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Expression of f}-amyloid precursor protein in refractory epilepsy
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Abstract. 3-amyloid precursor protein (3-APP), also known as
AP peptide, has a key role in the pathogenesis of Alzheimer's
disease, and is also likely to be involved in the development
of refractory epilepsy. The mechanism behind the association
between (3-APP and refractory epilepsy remains to be eluci-
dated. The aim of the present study was to examine the levels
of APP mRNA and $-APP protein in patients with refractory
epilepsy. Tissue samples were obtained from patients with
chronic pharmacoresistant epilepsy who underwent surgery.
Levels of APP mRNA and 3-APP protein in epileptic temporal
lobe and hippocampal tissue were assessed using quantitative
polymerase chain reaction, immunohistochemistry and immu-
nofluorescence. The expression levels of protein significantly
increased in the temporal cortex and the hippocampus of
the patients with epilepsy. 3-APP may thus contribute to the
pathogenesis of refractory epilepsy.

Introduction

Epileptic seizures may occur in the progression of neurode-
generative disorders, including Alzheimer's disease (AD),
indicating a shared pathogenesis (1). Animal models of
AD-like amyloid pathogenesis demonstrate an increased
sensitivity to pentylenetetrazole-induced seizures, with more
severe seizure types (2). These studies indicate that epileptic
seizures may be associated with the pathological processes of
neurodegenerative disorders.

Overexpression of $-amyloid precursor protein (f-APP)
is a histopathological characteristic of degenerative diseases,
including AD and Down's syndrome. Certain studies have
also indicated that B-APP has a role in refractory epilepsy.
For example, Shoham and Ebstein (3) reported that a mouse
model of AD-like amyloid pathogenesis was more prone to
epileptic seizures. Sheng er al (4) reported that 3-APP and
interleukin-la had a potential role in neuronal dysfunctions,
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including hyperexcitability, and Willoughby er al (5)
reported that a 168-nucleotide exon from spliced APP
mRNA increased kainic acid-induced seizures in the rat
hippocampus. However, the role of 3-APP in human refrac-
tory epilepsy remains to be elucidated. Axonal sprouting and
neural network reorganization are frequent characteristics in
refractory epilepsy, while APP may have a role in growing
neuronal axons (6). It was hypothesized that 3-APP is also
involved in the pathological mechanisms of axon damage,
axon growth and network reorganization observed in refrac-
tory epilepsy. Hence, the present study examined the 3-APP
mRNA and protein levels in temporal lobe and hippocampal
tissue of 36 patients with refractory epilepsy using quantita-
tive polymerase chain reaction (QPCR) and immunoactivity.

Materials and methods

Subjects. Tissue samples from the 36 patients with refractory
epilepsy who were included in the present study were obtained
from the Department of Neurosurgery of the West China
Hospital of Sichuan University (Chengdu, Sichuan, China).
Patients underwent resection of the temporal lobe or hippo-
campal tissues or both. Prior to surgery, informed consent was
obtained for the use of human brain tissue for research, and the
study was approved by the Ethics Committee of West China
Hospital of Sichuan University. At least three neuropathologists
reviewed all the cases. The diagnosis of the seizure type was
confirmed according to the 2001 International Classification
of Epileptic Seizures of the International League Against
Epilepsy (7).

Prior to surgery, lesions were localized in all the patients
by brain magnetic resonance imaging and 24-h electro-
encephalography (EEG) or video-EEG. Intraoperative
electrocorticography was performed to further localize the
epileptic lesion prior to resection in all patients.

All the patients were refractory to maximal doses of at least
two or more antiepileptic drugs, including phenytoin, valproic
acid, carbamazepine, phenobarbital, topiramate and lamotrigine.
Table I summarizes the clinical features of these patients.

The control group biopsy samples were obtained from cases
of brain trauma or herniation due to cerebral hemorrhage. Two
neuropathologists reviewed these cases. The clinical features
of the control group are listed in Table II. Written informed
consent was obtained from all subjects participating in the
present study, and the research protocol was approved by the
ethics committee of Sichuan University.
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Tissue preparation. For each sample, one portion of resected
brain tissue was immediately placed in a CryoVial®, soaked
in buffered diethyl procarbonate (1:1,000) for 24 h and
stored in liquid nitrogen in preparation for mRNA analysis.
The remainder of each sample was fixed in 10% buffered
formalin. Subsequent to being fixed in formalin for 24 to
48 h, paraffin-embedded tissue was sectioned at 4-8 ym and
mounted on polylysine-coated slides for immunohistochemical
analysis. The sections were processed for hematoxylin-eosin,
Nissl and silver nitrate staining.

