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Abstract
Levels of immunoreactive β-amyloid precursor protein and interleukin-1α were found to be
elevated in surgically resected human temporal lobe tissue from patients with intractable epilepsy
compared with postmortem tissue from neurologically unaffected patients (controls). In tissue
from epileptics, the levels of the 135-kDa β-amyloid precursor protein isoform were elevated to
fourfold (p < 0.05) those of controls and those of the 130-kDa isoform to threefold (p < 0.05),
whereas those of the 120-kDa isoform (p > 0.05) were not different from control values. β-
Amyloid precursor protein-immunoreactive neurons were 16 times more numerous, and their
cytoplasm and proximal processes were more intensely immunoreactive in tissue sections from
epileptics than controls (133 ± 12 vs. 8 ± 3/mm2; p < 0.001). However, neither β-amyloid
precursor protein-immunoreactive dystrophic neurites nor β-amyloid deposits were found in this
tissue. Interleukin-1α-immunoreactive cells (microglia) were three times more numerous in
epileptics than in controls (80 ± 8 vs. 25 ± 5/mm2; p < 0.001), and these cells were often found
adjacent to β-amyloid precursor protein-immunoreactive neuronal cell bodies. Our findings,
together with functions established in vitro for interleukin-1, suggest that increased expression of
this protein contributes to the increased levels of β-amyloid precursor protein in epileptics, thus
indicating a potential role for both of these proteins in the neuronal dysfunctions, e.g.,
hyperexcitability, characteristic of epilepsy.
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Epilepsy is a condition characterized by neuronal hyperexcitability, but the pathogenesis of
this neuronal membrane dysfunction is unclear. The β-amyloid precursor proteins (β-APPs)
are a group of neuronal membrane proteins that have important developmental functions
(Selkoe et al., 1988; Löffler and Huber, 1992), but the function of these molecules in adult
brain is less clear. Of the several β-APP isoforms, three have been studied extensively (β-
APP 770, 751, and 695), are abundant, and can be detected by western immunoblot analysis
at 135, 130, and 120 kDa (Arai et al., 1990; Dooley et al., 1990). Altered expression of β-
APP is widely accepted as seminal in the pathogenesis of neurodegenerative conditions such
as Alzheimer’s disease (Joachim and Selkoe, 1992), Down’s syndrome (Rumble et al.,
1989), and head injury (Roberts et al., 1992), with the latter an established risk factor for
later development of Alzheimer’s disease (Gentleman and Roberts, 1991) and epilepsy
(Armstrong, 1993). β-APP 770 and 751 contain a Kunitz-type protease inhibitor sequence
that is not present in the β-APP 695 isoform (Oltersdorf et al., 1989), and secreted fragments
containing this region have been shown to regulate neuronal growth (Kitaguchi et al., 1988),
to enhance neuronal survival, to regulate the effects of nerve growth factor on neurite
outgrowth (Whitson et al., 1989; Araki et al., 1991; Milward et al., 1992), and to modulate
cell adhesion (Schubert et al., 1989). Although the potential benefits of increased expression
of β-APP during neuronal development or injury are readily apparent, continued excessive
expression of β-APP may cease to be beneficial, as such excessive expression has been
observed in various pathological conditions (Cochran et al., 1991).

β-APP synthesis (Goldgaber et al., 1989; Donnelly et al., 1990) and processing (Buxbaum et
al., 1992) are promoted by interleukin-1 (IL-1), a monokine that exists as two isoforms
(IL-1α and IL-1β) (Dinarello and Wolff, 1993), both of which are synthesized and released
from activated microglia (Hetier et al., 1988; Righi et al., 1989). In the periphery, IL-1
functions as an acute phase-response protein (Dinarello and Wolff, 1993), and its levels
were recently shown to be elevated in brain within 12 h following head injury (Griffin et al.,
1994). Although the reason for increased IL-1 levels in response to injury in brain is
unknown, it may be related to the ability of IL-1 to promote neuronal survival (Brenneman
et al., 1992). However, as in the periphery (Dinarello and Wolff, 1993), increases in IL-1
levels above some threshold may be injurious, as high levels of IL-1α have been shown to
be toxic to neurons (Brenneman et al., 1993). In addition, IL-1 induces gliosis (an increased
number of activated glia) (Giulian et al., 1988), a common neuropathological finding in
epilepsy of long standing.

