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Abstract. It is well established that brain blood barrier dysfunc-
tion following the onset of seizures may lead to serum albumin 
extravasation into the brain. However, the effect of albumin 
extravasation on the development of epilepsy is yet to be fully 
elucidated. Previous studies have predominantly focused on 
the effect of albumin absorption by astrocytes; however, the 
present study investigated the effects of neuronal uptake of 
albumin in vitro and in kainic acid‑induced Sprague‑Dawley 
rat models of temporal lobe epilepsy. In the present study, 
electroencephalogram recordings were conducted to record 
seizure onset, Nissl and Evans blue staining were used to 
detect neuronal damage and albumin extravasation, respec-
tively, and double immunofluorescence was used to explore 
neuronal absorption of albumin. Cell counting was also 
conducted in vitro to determine whether albumin contributes to 
neuronal death. The results of the present study indicated that 
extravasated serum albumin was absorbed by neurons, and the 
neurons that had absorbed albumin died and were dissolved 
28 days after seizure onset in vivo. Furthermore, significant 
neuronal death was detected after albumin absorption in vitro 
in a dose‑ and time‑dependent manner. These results suggested 
that albumin may be absorbed by neurons following the onset 
of seizures. Furthermore, the results indicated that neuronal 
albumin uptake may be associated with neuronal damage and 
death in epileptic seizures. Therefore, attenuating albumin 
extravasation following epileptic seizures may reduce brain 
damage and slow the development of epilepsy.

Introduction

Epilepsy is a neurological disease that is characterized by 
the experiencing of more than two seizure attacks and the 
possibility of future recurrences (1). Previous studies have 
demonstrated vascular involvement in epilepsy, in particular 
brain blood barrier (BBB) dysfunction has been associated 
with the development of epilepsy (2,3).

It is well established that the BBB is a specialized physical 
and chemical barrier, which is composed of tight junctions 
between endothelial cells (ECs), ECs, synapse of glial cells and 
basal lamina (4). It has previously been demonstrated that the 
structure and function of BBB may be significantly damaged 
following an epileptic seizure, which may facilitate vast molec-
ular and cellular exchange between brain parenchyma and 
peripheral blood (5,6). Among these molecules, albumin is the 
most abundant protein constituent of human blood plasma (7). 
Previous studies have indicated that serum albumin leakage 
into the brain parenchyma may contribute to epileptogenesis 
and the progress of epileptopathology (7) by lowering the 
threshold of spreading depolarization (8), inducing neuronal 
hyper‑excitability and impairing neuronal function (9), which 
is inconsistent with the previously held view that serum 
albumin has a neuroprotective role  (10,11). Furthermore, 
previous studies have reported that extravasated albumin is 
capable of influencing neuronal excitability through astro-
cytes (12,13). After transient exposure to the brain, albumin 
accumulates in astrocytes (12,14), and subsequently induces 
astrocyte dysfunction (2,12) by binding to transforming growth 
factor β receptor 2. This induces the transforming cascade of 
astrocytes (13,15) and downregulates the inward‑rectifying 
potassium channels in astrocytes, which may ultimately 
lead to N‑methyl‑D‑aspartate‑receptor‑mediated neuronal 
hyperexcitability or a seizure  (13). To date, studies in this 
field have predominantly focused on the effects of astrocyte 
albumin absorption. However, we hypothesize that, after infil-
trating into the brain parenchyma, serum albumin is not only 
absorbed by astrocytes (16) but also by neurons; therefore, the 
effects of neuronal albumin uptake were investigated in the 
present study.

Temporal lobe epilepsy (TLE) is one of the most common 
types of epilepsy with significant BBB damage and albumin 
extravasation (17). In the present study, a rat model of TLE 
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was established in order to simulate BBB damage and explore 
the effect of serum albumin extravasation during an epileptic 
seizure. This may aid in the search of a novel target for epilepsy 
treatment.

Materials and methods

Ethical approval. The present study was approved by the 
Ethic Committee of Shanghai Tongji University (Shanghai, 
China). All experimental procedures were conducted in strict 
accordance with the standards outlined by the Association 
for Assessment and Accreditation of Laboratory Animal 
Care (18). All efforts were made to minimize the number of 
animals involved.

