Epilepsy Curr. 2007;7(2):45–50.

 32. Vezzani A, Viviani B. Neuromodulatory properties of inflammatory 
cytokines and their impact on neuronal excitability. Neuropharmacology. 
2015;96(Pt A):70–82.

 33. Wilcox KS, et al. Does brain inflammation mediate pathological outcomes 
in epilepsy? Adv Exp Med Biol. 2014;813:169–83.

 34. Pedrazzi M, et al. Potentiation of NMDA receptor-dependent cell 
responses by extracellular high mobility group box 1 protein. PLoS ONE. 
2012;7(8):e44518.

 35. Roseti C, et al. GABAA currents are decreased by IL-1β in epileptogenic 
tissue of patients with temporal lobe epilepsy: implications for ictogen-
esis. Neurobiol Dis. 2015;82:311–20.

 36. Iori V, et al. Receptor for advanced glycation endproducts is upregulated 
in temporal lobe epilepsy and contributes to experimental seizures. 
Neurobiol Dis. 2013;58:102–14.



Page 13 of 13Wang et al. J Transl Med          (2018) 16:337 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your research ?  Choose BMC and benefit from: 

 37. Balosso S, et al. Disulfide-containing high mobility group box-1 promotes 
N-methyl-d-aspartate receptor function and excitotoxicity by activat-
ing toll-like receptor 4-dependent signaling in hippocampal neurons. 
Antioxid Redox Signal. 2014;21:1726–40.

 38. Xiao Z, et al. Lobe epilepsy through the PI3K/Akt/mTOR signaling path-
way in hippocampal neurons. J Neuroimmunol. 2015;282:110–7.

 39. Dantzer R, O’Connor JC, Lawson MA, et al. Inflammation-associated 
depression: from serotonin to kynurenine. Psychoneuroendocrinology. 
2011;36(3):426–36.

 40. Zunszain PA, Anacker C, Cattaneo A, et al. Interleukin-1β: a new regulator 
of the kynurenine pathway affecting human hippocampal neurogenesis. 
Neuropsychopharmacology. 2012;37(4):939.

 41. Xie W, et al. Activation of brain indoleamine 2,3-dioxygenase contributes 
to epilepsy-associated depressive-like behavior in rats with chronic 
temporal lobe epilepsy. J Neuroinflamm. 2014;11:41.

 42. Colín-González AL, Paz-Loyola AL, Serratos I, et al. Toxic synergism 
between quinolinic acid and organic acids accumulating in glutaric 
acidemia type I and in disorders of propionate metabolism in rat brain 
synaptosomes: relevance for metabolic acidemias. Neuroscience. 
2015;308:64–74.

 43. Muller F, Song W, Jang Y, et al. Denervation-induced skeletal muscle 
atrophy is associated with increased mitochondrial ROS production. Am J 
Physiol Regul Integr Comp Physiol. 2007;293:R1159–68.

 44. Santamaría A, Galván-Arzate S, Lisý V, et al. Quinolinic acid induces oxida-
tive stress in rat brain synaptosomes. Neuroreport. 2001;12:871–4.

 45. Pierozan P, Zamoner A, Soska Â, et al. Acute intrastriatal administration of 
quinolinic acid provokes hyperphosphorylation of cytoskeletal intermedi-
ate filament proteins in astrocytes and neurons of rats. Exp Neurol. 
2010;224:188–96.

 46. Guillemin GJ. Quinolinic acid, the inescapable neurotoxin. FEBS J. 
2012;279(8):1356–65.

 47. Zhao M, et al. Magnetic paclitaxel nanoparticles inhibit glioma growth 
and improve the survival of rats bearing glioma xenografts. Anticancer 
Res. 2010;30(6):2217–23.

 48. Michalak Z, Sano T, Engel T, et al. Spatio-temporally restricted blood 
brain barrier disruption after intra-amy-gdala kainic acid-induced status 
epilepticus in mice. Epilepsy Res. 2013;103(2/3):167–79.

 49. Oby E, et al. The blood–brain barrier and epilepsy. Epilepsia. 
2006;47(11):1761–74.

 50. Jun YW, et al. Chemical design of nanoparticle probea for high-
peformance magnetic resonance imaging. Angew Chem Int Ed. 
2008;47(28):5122–35.

