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Reelin regulates nervous system development and modulates synaptic plasticity in the adult brain. Several findings suggest that alter-
ations in Reelin signaling may contribute to neuronal dysfunction associated with Alzheimer’s disease (AD). Cell surface receptors for
Reelin, including integrins and very-low-density lipoprotein receptor/apolipoprotein E2 receptor, may be targets of amyloid-� (A�)
peptides presumed to play key roles in the pathogenesis of AD. Reelin also regulates the extent of tau phosphorylation. Finally, increased
amounts of Reelin fragments have been found in CSF from AD patients, suggesting altered processing of Reelin. We therefore hypothe-
sized that Reelin levels might be altered in the brains of human amyloid precursor protein (hAPP) transgenic mice, particularly in brain
regions vulnerable to AD such as hippocampus and entorhinal cortex. Compared with nontransgenic controls, hAPP mice had signifi-
cantly fewer Reelin-expressing pyramidal cells in the entorhinal cortex, the major population of glutamatergic neurons expressing Reelin
in the brain. Western blot analysis of the hippocampus, which receives projections from the entorhinal cortex, revealed significant
reductions in Reelin levels. In contrast, the number of Reelin-expressing GABAergic interneurons was not altered in either the entorhinal
cortex or the hippocampus. Thus, neuronal expression of hAPP/A� is sufficient to reduce Reelin expression in a specific population of
entorhinal cortical pyramidal neurons in vivo. Underscoring the relevance of these findings, we found qualitatively similar reductions of
Reelin-expressing pyramidal neurons in the entorhinal cortex of AD brains. We conclude that alterations in Reelin processing or signal-
ing may be involved in AD-related neuronal dysfunction.
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Introduction
Although the precise cellular and molecular mechanisms under-
lying Alzheimer’s disease (AD) remain to be defined, a great deal
of evidence suggests that the human amyloid precursor protein
(hAPP) and hAPP-derived amyloid-� (A�) peptides play central
roles in its pathogenesis (Tanzi and Bertram, 2005). Oligomeric
assemblies of A� can impair synaptic functions directly by block-
ing or aberrantly stimulating receptors or indirectly by affecting
the levels of other proteins that maintain or enhance synaptic
plasticity (Verdier et al., 2004; Walsh and Selkoe, 2004;
Townsend et al., 2006). Signaling pathways that might contribute

to A�-induced impairments of synaptic plasticity include the
Reelin pathway.

Reelin is a glycoprotein of the extracellular matrix whose lev-
els are altered in the CSF and cortex of AD patients (Saez-Valero
et al., 2003; Botella-López et al., 2006). During development,
Reelin is involved in neuronal migration and positioning (Tissir
and Goffinet, 2003). In the mature brain, it modulates neuronal
function and synaptic plasticity and regulates tau phosphoryla-
tion as well as axonal growth and dendritic spine morphology
(Hiesberger et al., 1999; Liu et al., 2001; Fatemi, 2005; Herz and
Chen, 2006; Qiu et al., 2006). Reelin also enhances the induction
of long-term potentiation (LTP), likely related to its effects on
NMDA receptor function (Weeber et al., 2002; Beffert et al., 2005;
Chen et al., 2005) and its ability to stimulate the translation of
dendritically expressed transcripts, such as the mRNA encoding
activity-regulated cytoskeletal protein Arc (Dong et al., 2003).

In most of the brain, Reelin is expressed by GABAergic inter-
neurons that locally regulate the activity and function of neigh-
boring glutamatergic neurons (Pesold et al., 1998; Ramos-
Moreno et al., 2006). Interestingly, Reelin is also expressed by
glutamatergic pyramidal neurons in layer II of the rodent ento-
rhinal cortex (Pesold et al., 1998; Ramos-Moreno et al., 2006), a
population of neurons affected early and severely by AD (Blen-
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now et al., 2006). These neurons project
primarily to the dentate gyrus and CA1 of
the hippocampus (van Groen et al., 2003;
Ramos-Moreno et al., 2006), which is also
very vulnerable to AD (Blennow et al.,
2006). Although Reelin does not appear to
undergo calcium-dependent exocytosis
(Lacor et al., 2000), its localization in se-
cretory vesicles, axons, and dendritic
spine-rich neuropils suggests that it may
be released from both the cell soma and
synaptic terminals (Pesold et al., 1998; La-
cor et al., 2000; Pappas et al., 2001; Ramos-
Moreno et al., 2006). Reelin immunoreac-
tivity is also present in axonal projections
of glutamatergic pyramidal neurons in
layer II of the entorhinal cortex (Ramos-
Moreno et al., 2006), suggesting that Ree-
lin produced by these cells is transported
down axons and may impact neuronal
function in target regions such as the den-
tate gyrus and CA1.

