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A� is the major component of amyloid plaques char-
acterizing Alzheimer’s disease (AD). A� accumulation
can be affected by numerous factors including in-
creased rates of production and/or impaired clear-
ance. Insulin-degrading enzyme (IDE) has been impli-
cated as a candidate enzyme responsible for the
degradation and clearance of A� in the brain. We have
previously shown that AD patients exhibit abnormal-
ities in insulin metabolism that are associated with
apoliprotein E (APOE) status. The possible association
of IDE with AD, as well as the link between APOE
status and insulin metabolism, led us to examine the
expression of IDE in AD. We report that hippocampal
IDE protein is reduced by approximately 50% in �4�
AD patients compared to �4� patients and controls.
The allele-specific decrease of IDE in �4� AD patients
is not associated with neuronal loss since neuron-
specific enolase levels were comparable between the
AD groups, regardless of APOE status. Hippocampal
IDE mRNA levels were also reduced in AD patients
with the �4 allele compared to AD and normal sub-
jects without the �4 allele. These findings show that
reduced IDE expression is associated with a signifi-
cant risk factor for AD and suggest that IDE may
interact with APOE status to affect A� metabolism.
(Am J Pathol 2003, 162:313–319)

The florid deposition of the � amyloid protein (A�) into
senile plaques is a hallmark feature of Alzheimer’s dis-
ease (AD). A�, which is derived from the �-secretase

cleavage of the �-amyloid precursor protein (APP), is a
product of normal cellular activity.1,2 However, chronic
accumulation due to enhanced production and/or de-
creased clearance gradually leads to its deposition into
plaques. While the relatively rare familial early-onset AD
is associated with increased A� generation, defective A�
clearance may be involved in late-onset AD (LOAD), the
form of the disease that constitutes approximately 90% of
all cases.3 Insulin-degrading enzyme (IDE), which ca-
tabolizes A�, has been implicated as a candidate en-
zyme responsible for the degradation and clearance of
A� in the brain.4–8 IDE has also recently been shown to
degrade the APP intracellular domain (AICD),9 a product
of �-secretase cleaved APP that may function in nuclear
signaling.10–14 IDE is a metalloprotease with a molecular
weight of 110 kd that is expressed in many tissue types,
with high concentrations noted in brain.15 In addition to
A� and AICD, IDE degrades a variety of peptides, includ-
ing insulin, atrial natriuretic peptide, and amylin. While
IDE substrates share little sequence homology, many can
form amyloid fibrils, suggesting IDE may have specificity
for amyloid-forming peptides.3,16,17 Interestingly, the
gene encoding IDE is located within a region of chromo-
some 10 where recent reports have identified a locus
associated with LOAD.18–20

IDE has a preferential affinity for insulin such that
the presence of insulin will inhibit IDE-mediated degra-
dation of other substrates, including A�.7,9,21 The ability
of insulin to inhibit IDE degradation of A� has particular
relevance for recent work suggesting that patients with
late-onset AD (LOAD) have elevated insulin levels (hy-
perinsulinemia) and abnormalities of insulin metabolism
that are associated with apoliprotein E (APOE) sta-
tus.22,23 Previous work has demonstrated that as a group,
LOAD patients without the �4 allele, the isoform known to
be a risk factor for LOAD, have post-glucose challenge
hyperinsulinemia in conjunction with reduced insulin ac-
tion (insulin resistance). For these patients, insulin abnor-
malities may represent a novel mechanism contributing
to the development of AD. In contrast, LOAD patients with
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the �4 allele have normal peripheral levels of insulin.
Given the possible association of IDE with LOAD as well
as the link between APOE status and insulin metabolism,
we hypothesized that IDE expression may be altered in
LOAD. To investigate this possibility we measured IDE
protein and mRNA expression in hippocampal tissue
from 26 patients with LOAD and 15 normal adults and
examined the effect of the APOE-�4 allele.