Based on the functions of IL-1 and β-APP established in vitro and the increased expression
of these two proteins following head injury (Griffin et al., 1994), we sought to determine the
levels of expression and the spatial relationship between β-APP in neurons and IL-1α in
microglia in temporal lobe epilepsy. Our findings suggest a link between the expression of
these two proteins and epilepsy.

MATERIALS AND METHODS
Patients and specimens

Surgically resected temporal lobe tissue was obtained fresh from eight patients (five males
and three females) ranging in age from 10 to 45 years (mean, 30 years). All underwent
anterior temporal lobectomy for treatment of intractable complex partial seizures that were
poorly controlled despite treatment with appropriate antiepileptic drugs. Routine
hematoxylin and eosin-stained sections of these resected specimens (Table 1) showed
normal temporal lobe histology in seven cases and porencephalic cyst in one. The
hippocampal histology was normal or showed gliotic or sclerotic changes (Table 1).
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Control temporal lobe tissue samples were obtained postmortem from eight patients (five
males and three females) who had no known neurological disease (controls), ranging in age
from 9 to 66 years (mean, 43 years; Table 1). The average postmortem interval was 11.3 h
(Table 1).

For histological study, temporal lobe tissues were fixed in 10% formalin, embedded in
paraffin, sectioned at 10 μm, and prepared for immunohistochemical analysis and routine
neuropathological examination. For western immunoblot analysis and protein assays, tissue
samples (~250 mg) were diluted in 4 volumes of ice-cold phosphate-buffered saline,
containing 1 mM phenylmethylsulfonyl fluoride, and homogenized by applying 25 strokes
with a size AA tissue grinder (Thomas Scientific, Swedsboro, NJ, U.S.A.). Following
centrifugation at 10,000 g for 15 min at 4°C, the supernatant was aliquoted and stored at
−85°C.

Western immunoblot
The relative levels of β-APP in samples of temporal lobe from controls and patients with
epilepsy were determined by western immunoblot analysis as previously described (Griffin
et al., 1993; Sheng et al., 1993). In brief, 10 μg of protein was subjected to 10% sodium
dodecyl sulfate–polyacrylamide gel electrophoresis at 150 V for 1 h and transferred to
polyvinylidene difluoride filters (Millipore Corp.) at 30 V overnight. Filters were incubated
in blocking buffer (Tropix, Bedford, MA, U.S.A.) for 1 h and then incubated with
monoclonal (clone 22C11) anti-β-APP (anti-Alzheimer precursor protein A4; Boehringer-
Mannheim Biochemica), diluted 1:100 in blocking buffer, for 1 h; goat anti-mouse alkaline
phosphatase conjugate (Tropix; diluted 1:25,000) for 15 min; and substrate, disodium 3-[4-
methoxyspiro(1,2-dioxetane-3,2′-tricyclo[3.3.1.1]decan)-4-yl] phenyl phosphate, for 5 min.
Chemiluminescence was detected by exposing immunoblots to x-ray film (XAR; Kodak) for
5 min. The relative levels of β-APP were determined by scanning the film using a Beckman
DU-62 spectro-photometric analysis program.