Animal preparation. A total of 60 male (n=10 per group) 
Sprague‑Dawley rats, weighing 250‑300 g, were purchased 
from Shanghai Super‑B&K Laboratory Animal Corp. Ltd 
(Shanghai, China) and maintained in temperature (21±2˚C) 
and humidity (60%) controlled environment. Mice used for 
modeling were 8‑9 weeks old, whereas 18 day‑old mice were 
used for neuron culture. Prior to and following surgery, mice 
were maintained in plastic cages with a 12 h light/dark cycle 
and ad libitum access to food and water.

Kainic acid (KA) injection and electrode implantation. 
Following anesthetization with 0.4 g/kg pentobarbital sodium 
(2%) (Sigma‑Aldrich, St. Louis, MO, USA), rats were fixed 
on stereotaxic apparatus. During surgery, the fonticulus ante-
rior, sagittal suture and fonticulus posterior were adequately 
exposed and adjusted into the same horizontal plane. A 
microchannel was drilled (bregma: anteroposterior, ‑3.6 mm; 
mediolateral, ‑3.4 mm; dorsoventral, ‑3.8 mm) for intrahip-
pocampal administration of KA. Preliminary testing was 
conducted to explore the optimal dosage of KA, and 1 µl KA 
(0.5 mM; 0.05 µl/min) was chosen. Rats in the control group 
were injected with 1 µl sterile saline instead of KA. Deep 
recording electrodes (Electroencephalograph Analysis System 
version 1.70; Cadwell Laboratories, Inc., Kennewick, WA, 
USA) were bilaterally implanted into the hippocampal CA3 
region using the same coordinates. A monopolar reference 
electrode was implanted into the bone above the cerebellum. 
All electrodes were fixed to the skull using screws and 
embedded by dental cement (Paladur; Heraeus Kulzer, Ltd., 
Newbury, UK). Following the surgery, both electroencepha-
logram (EEG) recording and behavioral monitoring were 
conducted for 12 h. Behavioral characteristics were evaluated 
according to Racine's 5‑point scale: 0, motionless, excitement 
and rapid breathing; 1, movement of the mouth, lips, tongue 
and vibrissae; 2, head clonus; 3, forelimb clonus with lordotic 
posture and 'wet dog shakes'; 4, forelimb clonus, with rearing 
and falling; and 5, generalized tonic‑clonic activity with loss 
of postural tone, often in death, and wild jumping (19).

Sampling. Following anesthetization with 10% pentobarbital 
sodium, rats were sacrificed via cardiac‑perfusion with 
70 ml warmed saline and 40 ml 4% paraformaldehyde (PFA; 
4˚C; PH 7.4; Sigma‑Aldrich). Intact brains were immediately 
excised, immersed in 4% PFA for 18 h, and subsequently 
dehydrated with 30% sucrose (in 0.9% normal saline; PH 7.4) 

for 3 days at 4˚C. To ensure the dehydration efficiency, the 
30% sucrose was changed daily. Following this, the samples 
were dried, embedded in Optimum Cutting Temperature 
compound (Shandon Cryomatrx embedded resin; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA) and stored at ‑80˚ 
prior to immunoassay analysis.

Nissl staining for neuronal injury. Nissl staining was 
performed to detect neuronal injury. Sections were cut to 
35‑µM thickness using a sliding microtome (CM1950; Leica 
Microsystems GmbH, Wetzlar, Germany). Following washing 
with phosphate‑buffered saline (PBS; pH 7.4), tissue sections 
were dried at 55˚C for 3 h, immersed in 0.9% cresyl violet 
(860980; Sigma‑Aldrich) for 2 h, dehydrated with 70, 80, 
90 and 100% ethanol, respectively, for 5 min each and finally 
mounted with neutral balsam (Beijing Solarbio Science & 
Technology Co., Ltd., Beijing, China). Stained tissue sections 
were observed using a Nikon Eclipse 80i optical microscope 
(Nikon Corporation, Tokyo, Japan).