The ability of Reelin to modulate neu-
ronal and synaptic functions, together
with its pattern of localization, suggests
that alterations in Reelin or related signal-
ing pathways may play a role in the patho-
genesis of A�-induced neurological de-
cline. To test this hypothesis, we examined
the levels and distribution of Reelin in
brains of hAPP transgenic mice that have
A�-dependent synaptic and behavioral
deficits.

Materials and Methods
Transgenic mice and human brain tissues. hAPP
transgenic line J20 produces hAPP carrying the
Swedish (K670N, M671L) and Indiana (V717F)
familial AD (FAD) mutations (hAPP770
numbering); line I5 produces wild-type hAPP
(hAPPWT) at comparable levels. Transgene ex-
pression in both lines is directed by the platelet-
derived growth factor � chain promoter (Rock-
enstein et al., 1995; Mucke et al., 2000). The
lines had been crossed for �10 generations
onto a C57BL/6 background using nontrans-
genic mice from The Jackson Laboratory (Bar
Harbor, ME). Unless indicated otherwise, mice
were evaluated at 6 – 8 months of age. Mice were
anesthetized and flush perfused transcardially
with PBS. Hemibrains were fixed in 4% phos-
phate-buffered paraformaldehyde or stored at
�70°C. All experiments were approved by the
Institutional Animal Care and Use Committee
of the University of California, San Francisco.

Frozen blocks of human postmortem tissue
containing entorhinal cortex from AD cases and nondemented con-
trols were obtained from the Alzheimer’s Disease Research Center
and New York Brain Bank at Columbia University Medical Center.
Tissue blocks were thawed and fixed in 4% phosphate-buffered para-
formaldehyde for 48 h.

Immunohistochemistry. For mouse brain sections, sliding microtome
sections (30 �m) were avidin-biotin/immunoperoxidase stained using
an anti-Reelin antibody (clone G10; Millipore, Bedford, MA) followed by
biotinylated donkey anti-mouse (1:200; Vector Laboratories, Burlin-

game, CA) as the secondary antibody. Diaminobenzidine was used as the
chromagen. For fluorescence immunohistochemistry, the following pri-
mary antibodies were used: anti-Reelin (1:100), anti-GAD67 (1:1000;
Millipore), anti-Disabled 1 (Dab1) (Millipore), and anti-microtubule-
associated protein 2 (MAP2) (1:100; Millipore). Fluorescein-labeled
donkey anti-mouse (1:300; Jackson ImmunoResearch, West Grove, PA)
and Texas Red-labeled goat anti-rabbit (1:300; Jackson ImmunoResearch)
were used as secondary antibodies. Immunofluorescence was visualized by
confocal microscopy (Radiance 2000; Bio-Rad, Hercules, CA). Each group
of mice (transgenic line and age) was processed as an independent experi-

Figure 1. Two populations of neurons in the mouse entorhinal cortex express Reelin. A, Low-magnification view of a horizontal
brain section from a nontransgenic mouse immunostained for Reelin. The stippled line delineates the entorhinal cortex and the
solid line the population of pyramidal neurons in layer II that express Reelin. Inset, High-magnification view of layer II of the
entorhinal cortex. Arrow points to a Reelin-expressing pyramidal neuron. B, C, Double immunostaining for Reelin (green) and for
GAD67 (red), a marker of GABAergic neurons. Overlay in B demonstrates that Reelin is expressed by glutamatergic pyramidal
neurons (arrow) and by GABAergic interneurons (arrowhead). Overlay in C illustrates the presence of GAD67-positive terminals
(arrows) surrounding the cell body of a Reelin-positive pyramidal cell.
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ment. Nontransgenic and hAPP mice within each age group were processed
simultaneously. Numbers of Reelin-immunoreactive (IR) neurons were de-
termined by counting labeled cells in layer II of the entorhinal cortex in every
10th serial horizontal section throughout the dorsoventral extent of the en-
torhinal cortex.

For human brain sections, sliding microtome sections (60 �m) were
subjected to antigen retrieval (incubation in citrate buffer, pH 6) and
treatment with 90% formic acid before incubation with anti-Reelin an-
tibody (mAb 142; Millipore) and then with biotinylated donkey anti-
mouse (1:200; Vector Laboratories) as secondary antibody. Diamino-
benzidine was used as the chromagen. For cresyl violet staining, sections
were mounted on glass slides and incubated in 0.5% cresyl violet solu-
tion. After clearing of excess solution in 70% ethanol with 0.1% acetic
acid, sections were dehydrated with an ethanol series and incubated in
xylenes.