RNA extraction. Total RNA was isolated from individual brain
tissue samples selected randomly, using TRIzol® (Invitrogen,
Life Technologies, Carlsbad, CA, USA) according to the manu-
facturer's instructions [two cases (E12 and 27) from epileptic
temporal tissue, two cases (C1 and C3) from control temporal
tissue, two cases from epileptic hippocampi (E1 and E9) and
one case from control hippocampi (C11)].

The quality and purity of the total RNA was examined
through electrophoresis on a 1% agarose gel, followed by
staining with ethidium bromide to determine the relative
intensities of the 28, 18 and 5.8S rRNA bands. Absorbance at
260 nm (A,4,) and 280 nm (A ,5,) were measured spectrophoto-
metrically, and the A,¢/A,s, ratios were calculated. RNA was
prepared for further study when the agarose gel electrophoresis
was of adequate quality and the A, /A,q, ratios were between
1.8 and 2.1. All the RNA samples were stored at -80°C.

qPCR. According to the manufacturer's instructions, qPCR
was performed using 1 ul Moloney's murine leukemia virus
reverse transcriptase (Promega Corporation, Madison, WI,
USA), RNAase inhibitor, 2.5 mM dNTP mixer, 5X RT buffer
[250 mM Tris-HCI, (pH 8.3), 200 mM KClI, 40 mM MgCl,
and 5 mM dithiothreitol) and 3 yg RNA with the PCR
mixture having a total volume of 10 pl. The PCR mixture
was diluted 10 times as the template. The reaction for APP
and for GADPH as the housekeeping gene was performed
on a Rotor-Gene 3000 Realtime PCR system (Qiagen,
Hilden, Germany). The primer was synthesized as follows:
Forward, 5'-CGACCGAGGACTGACCACT-3' and reverse,
5'-CTATGAC AACACCGCCCAC-3'. The PCR reaction
was performed in a thermal cycler for 40 cycles of 10 sec at
95°C, 15 sec at 57°C, 20 sec at 72°C and 5 sec at 85.5°C. The
fluorescence intensity was examined at 85.5°C. The linear
range of amplification and the melting curve were delineated.
The fluorescence result was analyzed using Rotor-gene 6.0
(Qiagen). The target amount was divided by f-actin to obtain
a normalized target value.

Histopathological staining. Hematoxylin-eosin, Nissl and
silver nitrate staining were performed according to the manu-
facturer's instructions (Beyotime Institute of Biotechnology,
Beijing, China). The Olympus PM20 automatic microscope
(Olympus, Tokyo, Japan) was used for image acquisition. The
balloon cell change and the loss of neuronal cell population
in the temporal lobe were accompanied by reactive glial
proliferation. The reduction and degeneration of neuronal
cell populations were also evident in the granular cell layer of
the hippocampus. Furthermore, there was a definite disarray
in the arborization of axonal fibers. In the paraffin sections,
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Table I. Clinical features of patients with refractory epilepsy.

Total Value

Male/female, n 20/16

Mean age + SD at surgery,
years (range) 30.5+£12.98 (14-56)

Seizure type, n

CPS 7
CPS (SPS) 2
SGS 21
GTCS 2
MT 4

Mean seizure duration = SD,

years (range) 18.73+13 .45 (3-46)

AEDs, n
2 13
>2 25
Resection tissue, n
TNI 17
TN HI 3
TNr 12
TN Hr 4
Pathological results, n
nl 10
g 4
nl and g 12
g,nl and nd 3
ac 2
gand a 3
nad 2

CPS, complex partial seizure; SPS, simple partial seizure; SGS,
secondarily generalized seizure; GTCS, generalized tonic-clonic
seizure; MT, multiple types (including tonic-clonic, tonic, clonic and
complex partial seizures); TN, temporal neocortex; H, hippocampus;
1, left; r, right; nl, neuron loss; g, gliosis; nd, neuronal degeneration;
ac, astrocytosis; a, atrophy; nad, no abnormal finding; AEDs, antiepi-
leptic drugs; SD, standard deviation.

the anatomical integrity of the hippocampus was not able to
be defined with any degree of certainty at the microscopic
level. Focal gliosis, loss of neuronal cells, chromatolysis and
pyknotic changes in neurons were detected.