Primary culture of hippocampal neurons and albumin absorp-
tion. Hippocampal neurons were dissected from rat embryos 
(18th day of gestation; Shanghai Super‑B&K Laboratory 
Animal Corporation, Ltd., Shanghai, China) via treatment 
with 10 U/l papain solution (Sigma‑Aldrich). Primary neurons 
(2x105/ml) were seeded on poly‑L‑lysine‑coated dishes and 
cultured in minimum essential medium supplemented with 
5% fetal bovine serum (both purchased from Signa‑Aldrich) 
and 5% horse serum (Thermo Fisher Scientific, Inc.) under 
5% CO2 conditions on the first day. On the second day, cells 
were cultured in neurobasal medium with B27 (Thermo 
Fisher Scientific, Inc.), containing 0.025 mM glutamate; 
whereas on the third day, cells were treated with 5  µM 
cytosine‑1‑β‑D‑arabinofuranoside (Sigma‑Aldrich)to 
inhibit the growth of gliocytes. After two days, half of 
the neurobasal medium was replaced by fresh medium. 
Cells were subsequently treated with saline, 10  µM KA, 
10 µM KA + 10 µM albumin, 10 µM KA + 50 µM albumin 
and 10 µM KA + 100 µM albumin at 37˚C and 5% CO2 for 
24 h. Staining of Evans blue (EB) and immunofluorescent 
staining of NeuN were performed after cell were washed 
with PBS.

Double immunofluorescence. For double immunofluores-
cence, rats were injected with 4 ml/kg EB (2%), which is 
capable of directly binding to albumin, via the tail vein 4 h 
prior to sacrifice via trans‑cardiac perfusion. EB administra-
tion was performed on days 0, 3, 5, 7, 14, 21 and 28 following 
KA injection. Cell slices were also stained with EB in the 
dark overnight. Brain (35 µM) and cell sections were subse-
quently washed in cold PBS and incubated with monoclonal 
primary mouse anti‑rat anti‑NEUN (dilution, 1:1,000; A2050; 
Sigma‑Aldrich) at 4˚C overnight. Following washing three 
times with PBS for 15 min, sections were incubated with 
polyclonal AF488‑conjugated goat anti‑mouse secondary 
antibody (dilution, 1:2,000; A‑11001; Invitrogen; Thermo 
Fisher Scientific, Inc.) for 3 h at room temperature. Sections 
were three times washed with PBS for 5 min and mounted 
with 75% glycerin (Sigma‑Aldrich). Images were captured 
using a Nikon Eclipse 80i luminescence microscope.
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Overlap coefficient analysis. To explore the relationship 
between neurons and albumin extravasation, overlap coefficient 
analysis was performed to analyze the overlap degree of the 
two fluorescence signals (0.0‑1.0). Analyses were conducted 
using Image‑Pro Plus 6.0 (Media Cybernetics, Inc., Rockville, 
MD, USA) in all rats and cell slices, and two‑dimensional 
curve graphs, with fluorescence intensity on the vertical axis 
and regional range on the horizontal axis, of the two fluores-
cence signals were calculated from the entire image.

Statistical analysis. All data were presented as the mean ± stan-
dard error of the mean following analysis by SPSS  16.0 
(SPSS, Inc., Chicago, IL, USA). Inter‑group comparisons 

were analyzed using analysis of variance. Analysis of the 
overlap coefficient between different cells was conducted by 
Image‑Pro Plus 6.0.

Results

Baseline and behavior analysis. No significant differences 
in body weight were detected among the rats in the different 
groups (Table I). Behavior analysis demonstrated that stereo-
tactic injection of KA induced grade  4‑5 seizure attacks 
(Table I). Two rats succumbed to seizure attacks during EEG 
recording; these two rats were excluded from subsequent 
analyses.

EEG recording. Rats in the control (Fig. 1A) and saline groups 
(Fig. 1B) exhibited normal brain activities, whereas large 
spikes were observed following KA injection (Fig. 1C) in the 
rat model of TLE. These results demonstrated that a rat model 
of TLE was successfully established. 

Neuronal albumin absorption mirrors neuronal damage 
in  vivo and in  vitro. Nissl staining demonstrated normal 
distribution and characteristics of neurons in the hippo-
campi and the surrounding area (Fig.  2A) in the control 
group. Conversely, marked neuronal damage was detected 
in the KA‑induced TLE model group. Neuronal damage was 
predominantly distributed in the hippocampus (CA1, CA2, 
CA3, and dentate gyrus) surrounding the injection site of KA 
(Figs. 2B and C). As demonstrated by EB staining, no albumin 
extravasation was detected in the control group (Fig. 2D); 
whereas, the distribution of albumin extravasation in the 
TLE model groups (Figs. 2E and F) was consistent with the 
neuronal damage detected by Nissl staining. Furthermore, EB 
staining on the 14th day of KA demonstrated severe atrophy 
of the hippocampus with significant loss of lesion volume 
(P<0.001; Fig. 2H) and a scarcity of albumin‑positive cells 
(Fig. 2F). Notably, minimal albumin‑positive neurons were 
detected in the atrophied hippocampus on the 14th (Fig. 2F) 
and 21th  day (Fig.  2G) after KA injection. Quantitative 
analysis of the hippocampal volume over time demonstrated a 
similar result. Hippocampal volume significantly decreased on 
days 14 (P<0.001) and 21 (P=0.12) post‑seizure, respectively, 
in the KA‑induced TLE group, as compared with the control 
group (Fig. 2H). These results indicate that neuronal albumin 
update is a hallmark of neuronal damage.