Materials and Methods

Human Tissue from AD Subjects and Controls

Tissue was obtained from the University of Washington
Alzheimer’s Disease Research Center Neuropathology
Core and from the Alzheimer’s Disease Brain Bank of
Vanderbilt University. LOAD cases were diagnosed clin-
ically with dementia and fulfilled National Institute on
Aging-Reagan criteria for AD at autopsy. Control subjects
had no clinical history of dementia and no significant
neuropathological changes indicative of AD or other clin-
ically relevant disease. AD and non-AD cases were
Braak-staged using previously published criteria.24

Braak staging provides a multilevel quantification of the
presence of neurofibrillary tangles, senile plaques, and
neuronal loss, and is a widely accepted measure of the
extent of AD neuropathology. In addition, neuron-specific
enolase (NSE) levels were measured in AD subjects to
provide an index of neuronal loss. LOAD and normal
subjects were divided into four groups: LOAD with or
without the �4 allele (�4�, n � 19; �4�, n � 7), and
normal adults with or without the �4 allele (�4�, n � 6;
�4�, n � 9). These groups were comparable with respect
to gender distribution (LOAD �4�, 9 females, 10 males;
�4�, 6 females, 1 male; normal �4�, 3 females, 3 males;
�4� 6 females, 3 males). Post-mortem interval was
shorter for the LOAD patients than for the normal group
(LOAD time, mean hours � 6.2, SE � 1.0; normal mean �
9.6, SE � 1.2, P � 0.04), but this effect was due to a
single LOAD outlier (P � 0.11 without this subject). No
difference in post-mortem interval was observed between
LOAD patients with or without the �4 allele (P � 0.96). On
average, LOAD patients were older at death than were
normal subjects (LOAD age, mean � 78.6, SE � 2.2;
normal age, mean � 70.7, SE � 2.9); however, no inter-
action for age at death was observed between diagnostic
group and �4 status (P � 0.53), and no differences in age
at death were observed between LOAD patients with or
without the �4 allele (P � 0.37). At autopsy, fresh tissue
blocks from a single hemisphere, including the medial
temporal lobe, were snap-frozen in liquid nitrogen-cooled
isopentane (Sigma, St. Louis, MO). Serial frozen sections
(20-�m thickness) were cut on a cryostat, thaw-mounted
onto Superfrost/Plus-charged slides (Fisher Scientific,
Pittsburgh, PA) and stored at �70°C until use.

Western Blot Analysis

To assess IDE protein levels, 10 consecutive frozen hip-
pocampal sections, at the level of the lateral geniculate

nucleus, were used for each case. To accurately assess
IDE protein levels without contamination from surround-
ing white matter and parahippocampal/temporal corti-
ces, the hippocampal formation (including subiculum,
hippocampus, and dentate) was dissected from each
section on dry ice using a frozen single-edged razor.
Hippocampal tissue lysates were prepared by sonication
followed by solubilization in lysis buffer (0.1 mol/L Tris-
HCl, 1% Triton X-100, 5 �g/ml aprotinin, 2 �g/ml pepsta-
tin A, 2 �g/ml leupeptin). Total protein content was de-
termined using a BCA protein assay kit (Pierce, Rockford,
IL) and subsequently confirmed by Coomassie staining
of the immunoblots at the conclusion of the experiments.
Solubilized proteins were boiled in sample loading buffer
(40 mmol/L Tris/HCl, pH 6.8, 2% SDS, 2% glycine, 5%
2-mercarptoethanol) and resolved by SDS-PAGE. IDE
levels were determined by standard Western blot proce-
dures using the well-characterized anti-IDE monoclonal
antibody 9B12.25 To standardize IDE levels between
gels, a master standard was prepared from human frontal
cortex and frozen in aliquots. Throughout the study, ali-
quots of this standard were processed in graded
amounts (25 �g to 100 �g) in parallel with the subject
samples. In this manner it was possible to control for
small differences in the processing and blotting of sam-
ples over the course of the study and to obtain standard
IDE band intensities on each gel that were both less and
greater than the experimental sample values. IDE band
intensities were quantified using a Kodak Digital Science
Image Station 440 CF and Kodak Digital Science 1D
Image Analysis Software. Standard values for 100 �l, 50
�l, and 25 �l concentrations were entered into a regres-
sion analysis to ensure linearity. Only samples with inten-
sity values falling within the linear range of the assay were
analyzed. Subject samples were run in duplicate or trip-
licate. Standard and sample values were averaged and
then subjected to analysis of covariance with mean IDE
sample densitometry values as the dependent variable,
mean IDE standard values and age at death as covari-
ates, and group (AD or control) and APOE status (�4
or no �4) as independent variables. Between-group
comparisons were conducted with Bonferroni-corrected
t-tests. To assess potential neuronal loss in AD patients,
NSE protein levels were also measured as described
above using the anti-NSE monoclonal antibody MAB324
(Chemicon International, Temecula, CA).