Immunohistochemistry. All paraffin-embedded samples were
sectioned at 4 ym for immunohistochemistry and 6-8 ym
for immunofluorescence, and were then placed on polyly-
sine-coated slides. Immunohistochemistry was performed
according to the manufacturer's instructions (Zhongshan
Golden Bridge Biotechnology, Co., Inc., Beijing, China).
Paraffin sections were deparaffinized in xylene and graded
ethanol (100, 95, 80 and 70%), followed by incubation with
H,0, (0.3%; 15 min). The sections were heated in a microwave
oven for 10 min at 98°C in citrate buffer (pH 6) for antigen
retrieval and then blocked in normal goat serum (1:10) for
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Table II. Clinical features of the control cases.
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Table III. A, and A, and the A,q,/A ratios of the samples.

Total Value Samples Asgo Asg Ao/ Ango
Male/female, n 7/8 El12 0.219 0.105 2.09
Mean age + SD, years (range) 38.13+£10.86 (19-53) E27 0.125 0.061 2.06
Resection tissue, n El 0.251 0.124 2.03
TNI 7 E9 0.099 0.050 1.98
TNr 3 Cl 0.146 0.071 2.04
TNI and HI ) C3 0.146 0.072 2.03
TNr and Hr 3 Cl1 0.166 0.081 2.05
Etiology, n A, absorbance.
Trauma 10
CH and BH 5
Tissue pathology, n . .
nad 15 Table IV. APP, $-actin and normalized target values.

TN, temporal neocortex; H, hippocampus; 1, left; r, right; CH, cere-
bral hemorrhage; BH, brain hernia; nad, no abnormal finding; SD,
standard deviation.

10 min (Zhongshan Golden Bridge, Inc., Beijing, China). The
sections were incubated with primary polyclonal antibodies
of anti-human B-APP (1:75; Santa Cruz Biotechnology Inc.,
Santa Cruz, CA, USA) for 16 h at 4°C, then with biotin-linked
anti-rabbit secondary antibodies for 10 min at 36°C. The
immunoreactivity was observed using 3,3'-diaminobenzidine
(DAB+; Zhongshan, Beijing, China). The blank controls were
obtained by substituting the primary antibody with PBS, and
the hippocampus of a 68-year-old patient with AD was used
as the positive control. The immunoreactivity was visualized
using an Olympus PM20 automatic microscope (Olympus) and
analyzed with a TC-FY-2050 pathology system (Yuancheng,
Inc., Wuhan, Hubei, China).

Immunofluorescence. Paraffin sections were deparaffinized in
xylene and graded ethanol as aforementioned, then heated using
a microwave oven for 10 min at 98°C in citrate buffer (pH 6)
for antigen retrieval. The sections were blocked in calf serum
with 0.3% triton for 1 h and then in normal goat serum for 5 h
(Zhongshan Golden Bridge, Inc., Beijing, China). The sections
were incubated with primary antibody, polyclonal rabbit
anti-human 3-APP (1:100; Santa Cruz Biotechnology, Inc.), for
16 h at 14-18°C, followed by fluorescein isothiocyanate-conju-
gated affinipure goat anti-rabbit immunoglobulin G (diluted at
1:200, Zhongshan Golden Bridge, Inc.) for 5 h at 14-18°C. The
fluorescence-stained sections were observed using laser scan-
ning confocal microscopy (Leica Microsystems Heidelberg
GmbH, Mannheim, Germany).

Statistical analysis. SAS 10.0 (SAS Institute Inc., Cary, NC,
USA) was used for the semiquantitative statistical analysis of
the immunohistochemistry and immunofluorescence results.
For immunohistochemistry, labeled tissue sections were
examined independently by two observers to determine the
presence or absence of specific immunoreactivity. The number
of positive cells was counted from four representative fields

Samples APP [B-actin APP/B-actin
E12 3.50x107 1.03x1072 3.40x10"!
E27 5.30x107 1.03x10? 5.15x10™
El 6.49x107 1.22x1072 5.32x10"!
E9 1.64x107 1.40x1072 1.17x10"
Cl 2.54x10° 5.78x107 4.39x10"!
C3 2.67x107 4.25x1073 6.28x10"!
Cl1 2.50x107 4.76x107 5.25x10"

APP, amyloid precursor protein.

of every section at a magnification of x200. The proportions
of positive cells were stratified into four groups: 1, <10%;
2, 11-29%; 3, 30-50%; and 4, >50%. A statistical analysis
was performed with the Cochran-Mantel-Haenszel test
(P<0.05 used to indicate a statistically significant difference).
For immunofluorescence, a fluorescence intensity analysis
was performed using one-way analysis of variance analysis,
followed by the t-test. P<0.05 was considered to indicate a
statistically significant difference.