Immunohistochemical study
For immunohistochemical reactions, 10-μm-thick paraffin sections were deparaffinized in
xylene, rehydrated in graduated ethanol solutions, and then permeabilized in 0.5% Triton
X-100 (10 min) and 0.2 M HCl (20 min). Endogenous peroxidase was blocked with 3%
H2O2 in 97% methanol for 30 min. Primary antibodies—mouse anti-human β-APP (1:10),
rabbit anti-human β-amyloid (1:10), or rabbit anti-human IL-1α (1:20)—were diluted in 2%
normal goat serum in Tris-buffered saline and incubated on the sections overnight at room
temperature. The link antibodies—anti-mouse or anti-rabbit IgG (Cappel)—were diluted in
2% nonimmune goat serum in Tris-buffered saline and incubated on the section for 30 min.
The secondary antibodies—goat anti-mouse or goat anti-rabbit peroxidase–antiperoxidase
(DAKO) —were incubated for 30 min on each section. The sections were then washed in
three changes, 5 min each, of Tris-buffered saline and developed in 3,3-diaminobenzidine
tetrahydrochloride (Sigma) solution to yield a brown reaction product. The sections were
counterstained with Mayer’s hematoxylin. β-APP-positive neurons and IL-1α-positive cells
were counted at a magnification of 250 diameters in each of five microscopic fields of gray
matter of each case.

Statistical analysis
Average tissue levels of the three isoforms of β-APP and the mean numbers of β-APP-
positive neurons and IL-1α-positive microglia were compared in samples from epileptics
and controls. The statistical significance of differences between epileptics and controls was
determined using Student’s t test for unpaired data.
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RESULTS
Tissue levels of β-APP

β-APP isoforms were visualized at 135, 130, and 120 kDa on x-ray films using western
immunoblot transfer chemiluminescence labeling (Fig. 1). These molecular mass bands
correspond well with those previously reported for β-APP 770, 751, and 695 (Arai et al.,
1990). The immunoreactive bands detected here by chemiluminescence were at similar
molecular weights to those previously reported using chromogen labeling (Dooley et al.,
1990).

The average level of the 130-kDa β-APP isoform in homogenates from epilepsy was
threefold that of controls, and the level of the 135-kDa β-APP isoform was fourfold that of
controls (Table 2; p < 0.05). However, the level of the 120-kDa isoform was not
significantly different from that of controls (p > 0.05). These results indicate that epilepsy is
characterized by elevated levels of β-APP 770 and 751, the same two isoforms that appear to
be elevated in level in Alzheimer’s disease (Tanaka et al., 1989).

Immunoreactivity of β-APP and IL-1α in cells
There were obvious increases in the numbers of β-APP-positive neurons in tissue sections
from epileptics (Fig. 2). β-APP-positive neurons were most notable in hippocampus and in
temporal lobe cortical layers III, IV, and V, where most of the large pyramidal neurons
contained high levels of β-APP (Fig. 2b and c). In contrast, there was less β-APP
immunoreactivity in the small and medium neurons of these layers (Fig. 2c). However, in
layer VI some of the smaller pyramidal neurons were also intensely β-APP immunoreactive
(Fig. 2d). The β-APP immunoreaction product appeared in these cells as dense particles or
granules within the neuronal cell cytoplasm and prominent neuronal processes. In some
cases, β-APP appeared tangle-like, filling the perikaryal cytoplasm and dislocating the
nucleus (Fig. 2b) as neurofibrillary tangles do in Alzheimer’s disease (Bancher et al., 1989;
Yamaguchi et al., 1990). In none of the eight epileptics was extracellular deposition of β-
amyloid detectable by either Congo red staining or immunohistochemical reaction. In
contrast to their appearance in tissue sections from cortical regions of epileptics, neurons in
identically treated tissue sections from controls were non-or only weakly β-APP
immunoreactive (Fig. 2a vs. b and c). The numbers of β-APP-positive neurons were 133 ±
12/mm2 in epilepsy and 8 ± 3/mm2 in controls (mean ± SEM; p < 0.001; Fig. 3).

Accompanying the elevation of β-APP levels and increased numbers of β-APP-positive
neurons in temporal lobe of epileptics was a threefold increase in the number of IL-1α-
positive cells (80 ± 8 vs. 25 ± 5/mm2; p < 0.001; Fig. 3). These IL-1α-positive cells had the
morphological characteristics of activated microglia: They were enlarged with prominent,
ramified processes and had elevated levels of IL-1α immunoreaction product when
compared with their small, nonactivated counterparts in controls (Fig. 2e and f). In some
instances, IL-1α-positive microglial processes spread into areas containing β-APP-positive
neurons, and some were found immediately adjacent to neuronal somas (Fig. 2f).