Serum albumin is significantly absorbed by neurons. Albumin 
extravasation was not observed in the control group (Fig. 2D), 

Table I. Baseline analysis.

Group	 Weight (g)	 Grade of seizure	 Mortality rate

Control group	 286.03±2.51	 0.00±0.00	 0
Saline injection group	 282.94±2.93	 0.00±0.00	 0
Kainic acid group	 284.21±2.71	 4.88±0.32	 2

No significant differences in weight were detected at the baseline level among the groups.
 

Figure 1. Electroencephalogram (EEG) recording. Rats in the (A) control and 
(B) saline groups exhibited normal brain activity, whereas large spikes were 
detected in the (C) temporal lobe epilepsy group.

  A

  B

  C
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whereas EB staining in KA group indicated widespread 
albumin leakage (Figs. 2E‑G). As a result, the distribution of 
extravasated albumin (Fig. 3A) was similar to the distribution 
of NeuN neurons (Fig. 3B). Merging of EB and NeuN staining 
showed co‑localization of albumin and neurons following 
KA injection (Fig. 3C). Compared with the control group 
(Fig. 3D), KA injection resulted in the down‑regulation of 
NeuN (Fig. 3E), indicating that these neurons were injured by 
KA. The merging (Fig. 3H) of amplified images of albumin 
(Fig. 3F) and NeuN (Fig. 3G) staining further showed similar 
morphological characteristics and co‑localization of albumin 
and neurons. Overlap analysis showed the similar intensity of 
albumin and neurons (Fig. 3I) in a different position. These 
findings are consistent with the results of double immunofluo-
rescence in vitro, suggesting that serum albumin is absorbed 
by neurons after extravasation.

Albumin absorption aggravates neuronal damage in vitro. 
To further explore whether albumin extravasation promoted 
neuron damage, in vitro experiments were performed. The 
control group showed normal numbers and morphological 
characteristics of neurons in vitro (Fig. 4A). Following KA 
treatment (Fig.  4B), the number of neurons was signifi-
cantly reduced compared with the control group (P<0.01). 
The KA+10  µM and KA+50  µM albumin groups showed 

significantly aggravated neuronal damage and death in a 
dose‑dependent manner (P<0.05) (Fig. 4C and D). Staining of 
NeuN (Fig. 4E) and EB (Fig. 4F) in vitro showed co‑local-
ization and similar morphological characteristics of albumin 
and neurons (Fig. 4G), consistent with the result in vivo. Cell 
counting showed that the dose tie of 10 µM albumin contrib-
uted to more neuronal death at 48 h compared with at 24 h 
(P<0.05; Fig. 4H). These results indicate that albumin uptake 
aggravates neuronal damage following injury by KA.

Discussion

With the progression of experimental and clinical research, 
albumin leakage has been associated with various central 
nervous diseases including epileptic seizure  (2), ganglio-
gliomas  (8) and Alzheimer's disease  (20). Therefore, it is 
crucial that albumin extravasation and its underlying effects 
are investigated and understood. Previous studies have 
indicated that albumin leakage occurs due to BBB damage 
induced by epileptic seizures (12,13). Furthermore, it has been 
demonstrated that BBB dysfunction and subsequent serum 
albumin extravasation contribute to epileptogenesis and the 
pathology of idiopathic and symptomatic epilepsy (5,21). The 
present study used a KA‑induced rat model of TLE to explore 
the association between extravasated albumin and neurons 

Figure 2. Neuronal albumin uptake correlates with neuronal injury, as detected by (A‑C) Nissl staining and (D‑G) Evans blue staining. Rats in the control 
group exhibited (A) normal hippocampal structure and (D) non‑significant albumin leakage. (B) On the 7th day post‑KA injection, Nissl staining demonstrated 
significant neuronal damage in the hippocampus around the KA injection site, (E) which was consistent with the distribution of albumin extravasation on the 
7th day in the KA group. On the (C and F) 14th and (G) 21st days following KA injection, the hippocampi of rats in the KA group exhibited severe atrophy with 
significant loss of lesion volume and (F) albumin‑positive cells, as compared with the (D) control and (E) KA‑7 day group. (F and G) Minimal albumin‑positive 
neurons were detected in the atrophied hippocampi. (H) Quantitative analysis showed a similar result. Scale bar, 500 µm. *P<0.001 and **P=0.12 vs. the control 
group. KA, kainic acid.