Immunohistochemistry

The pattern of IDE protein expression within specific hip-
pocampal regions was assessed by immunohistochem-
istry. Briefly, hippocampal paraffin sections were depar-
affinized in xylene, hydrated through graded alcohols
and water, and then pretreated by microwaving in AR
solution (Dako, Carpinteria, CA). Slides were treated for
endogenous peroxidases with 3% hydrogen peroxide in
phosphate-buffered saline (PBS) followed by incubation
with the primary IDE antibody 9B12 for one hour at room
temperature and with the secondary antibody (anti-
mouse IgG) for 45 minutes. Finally, sections were incu-
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bated in an avidin-biotin complex (Vectastain Elite ABC
kit, Vector, Burlingame, CA) and the reaction product was
visualized with 0.05% diaminobenzidine/0.01% hydrogen
peroxide in PBS. To demonstrate the specificity of 9B12,
a hippocampal section was incubated with secondary
antibody in the absence of primary antibody.

In Situ Hybridization

The IDE probe used in this study is a 400-bp fragment
corresponding to nucleotides 62 to 461 of the human IDE
cDNA subcloned into pGEM7Z vector (Promega, Madi-
son, WI). The IDE antisense (complementary) and sense
RNA probes were in vitro transcribed using the Riboprobe
Gemini System (Promega) according to the manufactur-
er’s instructions in the presence of 12 �mol/L 35S UTP.
IDE mRNA expression levels were determined by quan-
titative in situ hybridization histochemistry as described
previously.26 Briefly, frozen hippocampal sections were
post-fixed in 4% paraformaldehyde, treated with acetic
anhydride, and delipidated and dehydrated through a
graded series of ethanol and chloroform. Slides were
hybridized overnight under saturating conditions with the
35S-labeled IDE antisense or sense RNA probe (0.1 pmol/
slide) at 60°C. Following hybridization, slides were
washed in 1X SSC (150 mmol/L NaCl and 15 mmol/L
Na-citrate) at room temperature, treated with RNase A
(10 mmol/L Tris, pH 8.0; 1 mmol/L EDTA, pH 8.0; 20
�g/ml RNase A) and washed in 0.1X SSC at 65°C. Slides
were then dehydrated through a graded series of eth-
anols containing ammonium acetate, air-dried and ex-
posed to Kodak Hyperfilm (Eastman Kodak, Rochester,
NY) for 3 weeks. Hybridization signal from film autoradio-
grams was analyzed using a microcomputer-based im-
age analysis system (MCID, Imaging Research, St.
Catherines, Ontario, Canada). Optical density measure-
ments of IDE mRNA were obtained from the CA-2/3 and
CA1 of the cornu ammonis as well as the dentate and
hilus. Data were analyzed by repeated analysis of vari-
ance measures to test for differences in IDE mRNA levels
across the designated hippocampal regions among nor-
mal and AD subjects with and without an APOE-�4 allele.