Postmortem interval, age, and tissue preparation effects on IL-1α and β-APP expression
Analysis of the levels of β-APP isoforms in tissue collected postmortem from control
patients showed that the levels were unrelated to postmortem intervals (Fig. 4A). In
addition, the levels of the β-APP isoforms were not related to the age of the patients (Fig.
4B). Moreover, incubation of tissue homogenates at room temperature (1–24 h) to mimic
postmortem protein loss did not significantly effect the level of total protein in the samples
(Fig. 4C). Similarly, IL-1α levels in activated microglia were not affected by either agonal
state or postmortem interval, as we have previously shown (Stanley et al., 1994).
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DISCUSSION
Temporal lobe epilepsy is a common and often refractory syndrome characterized by
complex partial seizures and associated electrophysiological abnormalities in hippocampus
and other limbic structures of temporal lobe. Sometimes nonspecific neuropathological
findings such as neuronal loss and gliosis are noted in epilepsy (Pollen and Trachtenberg,
1970; Castiglioni and Castiglioni, 1986; Lanerolle et al., 1989; Brigande et al., 1992), but
the molecular neuropathological events involved in the genesis of the underlying neuronal
hyperexcitability remain obscure. In the present study, we found that even in the absence of
obvious neuropathological findings in routine histological preparations, the cellular levels of
both IL-1α and β-APP were elevated in temporal lobe samples from epileptics compared
with those in tissue collected postmortem from nonepileptic control patients. The differences
between β-APP levels in epileptics and controls were not attributable to variables of control
patient age and postmortem interval (see Fig. 4A and B). These differences were not likely
due to postmortem protein loss as homogenates incubated at room temperature showed
<0.5% loss of total protein/h in the first 24 h (Fig. 4C). Such decreases are insufficient to
account for the profound differences between epileptic tissue and control tissue reported
here. Another possible confounding factor is agonal states of the control patients. Three of
the six control patients used here for western immunoblot analysis of β-APP died with
infectious diseases: pneumonia, pyelonephritis with sepsis, and peritonitis. Tissue levels of
β-APP in these three patients (Fig. 1C1, C2, and C6) were not lower than in those dying
without systemic infections, suggesting that metabolic alterations associated with terminal
infections were not a confounding factor in this study. Elevated β-APP levels in temporal
lobe neurons have been demonstrated in postmortem tissue from patients with early
Alzheimer’s disease (Roberts et al., 1993), and we previously showed that irrespective of
postmortem interval and agonal state, IL-1α levels are elevated in activated microglia in
HIV-positive individuals (Stanley et al., 1994). Additional evidence against a confounding
effect of postmortem changes on our results may be found in the similarity in the levels of
the 120-kDa β-APP isoform in epileptics and controls.

Increased β-APP expression has been shown in several neuropathological conditions
(Cochran et al., 1991). Our findings of high levels of β-APP 770 and 751 (but not β-APP
695) in epileptics suggest that these two β-APP isoforms perform unique functions. In
addition, our finding of differential expression of β-APP according to neuron size in
temporal lobe suggests differential susceptibility of neuronal subclasses in epilepsy. The
increased levels of the β-APP 751 and 770 suggest that increased expression of these two
isoforms is a component of the response of dysfunctional neurons to epilepsy. β-APP has
been localized to synaptic sites in normal brain and is known to interact with cell surface
receptors, to activate second messenger systems, to inhibit proteases, to promote cell
adhesion, and to regulate cell growth (Kang et al., 1987; Saitoh et al., 1989; Schubert et al.,
1991). Thus, alterations in β-APP expression in neurons might have adverse effects on
synaptic transmission or on synaptic activity or could alter cell–cell or cell–matrix
interactions that may be important in the pathophysiology of temporal lobe epilepsy.
Elevated levels of β-APP 770 and 751 could also contribute to neuronal dysfunction by
stimulating aberrant growth of processes, thus perhaps explaining the neuritic sprouting
characteristic of temporal lobe epilepsy (Represa et al., 1989). In either case, increased
expression of β-APP may be a useful marker for seizure-induced neuronal damage in
epilepsy.