Western blot and quantitative fluorogenic reverse transcription-PCR. A
McIlwain tissue chopper was used to cut mouse hemibrains into 450-
�m-thick horizontal sections from which the dentate gyrus, CA1, and
entorhinal cortex were microdissected on ice. For protein analysis, den-
tate gyrus or CA1 samples from each hemibrain were pooled and homog-
enized on ice in buffer containing 320 mM sucrose, 10 mM Tris-HCl, pH

7.4, 10 mM EDTA, 10 mM EGTA, 1% deoxy-
cholate, 1 mM PMSF, phosphatase inhibitor
cocktails I and II (Sigma, St. Louis, MO), and
protease inhibitor cocktail (Roche, Indianapo-
lis, IN). Samples were then briefly sonicated on
ice and centrifuged at 5000 � g for 10 min.
Equal amounts of protein (determined by
Bradford assay) were resolved by SDS-PAGE on
4 –12% gradient gels and transferred to nitro-
cellulose membranes. Membranes were probed
with anti-Reelin antibody (1:1000), followed by
incubation with HRP-conjugated goat anti-
mouse IgG (1:10,000; Millipore) as secondary
antibody. Bands were visualized by ECL and
quantitated densitometrically with Quantity
One 4.0 software (Bio-Rad).

For quantitative fluorogenic reverse tran-
scription (RT)-PCR, RT reactions contained
150 ng of total RNA (DNase-treated) and ran-
dom hexamer plus oligo-dT primers. Diluted re-
actions were analyzed with SYBR green PCR
reagents and an ABI Prism 7700 sequence detec-
tor (Applied Biosystems, Foster City, CA).
cDNA levels of Reelin, synaptophysin, and calbi-
ndin were determined relative to standard curves
from pooled samples. The slope of standard
curves, control reactions without RT, and disso-
ciation curves of products indicated adequate
PCR quality. Primer sequences were as follows:
Reelin, 5�-AAGCTTTGGCAGTGCCAGACT-3�,
5�-AAAGGACGTGATTAGCTGCCG-3�; synap-
tophysin, 5�-GTTGGGAGCTGTGAGGTGAG-
TT-3�, 5�-GGGAGTCAGTAAGGGACAT-TT-
CG 3�; and calbindin, 5�-GGAAAGGAGCTGC-
AGAACTTGAT-3�, 5�-TTCCGGTGATAGCT-
CCAATCC-3�.

Statistical analyses. Statistical analyses were
performed with Statview 5.0 (SAS Institute,
Cary, NC). Differences between means were as-
sessed by Student’s t test.

Results
Reelin is expressed in two populations
of cells in the mouse entorhinal cortex
Although the majority of Reelin-
expressing neurons in the cortex are
GABAergic interneurons, glutamatergic
pyramidal neurons in layer II of the ento-

rhinal cortex also express Reelin at high levels (Fig. 1A), consis-
tent with previous findings (Pesold et al., 1998; Ramos-Moreno
et al., 2006). Double labeling of cells for Reelin and for GAD67, a
marker of GABAergic interneurons, demonstrated that the large
pyramidal neurons in layer II of the entorhinal cortex express
Reelin but not GAD67, whereas smaller neurons outside of the
strip of large pyramidal neurons expressed both Reelin and
GAD67 (Fig. 1B). High-magnification micrographs illustrate the
presence of GAD67-positive terminals surrounding the cell body
of a Reelin-positive, GAD67-negative pyramidal cell (Fig. 1C,
arrows).

The number of pyramidal cells expressing Reelin in the
entorhinal cortex is decreased in hAPPFAD mice
hAPPFAD transgenic mice from line J20 have high levels of A� in
the brain and show plaque-independent deficits in learning and
memory that correlate tightly with alterations in synaptic
activity-related signaling pathways in the dentate gyrus (Mucke et
al., 2000; Palop et al., 2003, 2005; Chin et al., 2005). At 6 months

Figure 2. The number of Reelin-expressing pyramidal cells in the entorhinal cortex is decreased in hAPPFAD mice. A, Horizontal
sections from nontransgenic (NTG) controls and hAPPFAD mice illustrating Reelin immunoreactivity. B, Reelin-positive cells were
counted in every 10th section throughout the dorsoventral extent of the entorhinal cortex. hAPPFAD mice (black bars) had a
significant reduction in Reelin-IR pyramidal cells, but not interneurons, at 6 –7 (left) and 12–16 (middle) months of age (n �
10 –14 mice per genotype and age). In contrast, hAPPWT mice (gray bars; n � 7– 8 mice per genotype) did not differ from
nontransgenic controls in Reelin-IR pyramidal cells or interneurons (right). ***p � 0.001 versus nontransgenic.
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of age, hAPPFAD mice had an �30% de-
crease in the number of Reelin-expressing
pyramidal cells in layer II of the entorhinal
cortex compared with nontransgenic con-
trols (Fig. 2A,B), and none of the mice had
plaques in the entorhinal cortex (data not
shown). hAPPFAD mice had a similar de-
crease in Reelin-expressing pyramidal cells
at 12–16 months (Fig. 2A,B). In contrast,
the number of smaller, nonpyramidal
Reelin-expressing neurons, which most
likely represent interneurons, was simi-
lar in hAPPFAD mice and nontransgenic
controls in both age groups (Fig. 2 B). No
changes were found in the numbers of
Reelin-expressing cells (pyramidal cells
or interneurons) in the entorhinal cor-
tex of 12- to 16-month-old hAPPWT