Results

IDE protein levels differed for AD patients and controls
according to APOE status, as indicated by a significant
interaction between diagnostic group and APOE,
F(1,40) � 8.52, P � 0.0061. As shown in Figure 1A,
hippocampal IDE protein levels were reduced in AD pa-
tients with an APOE-�4 allele compared to patients with-
out the �4 allele (P � 0.0008), to normal adults with the �4
allele (P � 0.0004), and to normal adults without the �4
allele (P � 0.0011). IDE protein levels did not differ for AD
patients with a single �4 allele compared to patients with
two �4 alleles (P � 0.68, data not shown). In addition,
APOE-related differences in IDE protein levels in AD pa-
tients were not due to variations in disease severity as
measured by Braak staging. Braak neurofibrillary tangle

values were virtually identical for LOAD patients with and
without an �4 allele (�4�, mean � 5.3, SE � 0.4; �4�,
mean � 5.3, SE � 0.2, P � 0.99), as were senile plaque
values (�4�, mean � 2.9, SE � 0.3; �4�, mean � 2.9,
SE � 0.13, P � 0.99). Figure 1B demonstrates that AD
patients with and without the �4 allele also had compa-
rable levels of NSE (P � 0.89), indicating that the marked
loss of IDE in the AD �4� subjects cannot be accounted
for by neuronal loss. Finally, IDE protein expression was
not related to age at death (P � 0.91) or to post-mortem
interval (P � 0.69).

To examine the pattern of expression of IDE protein
and mRNA within specific regions of the hippocampus,
immunohistochemistry and in situ hybridization analyses
were performed. Figure 2 depicts the pattern of expres-
sion of IDE protein and mRNA in specific hippocampal
sub-fields of a normal subject. IDE protein is expressed
at high levels in the dentate granule layer as well as in the
CA-2/3 field and hilus (Figure 2, A and C). In contrast, IDE
protein levels are very low in the CA-1 field of the hip-
pocampus (Figure 2, A and D). IDE protein is highly
expressed in neuronal cells, consistent with other reports
demonstrating localization of IDE to neurons.5,27 In situ
hybridization analysis demonstrated that the pattern of
IDE mRNA expression is similar to that of IDE protein
(Figure 2E).

Given the decrease in IDE protein levels in APOE-�4�
AD patients described in Figure 1, quantitative in situ
hybridization was performed to determine whether there
was a corresponding decrease in IDE mRNA expression
and to determine whether specific regions of the hip-
pocampus were differentially affected. Our results indi-
cate that IDE mRNA levels differed for both �4� and �4�
normal and AD subjects according to the hippocampal
region analyzed, as indicated by a significant interaction
between hippocampal region and diagnostic group
F(3,93) � 7.15, P � 0.0002, and hippocampal region and
APOE status F(3,93) � 8.75, P � 0.0059. These results

Figure 1. Quantitative Western blot analysis of hippocampal IDE (A) and
NSE (B) protein expression. Representative immunoblots contain 100 �g
(IDE) or 4 �g (NSE) of protein per lane from three normal and/or three
Alzheimer’s (AD) subjects without (�4�) and with (�4�) the APO�4 allele.
Graphs represent quantitative differences in expression of IDE protein in
normal and AD subjects (A) and of NSE protein in AD subjects (B) with and
without the �4 allele. Each bar represents the mean �/� SEM. IDE protein
is reduced in AD patients with an APOE-�4 allele compared to patients
without the �4 allele (***, P � 0.0008), to normal adults with the �4 allele (***,
P � 0.0004), and to normal adults without the �4 allele (**, P � 0.0011). No
difference in NSE levels were observed for AD groups (P � 0.89).
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are demonstrated in Figure 3. As observed for protein
levels, IDE mRNA levels were reduced in AD patients with
the APOE-�4 allele compared to AD patients without the
�4 allele. Statistically significant decreases in IDE mRNA
were observed in the dentate (P � 0.026) and hilar re-
gions (P � 0.035), and a trend for a decrease was
observed in the CA-2/3 (P � 0.082). IDE mRNA levels
were also reduced in �4� AD patients compared to nor-
mal subjects without the �4 allele (dentate, P � 0.0002;
CA-2/3, P � 0.009; hilus, P � 0.002). Surprisingly, and in
contrast to IDE protein expression, we also observed
reduced IDE mRNA levels in normal subjects who were
�4� compared to normal subjects without the �4 allele.
This down-regulation of IDE expression in �4� normal
subjects was observed in the hilus (P � 0.025). In fact,
independent of diagnostic group, decreased IDE mRNA
expression was associated with the �4 allele across hip-
pocampal regions, F(1,31) � 7.07, P � 0.0123. IDE
mRNA levels did not differ for subjects with a single �4
allele compared to subjects with two �4 alleles (P � 0.46,
data not shown). We also observed significantly more IDE
mRNA expression in the dentate compared to the other
hippocampal regions analyzed in both normal and AD
subjects independent of APOE status (all P values
�0.0001). Finally, in contrast to the dentate, CA-2/3, and
hilus, IDE mRNA levels were very low in the CA-1 and
were unaffected by APOE status and diagnostic group.