Findings in Alzheimer’s disease, where excessive expression of β-APP is associated with
deposition of β-amyloid (Ohgami et al., 1992; Roberts et al., 1993), might be interpreted to
suggest that excessive expression of β-APP in neurons in epilepsy would lead to deposition
of β-amyloid. However, we did not detect deposits of β-amyloid in tissue from epileptics by
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either Congo red staining or β-amyloid immunoreactivity. An immunohistochemical pattern
of elevated β-APP expression without β-amyloid accumulation has been reported following
excitotoxic lesioning in rat brain (Nakamura et al., 1992) and in several pathological
conditions in humans (Cochran et al., 1991). At present, we cannot rule out the possibility
that prolonged excessive expression of neuronal β-APP in epilepsy may promote deposition
of β-amyloid in affected regions later in the course of this disorder. Such is postulated to
occur following head injury (Roberts et al., 1992), a known risk factor for later development
of epilepsy (Armstrong, 1993). The increased expression of IL-1α in microglia in epilepsy,
shown here, may be the result of neuronal injury or loss, as has been postulated in other
diseases where neuronal injury and cell death are accompanied by elevated IL-1 expression
(Griffin et al., 1989, 1994; Griffin and Stanley, 1993). IL-1 in epilepsy may contribute to
neuronal dysfunction by upregulating β-APP expression (Goldgaber et al., 1989) or by
inducing astrogliosis (Giulian et al., 1988), perhaps via IL-1 receptors recently discovered
on the astrocyte cell surface (Ban et al., 1993). Our finding of increased levels of β-APP and
IL-1α in epilepsy, together with known functions of IL-1, suggests that excessive expression
of IL-1 may be causally related to the increased expression of β-APP. In addition, the
intimate spatial relationship between neurons and activated IL-1α-positive microglia
suggests that high levels of IL-1α in the local environs of neurons may contribute directly to
the neuronal dysfunction; IL-1α was recently shown to be neurotoxic at high levels in vitro
(Brenneman et al., 1993).

In conclusion, we propose that our findings of increased expression of β-APP and IL-1α in
resected temporal lobe of patients with refractory complex partial seizures are related to the
neuropathophysiological manifestations of epilepsy. Our findings also allow us to conclude
that the functions of β-APP 751 and 770 are more importantly related to events in epilepsy
than are other isoforms of this abundant membrane protein. These results suggest new
directions for research in epileptogenesis.
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FIG. 1.
Western immunoblots depict β-APP-immunoreactive products in samples of resected
temporal lobes from eight epileptic patients (EP) and in samples from analogous regions of
temporal lobe collected postmortem from six controls (C). Monoclonal anti-β-APP antibody
(clone 22C11) sensitively labeled three bands on western immunoblots at molecular weight
(MW) marks shown at 135K, 130K, and 120K.
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FIG. 2.
Photomicrographs of β-APP (APP; a–d) and IL-1α (IL-1; e and f) immunoreaction product
in cells in tissue sections of temporal lobe from epileptics (EP; b–d and f) and controls
(AMC; a and e). Simultaneous immunohistochemical reaction with anti-β-APP or anti-IL-1α
antibodies was performed on 10-μm-thick paraffin-embedded temporal lobe tissue sections
from epileptics and controls, as described in Materials and Methods, a: β-APP-
immunoreacted tissue sections of temporal lobe gray matter from control (AMC) illustrate
the paucity of immunoreaction product in neurons (layer V). b: β-APP-positive neurons in
analogous sections of temporal lobe (layer V) from an epileptic (EP 7) demonstrate the
relatively high levels of immunoreaction product (brown); β-APP-positive intracellular
tangle-like structures were observed in some neurons (arrow), c and d: β-APP-positive
neurons in tissue sections from case EP 3 show large pyramidal neurons (c) in temporal lobe
cortical layer V, containing high levels of β-APP immunoreaction product (brown) relative
to the levels in small and medium neurons (c and d; arrowheads). Some small neurons in
layer VI in case EP 3 (d) also contained high levels of β-APP immunoreaction product
(brown), whereas others did not (arrowhead), e: Tissue section shows the very low IL-1α
immunoreactivity characteristic of cells in gray matter of controls (AMC). f: Tissue section
from an epileptic (EP 7) illustrates the increase in the number, size, and immunoreactive
intensity of IL-1α-positive cells (brown) in epilepsy; many were found immediately adjacent
to neurons in layer V of temporal lobe. Bar = 15 μm.
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FIG. 3.
Bar graph compares the number of β-APP-positive neurons/mm2 and IL-1α-positive cells/
mm2 in gray matter of temporal lobe from epileptic patients and controls (AMC). β-APP-
positive neurons and IL-1α-positive cells were counted, as described in Materials and
Methods, in tissue sections from each of eight epileptic and six control patients. The data are
mean ± SEM (bars) values. **p < 0.001.
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FIG. 4.
A: Bar graph correlates the levels of three β-APP isoforms in temporal lobe samples with
postmortem intervals (PMIs) of control patients. Data are mean ± SEM (bars) values for
three patients in each group. B: Dot graph correlates the levels of three β-APP isoforms in
temporal lobe samples with ages of control patients. C: Loss of measurable protein in
homogenates of surgical temporal lobe samples of epileptic patients incubated at room
temperature between 1 and 24 h. Data are mean ± SEM (bars) values for six samples relative
to the initial (1-h) value.
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TABLE 1