  A   B   C

  D   E   F

  G   H
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in vitro and in vivo in order to assess the effect of albumin 
extravasation.

Although albumin uptake by astrocytes is well docu-
mented (12,22), the result of albumin extravasation has not 

been well explored. The present study demonstrated marked 
albumin leakage in a KA‑induced rat model of TLE on 
days 7‑21 after a seizure attack. Complete overlap was demon-
strated between albumin‑ and NEUN‑positive neurons, as 

Figure 3. Serum albumin was significantly absorbed by neurons. (A and F) Evans blue staining of kainic acid showed the extravasation of albumin. 
(B and G) NeuN staining of neurons. (C and H) Merged images of Evans blue and NeuN staining. NeuN expression levels were reduced in neurons following 
injection with (E) KA, compared with the (D) control group. (I) Line profile graph results showed an association between the immune‑intensity of albumin 
(red) and NeuN (green) in different positions. Scale bar: (A‑E), 200 µm; (F‑I), 50 µm. KA, kainic acid.

Figure 4. Albumin absorption aggravated neuronal damage in vitro. As compared with the (A) control group, (B) KA (10 uM) treatment in vitro induced 
significant neuronal damage. As compared with these groups, (C) KA + albumin (10 uM) and (D) KA + albumin (50 uM) treatment induced more severe 
neuronal damage and neuronal death in a dose‑ and time‑dependent manner. Double staining of (E) NeuN and (F) albumin demonstrated a match between 
NeuN and albumin in vitro. (H) Cell counting showed reduced neuron number of albumin treatment in a dose‑ and time‑dependent manner. *P<0.05, **P<0.01. 
Scale bar: (A‑D), 100 µm; (E‑G), 200 µm. KA, kainic acid.

 A   B   C   D   E

 F   G   H   I
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detected by double immunofluorescence in vitro and in vivo. 
Furthermore, the results of overlap coefficient analysis were 
consistent with this phenomenon. These results supported the 
hypothesis that albumin is significantly absorbed by neurons, 
which is consistent with a previous study (23).

Vega et  al  (24) have previously demonstrated that the 
presence of albumin protects neurons by promoting neuronal 
survival, maintaining neuronal differentiation, resisting 
oxidation and diminishing hypoxia injury (24,25). However, a 
recent study indicated that albumin distribution in the wrong 
region of the brain, such as in the hippocampus, correlates 
with neuronal hyperexcitability and epileptiform activities (2). 
Therefore, whether albumin extravasation into the brain is 
beneficial or detrimental remains controversial  (26,27). In 
the present study, the distribution of injured neurons and 
albumin extravasation was co‑localized in rat models of TLE. 
Furthermore, on the 14th and 21st day post‑seizure, hippo-
campi with albumin extravasation exhibited severe atrophy 
with significant loss of lesion volume and albumin‑positive 
neurons. As compared with the contralateral hippocampus 
in the rat brain of the KA group, minimal albumin‑positive 
neurons remained in the atrophied hippocampus, indicating 
that the majority of albumin‑positive neurons had died and 
dissolved. To further explore the correlation between albumin 
absorption and neuronal death, in  vitro studies were also 
performed. The results indicated that albumin treatment 
significantly aggravated neuronal damage and death in a dose‑ 
and time‑dependent manner. Double staining in vitro also 
demonstrated a co‑localization between albumin and damaged 
neurons. These results suggested that albumin may be toxic to 
neurons and may have a key role in the promotion of neuronal 
cell death in rat models of TLE.

In conclusion, the results of the present study indicated that 
albumin was significantly absorbed by neurons and suggested 
that neuronal uptake of albumin may be associated with neuron 
damage and death during epileptic seizure. Therefore, whether 
attenuating albumin extravasation following epileptic seizures 
is capable of reducing brain damage and slowing epilepsy 
development requires further study. Furthermore, although the 
results of the study suggested that large amounts of albumin 
uptake may be associated with neuronal injury, we hypothesize 
that there may be a threshold determining whether albumin 
uptake is toxic or not. Further study is required to investigate 
this hypothesis.
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