Discussion

These findings are the first demonstration of reduced IDE
levels linked to the presence of the APOE-�4 allele in AD
and suggest a novel mechanism through which APOE-�4
may promote the development of AD. Reduced IDE pro-
tein levels presumably would diminish the capacity for
degradation of A� in the brains of individuals with the �4
allele, leading to chronic A� elevations. Because IDE
degrades the APP intracellular domain as well,9 it is
possible that reduced IDE expression could also influ-
ence the putative nuclear signaling of this �-secretase-
generated APP fragment, although the consequences of
such influence remain to be determined. Given that IDE
levels were similar for subjects with one or two �4 alleles,
the effect of �4 on IDE expression may not be dose-
dependent. It is also unclear whether APOE-�4 status
plays a causal role in reduced IDE expression in AD or
whether IDE levels are reduced through an independent
process that interacts with the presence of the �4 allele
during the development of the disease. In the present
study, quantitative in situ hybridization analysis demon-
strated a decrease in IDE mRNA expression in the hilus in
both normal and AD subjects with the �4 allele, suggest-
ing that reduced IDE expression may be an immutable
consequence of the �4 genotype. However, quantitative
Western blot analysis of whole brain lysate indicated

Figure 2. Pattern of IDE protein (A–D) and mRNA (E–F) expression in the hippocampus of a normal adult. A: Representative immunostained section of whole
hippocampus (magnification, � 1) depicting high levels of IDE protein in the dentate granular layer (DGL), hilus, and CA-2/3, and low levels in the CA-1. No
immunostaining is detected when the primary IDE antibody is omitted (B). Increased magnification (� 20) depicting high neuronal expression in the hilus (C)
compared to the CA-1 (D). Representative film autoradiogram of in situ hybridization with the IDE antisense RNA probe (E) demonstrates that the pattern of IDE
mRNA expression is similar to that of protein. No hybridization signal is observed with the IDE sense RNA probe (F).

316 Cook et al
AJP January 2003, Vol. 162, No. 1



reduced IDE protein levels only in AD patients with the �4
allele. This result suggests that down-regulation may be
either a disease-associated process or an independently
occurring risk factor. It is possible that in situ hybridization
analysis examining specific regions of the hippocampus
is sensitive enough to detect the difference in IDE ex-
pression between normal subjects with and without the �4
allele while detection by Western blot analysis using the
entire hippocampus may mask this difference. Alterna-
tively, IDE protein may not be down-regulated in the hilus
of normal �4� subjects despite the decrease in mRNA.
This result would suggest that factors involved in IDE
protein synthesis or degradation may be differentially
regulated such that normal individuals are able to com-
pensate for decreased IDE mRNA levels associated with
the �4 allele, whereas AD subjects are not.

Although little is known about the regulation of IDE
gene expression, there are several possible mechanisms
through which IDE levels and/or activity may be modu-
lated. IDE may be affected by metabolic conditions that
affect insulin action, such as type 2 diabetes mellitus and
the hyperinsulinemia observed in LOAD patients without
the �4 allele.23,28 In this case, inhibition of IDE activity

rather than altered IDE expression levels is likely to be a
factor, a possibility consistent with findings of disrupted
insulin metabolism in this group. In theory, genetic muta-
tions in IDE may also affect its expression or function, and
linkage has been demonstrated for a late-onset familial
AD locus on chromosome 10q in the region of the IDE
gene.18–20 At present, no such mutations or polymor-
phisms have been identified within the IDE gene and one
report suggests that coding sequence variants in IDE
probably do not account for this linkage.29 However,
variations in the regulatory region of the IDE gene could
also play a role in susceptibility to LOAD.