Results

Total RNA was successfully isolated from brain tissues of
individual samples selected randomly from the two groups.
Asgor Ango and A,gy/Asg, values are listed in Table III.

No differences were identified between the epileptic and
control groups with regard to the APP mRNA concentrations in
the temporal lobe and hippocampal tissue samples. The target
amounts of mRNA amplified from the epileptic temporal lobe
and hippocampal tissue samples arrived at a Ct value almost
at the same time as the following 40 amplified reaction cycles.
Table IV presents the normalized target values obtained by
dividing the target amount by the [3-actin values. There was no
significant difference between the epileptic tissue and control
samples.

Histopathological staining. Almost all the tissue samples from
the epileptic group demonstrated damage. Cortical laminar
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Table V. B-APP immunocytochemical expression in the two groups.
Experimental group Control group
Tissue samples ratio of positive cells, % (n) ratio of positive cells, % (n) P-value
Temporal lobe 70.59 (36) 29.41 (15) 0.0001
Hippocampus 58.33 (7) 41.67 (5) 0.0009

APP, amyloid precursor protein.

Figure 1. Pathological staining. HE and Nissl staining indicating lost neurons, degeneration and axon derangement in temporal lobe and hippocampal tissue
samples of patients with refractory epilepsy compared with the control group. Silver nitrate staining revealed neuron and axon derangement in hippocampal
tissue samples of patients with RTLE. (A) HE stain, hippocampus of patient with RTLE; (B) HE stain, hippocampus of the control; (C) Nissl stain, temporal
lobe tissue of patient with RTLE; (D) Nissl stain, temporal lobe tissue of the control; (E) silver nitrate stain, hippocampus pyramidal cells of patient with
RTLE; and (F) silver nitrate stain, hippocampus pyramidal cells of the control. Scale bars, 100 ym. HE, hematoxylin-eosin. RTLE, refractory epilepsy.

disorganization, neuronal loss, balloon cell change, gliosis,
associated cytoskeletal abnormalities and abnormal axon
organization were observed in the temporal lobe samples. The
granular cell layer of the hippocampus exhibited dispersion of
the neuronal cells and axonal disarray. Fig. 1 shows examples
of histopathological staining.

Immunoreactivity. In total, 36 epileptic and 15 control tissue
samples were subjected to immunohistochemical staining.
In the temporal cortex and hippocampus tissue samples of
patients with epilepsy, markedly positive staining for 3-APP
protein was observed, whereas the distribution of 3-APP posi-
tive protein staining was quite faint in the control sections.
No positive staining for protein was identified in the matrix.

B-APP staining was also evident in hippocampal tissue from
the 68-year-old male with AD who was used as a positive
control. No immunoreactivity was observed in the negative
controls (temporal cortex tissue samples with no primary anti-
body). Fig. 2 shows the result of DAB staining. The average
proportion of 3-APP-stained cells in the temporal lobe and
hippocampus in the experimental group was significantly
greater compared with that of the control group (P<0.05).
Table V lists values of the f-APP immunocytochemical
expression in the experimental and control groups.

Immunofluorescence. Markedly positive staining for 3-APP
protein was observed in the temporal cortex and hippocampal
tissue of the patients with epilepsy, as demonstrated by green
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Table VI. Immunofluorescence intensity of 3-APP in the two groups.

Experimental group,

Control group,

Tissue samples mean + SD mean + SD tort' value P-value
Temporal lobe 29.25+1.71 9.74+1.36 3692 <.0001
Hippocampus 32.79+2.68 13.87+1.66 17 <.0001

APP, amyloid precursor protein; SD, standard deviation.
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Figure 2. Immunohistochemistry results. Cells stained markedly positive for -A PP in intractable epilepsy. (A) Neuronal cells stained for B-A PP in epileptic
temporal lobe tissue. The broad arrow indicates positively-stained cells and the thin arrow indicates positively-stained axons. No positive protein staining
was observed in the matrix. (B) Temporal lobe of the control. (C) Positively-stained dentate cells in epileptic hippocampi. (D) Dentate cells in the control.
(E) Positively-stained control from a 68-year-old male with AD. (F) Negative control. Scale bars, 100 ym. A PP, amyloid precursor protein; AD, Alzheimer's

disease.

fluorescent light and immunofluorescence staining, whereas
the distribution of B-APP-positive protein staining in the
control sections was relatively faint. Fig. 3 demonstrates the
results of the immunofluorescence staining. The expression
of B-APP was significantly greater in the epileptic tissue
compared with the control samples (P<0.05). Table VI shows
the statistical results of B-APP fluorescence intensity in the
experimental and control groups.