 51. Weinstein JS, et al. Superparamagnetic iron oxide nanop articles: diagnos-
tic magnetic resonance imaging and potential therapeutic applications 
in neurooncology and central nervous system inflammatory pathologies, 
a review. J Cereb Blood Flow Metab. 2010;30(1):15–35.

 52. Islam T, Harisinghani MG. Overview of nanoparticle use in cancer imag-
ing. Cancer Biomark. 2009;5(2):61–7.

 53. Ndong C, Toraya-Brown S, Kekalo K, et al. Antibody-mediated targeting of 
iron oxide nanoparticles to the folate receptor alpha increases tumor cell 
association in vitro and in vivo. Int J Nanomed. 2015;1(10):2595–617.

 54. Chugani DC, et al. α-methyl-l-tryptophan: mechanisms for tracer localiza-
tion of epileptogenic brain regions. Biomark Med. 2011;5(5):567–75.

 55. Chugani DC, Heyes MP, Kuhn DM, Chugani HT. Evidence that α[11C] 
methyl-l-tryptophan PET traces tryptophan metabolism via the kynure-
nine pathway in tuberous sclerosis complex. Soc Neurosci Abstracts. 
1998;24:1757.

 56. Chuqani DC, et al. Alpha[C-ll]methyl-l-tryptophan PET maps brain sero-
tonin synthesis and kynurenine pathway metabolism. Cereb Blood Flow 
Metab. 2000;20(1):2–9.

 57. Vezzani A, et al. Epilepsy and brain inflammation. Exp Neurol. 
2013;244:11–21.

 58. Gan N, et al. Myoloid-related protein 8, an endogenous ligand of Toll-like 
receptor 4, is 2 involved in epileptogenesis of mesial temporal lobe epi-
lepsy via activation of the nuclear factor-kappaB pathway in astrocytes. 
Mol Neurobiol. 2014;49:337–51.

 59. Michell-Robinson MA, et al. Roles of microglia in brain development, 
tissue maintenance and repair. Brain. 2015;138(Pt 5):1138–59.

 60. Fabene PF, et al. A role for leuukocyte-endothelial adhesion mechanisms 
in epilepsy. Nat Med. 2008;14(12):1377–83.

 61. Deprez F, et al. Adoptive transfer of T lymphocytes in immunodeficient 
mice influences epileptogenesis and neurodegeneration in a model of 
temporal lobe epilepsy. Neurobiol Dis. 2011;44(2):174–84.

 62. Pasti L, et al. Intracellular calcium oscillations in astrocytes: a highly 
plastic, bidirectional form of communication between neurons and 
astrocytes in situ. J Neurosci. 1997;17(20):7817–30.

 63. Fellin T, et al. Neuronal synchrony mediated by astrocytic gluta-
mate through activation of extrasynaptic NMDA receptors. Neuron. 
2004;43(5):729–43.

 64. Losi G, et al. A new experimental model of focal seizures in the entorhinal 
cortex. Epilepsia. 2010;51(8):1493–502.

 65. Seifert G, et al. Astrocyte dysfunction in epilepsy. Brain Res Rev. 
2010;63(1–2):212–21.

 66. Nedergaard M. Direct signaling from astrocytes to neurons in cultures of 
mammalian brain cells. Science. 1994;263(5154):1768–71.

 67. Allan SM, et al. Interleukin-1 and neuronal injury. Nat Rev Immunol. 
2005;5(8):629–40.

 68. Block ML, et al. Microglia-mediated neurotoxicity: uncovering the 
molecular mechanisms. Nat Rev Neurosci. 2007;8(1):57–69.

 69. Salter MW, Beggs S. Sublime microglia: expanding roles for the guardians 
of the CNS. Cell. 2014;158(1):15–24.


	The treatment value of IL-1β monoclonal antibody under the targeting location of alpha-methyl-l-tryptophan and superparamagnetic iron oxide nanoparticles in an acute temporal lobe epilepsy model
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Superparamagnetic iron oxide magnetic nanoparticles (SPIONs)
	Experimental animals
	Constructing model animals
	Experimental grouping
	MRI studies
	Tissue processing
	Perl’s iron stain
	Immunofluorescence
	Nissl staining
	Western blotting
	Statistical analysis

	Results
	TLE-model induction
	MRI studies
	Iron particle distribution
	Pathological section staining analysis
	Inhibitory effect on inflammation by the IL-1β monoclonal antibody

	Discussion
	Conclusions
	Authors’ contributions
	References