Multiple mechanisms may thus affect IDE expression
levels or activity and differentially determine IDE’s role in
AD pathophysiology. The normal degradation of A� by
IDE may be compromised by reduced expression of the
protease due to independent genetic factors or some
�4-related mechanism that has yet to be identified. In
addition, A� degradation could also be compromised by
conditions that affect IDE’s activity, such as the chronic
hyperinsulinemia observed in non-�4 LOAD. Such com-
promise could occur in the context of normal or even
elevated IDE levels. In addition, it has been hypothesized
that type 2 diabetes may be a risk factor for dementia30,31

and a recent report suggests that adults with both type 2
diabetes and the APOE-�4 allele have an increased risk
for developing AD compared to subjects with either risk
factor alone.32 Presumably, the combination of reduced
IDE activity due to diabetes-associated hyperinsulinemia
as well as reduced IDE expression levels associated with
possession of the �4 allele could synergistically enhance
the risk for developing AD. In all of the above scenarios,
reduced clearance of A� would result, setting the stage
for its subsequent aggregation into senile plaques. In
addition to IDE, other proteases, such as neprilysin, may
also play a role in removal of A� from the brain.33,34

NEP-deficient mice show a modest but significant in-
crease in A� in the brain35 and reduced levels of nepri-
lysin have been associated with AD.36 However, it is not
known if decreased neprilysin is associated with the
presence of the �4 allele. In addition, while both IDE and
neprilysin degrade extracellular A�, IDE appears to be
more effective at degrading intracellular A�.8 It has been
postulated that deposition of A� may begin intracellularly;
thus inhibition of intracellular A� degradation by IDE may
be an important step in the pathology of AD.

Two previous studies examining IDE expression in AD
brain produced ambiguous results. One study by Bern-
stein et al27 reported increased IDE immunostaining in
AD neurons compared with controls, whereas a second
study by Perez et al4 found decreased IDE activity and
protein levels in AD brain. Both studies used small num-
bers of AD patients, however, which did not permit these
authors to investigate the potential modulating effect of
genetic factors such as APOE genotype. Furthermore,
neither study examined the hippocampus using quanti-
fied immunoblotting or in situ hybridization techniques.
These studies also were unable to address whether IDE
abnormalities were due to generic disease-related fac-
tors such as neuronal loss. Our study demonstrating
reduced IDE expression in AD using a larger number of

Figure 3. Quantitative in situ hybridization analysis of hippocampal IDE
mRNA expression in normal and LOAD subjects. A: Representative film
autoradiograms depicting the differences in expression of hippocampal IDE
mRNA in normal and Alzheimer’s (AD) subjects with (�4�) and without
(�4�) the APOE-�4 allele. B: Graphic representation of the quantitative
differences in IDE mRNA expression. Each bar represents the mean �/�
SEM. IDE mRNA is reduced in LOAD subjects with the �4 allele (gray bar)
compared to LOAD and normal subjects without the �4 allele (white bar) in
the dentate granular layer (DGL), hilus, and CA-2/3. In addition, IDE mRNA
is decreased in the hilus of normal �4� subjects compared to normal �4�
subjects. (*, P � 0.05, **, P � 0.01, ***, P � 0.001, †, P � 0.082).
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samples supports the Perez et al study.4 We also present
the additional finding that reduced IDE expression char-
acterizes �4-related disease but not non-�4-related dis-
ease. The fact that both groups have similar levels of
AD-related neuropathology and NSE protein levels pro-
vides evidence that reduced IDE is not an artifact of the
disease process.

In summary, evidence is accruing that IDE plays a
critical role in the degradation of A� in the human
brain.4–7 The present study is the first documentation of
reduced IDE expression in the brain of patients with
LOAD, and provides important evidence that such reduc-
tion characterizes patients with the APOE-�4 allele. As
such, these results provide a novel link between A� me-
tabolism and the only clearly established genetic risk
factor for LOAD, inheritance of the APOE-�4 allele.
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