Discussion
In the present study, no changes in APP mRNA expression

levels were identified, but the levels of B-APP expression in the
experimental group were greater compared with those of the

control group. This result indicates that high expression levels
of B-APP protein are not associated with APP mRNA levels.
In the temporal lobe and hippocampal tissue samples from
patients with refractory epilepsy, 3-APP protein accumulated
in the neuronal cytoplasm and axons, as revealed by immunos-
taining. No extracellular fibrillar accumulation of -APP as
senile plaques was identified. It appeared that the decomposi-
tion process of 3-APP has a role in AD. These results indicate
that high expression levels of 3-APP have a key role in the
pathological mechanisms underlying refractory epilepsy, but
not in the same manner by which this protein leads to AD.

In studies on the development of chronic epilepsy, a number
of changes in the pathology of the neural network have been
revealed. Radhakrishnan er al (8) identified that axonal fibers
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Figure 3. Immunofluorescence results. B-A PP fluorescence stain accumulated in the cytoplasm and axons of the neuronal cells. (A) B-A PP-positive staining
for cells in temporal lobe tissue samples of patients with intractable epilepsy. (B) Faint fluorescence expressed in temporal lobe tissue of the control. (C) Positive
staining in the granular cell layer in epileptic hippocampus tissue. (D) The hippocampus granular cell layer in the control. The green arrows point to the

positively-stained cells. Scale bars, 75 ym. A PP, amyloid precursor protein.

between the neurons were absent. In the present study, axonal
fiber disarray was also evident in histopathological staining.
Axonal sprouting and synaptic reorganization following
neuronal injury also have a key role in the pathogenesis of
refractory epilepsy (9). The network structure is assumed to
cause epileptiform activity in refractory epilepsy and create
or strengthen recurrent excitation in other brain regions (10).
However, the concrete molecular mechanism of axonal damage
and neuronal circuit reorganization remains to be elucidated.

B-APP, derived from APP, is a type of membrane protein
present on the surface of neuronal and glial cells (11). In
addition to its classic role as a toxin to neurons, it is apparent
that B-APP has a role in the pathogenesis of axon damage.
Intracellular B-APP accumulation is the major finding in the
senile plaques and neurofibrae tangle that may cause perturbed
axonal transport in AD (12). In a number of cases, immunos-
taining for B-APP is used to detect axonal injury (13,14). As
mentioned previously, axonal damage is also the distinguishing
characteristic of refractory epilepsy. It is therefore indicated
that the overexpression of 3-APP in refractory epilepsy is
involved in the process of neuronal network damage.

B-APP, which modulates axonogenesis and neuronal
polarity, is necessary for normal axon growth. In the axons
of growing cones of embryonic neurons, APP is expressed at
high levels for neurite development (6). In one study, cultured
hippocampal neurons from B-APP-deficient mice revealed
dysfunctional axon growth compared with wild type mice (15).
The increased expression of $-APP is accompanied by an
unusual accumulation of neurofilaments following stereotaxic
microinjection of N-methyl-D-aspartate or a-amino-3-hydrox

y-5-methylisoxazole-4-propionic acid to the rat hippocampal
CAl area (16). Other studies also support the finding that
the overexpression of 3-APP modulates axonogenesis and
neuronal polarity in pathological conditions (17).

[-APP may have a function in axon growth by promoting
phosphorylation of the tau protein (t). The increased phos-
phorylation of Tt was also identified in a rat model of temporal
lobe epilepsy, and increased T phosphorylation was associated
with the appearance of mossy sprouting (18). §-APP induces
and facilitates the development of t pathology (19,20) and
induces T phosphorylation through direct or indirect activa-
tion of glycogen synthase kinase 3, mitogen-activated protein
kinase, apoptosis signal-regulating kinase 1, protein kinase
MKKG6 and P38 mitogen-activated protein kinase (21-23).
These pathways may have a role in abnormal neutrite growth.

Although it is clear that B-APP has a role in the patho-
genesis of chronic epilepsy, the mechanism behind abnormally
increased $-APP remains to be elucidated. Kalaria er al (24)
indicated that APP is induced by ischemic insults or chronic
hypoperfusion. In refractory epilepsy, repeated seizures are
often accompanied with focal ischemic insults, and hypoper-
fusion may be a factor of the overexpression of 3-APP. Further
studies are required in order to investigate the role that the
increased expression of 3-APP may have in neural network
damage and reorganization.
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