Patient information

Case no. Sex/age (years)
H&E histological findings (temporal
lobe/hippocampus) Postmortem interval (h)

Postoperative outcome Engle class
(month) or cause of death in Ca

EP 1 M/21 Normal/normal I (24)

EP 2 M/43 Normal/normal II (30)

EP 3 M/14 Normal/minimal gliosis I (29)

EP 4 F/17 Normal/minimal gliosis II (29)

EP 5 F/41 Normal/mild gliosis II (34)

EP 6 M/32 Normal/Ammon’s horn sclerosis I (28)

EP 7 M/10 Normal/Ammon’s horn sclerosis I (27)

EP 8 F/14 Porencephalic cyst I (23)

C 1 M/66 Normal/normal 3.5 Pneumonia, pulmonary emboli

C 2 F/59 Normal/normal 14.0 Cervical carcinoma, pyelonephritis,
sepsis

C 3 M/47 Normal/normal 23.5 Myocardial infarction

C 4 M/68 Normal/normal 1.5 Gastric carcinoma

C 5 F/10 Normal/normal 1.2 Rhabdomyosarcoma

C 6 F/36 Normal/normal 15.0 Adenocarcinoma, peritonitis

C 7 M/50 Normal/normal 18.0 Malignant melanoma

C 8 M/9 Normal/normal 14.0 Pulmonary emboli

EP, epilepsy; C, control; H&E, routine hematoxylin and eosin staining.

a
Class I, free of disabling seizures; Class II, rare disabling seizures (Engle et al., 1993).

J Neurochem. Author manuscript; available in PMC 2013 November 19.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Sheng et al. Page 15

TABLE 2

Levels of three β-APP isoforms in temporal lobe from epileptics and controls

Patients (no.) β-APP 770 (135 kDa) β-APP 751 (130 kDa) β-APP 695 (120 kDa)

Control (6) 0.08 ± 0.03 0.20 ± 0.05 0.22 ± 0.04

Epileptic (8) 0.37 ± 0.11a 0.61 ± 0.12a 0.20 ± 0.03b

Data are mean ± SEM values of optical density units derived from densitometric scanning of β-APP-immunoreactive bands visualized on x-ray
films of western immunoblots, prepared as described in Materials and Methods.

a
p < 0.05,

b
p > 0.05 when compared with the respective control values.
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