mice (Fig. 2 B).
The decrease in the number of Reelin-

expressing pyramidal neurons in hAPPFAD

mice likely reflects a decrease in Reelin ex-
pression rather than a loss of Reelin-
expressing neurons, because we saw no
overt neuronal loss in brain sections dou-
ble labeled for Reelin and the general neu-
ronal marker MAP2 (Fig. 3A). Quantita-
tive fluorogenic RT-PCR analysis of
entorhinal cortex lysates revealed lower
Reelin mRNA levels in hAPPFAD mice than
nontransgenic controls (Fig. 3B, top). Lev-
els of synaptophysin mRNA in the ento-
rhinal cortex of hAPPFAD mice were also
decreased(Fig.3B,middle),whereascalbin-
din mRNA levels were not (Fig. 3B, bot-
tom), suggesting differential alterations in
the expression of synaptic activity-related gene products.

Reelin protein levels are decreased in the hippocampus of
hAPPFAD mice
Layer II pyramidal neurons of the entorhinal cortex project to the
molecular layer of the dentate gyrus and the stratum lacunosum
of area CA1 (van Groen et al., 2003). Reelin expressed by these
neurons is found not only in their cell bodies but also appears to
be transported down their axons and released at terminals in the
dentate gyrus and stratum lacunosum, resulting in a diffuse pat-
tern of Reelin immunoreactivity in these regions (Ramos-
Moreno et al., 2006). We also observed this type of diffuse immu-
nostaining for Reelin in the molecular layer of the dentate gyrus
and the stratum lacunosum of CA1 (Fig. 1A). To determine
whether Reelin levels are decreased in these regions in hAPPFAD

mice, we compared lysates from the dentate gyrus or CA1 of
hAPPFAD mice and nontransgenic controls by Western blot anal-
ysis with a monoclonal antibody (clone G10) that recognizes the
N-terminal region of Reelin (Fig. 4A). In both the dentate gyrus
and CA1 (Fig. 4B,C), hAPPFAD mice had decreased levels of full-
length Reelin and of the 180 kDa fragment that is produced by
extracellular cleavage of secreted Reelin (Tissir and Goffinet,
2003). These findings suggest that hAPP/A�-induced reductions
in Reelin expression by layer II pyramidal neurons in the ento-
rhinal cortex may reduce the amount of Reelin that is released
into specific subregions of the hippocampus.

The number of pyramidal cells expressing Reelin in the
entorhinal cortex is decreased in AD brains
Cajal-Retzius cells in layer I of the human entorhinal cortex ex-
press Reelin and are not altered in AD (Martin et al., 1999; Riedel
et al., 2003). However, to our knowledge, neither Reelin expres-
sion in pyramidal neurons of layer II nor AD-related alterations
in expression has been described in humans. Using a monoclonal
antibody that recognizes human Reelin in tissue sections (Riedel
et al., 2003), we found that human entorhinal pyramidal neurons
in layer II also express Reelin (Fig. 5A). Reelin-expressing pyra-
midal neurons were grouped into “cell islands,” reflecting the
typical distribution of layer II pyramidal neurons in the human
entorhinal cortex (Beall and Lewis, 1992; Insausti et al., 1995).

We also examined Reelin expression in sections from humans
without dementia [clinical dementia rating (CDR) 0] or with
moderate (CDR 2) to severe (CDR 3) autopsy-confirmed AD.
Sections from the control group revealed normal Reelin expres-
sion in the entorhinal cortex (Fig. 5B, left column). In contrast,
sections from AD patients exhibited fewer Reelin-positive layer II
pyramidal neurons (Fig. 5B, middle and right columns). Cresyl
violet staining indicated that a large proportion of the AD-related
reduction in Reelin-expressing neurons in the entorhinal cortex
may be attributable to loss of pyramidal neurons, which has been
documented previously (Gomez-Isla et al., 1996; Kordower et al.,
2001; Morrison and Hof, 2002). However, we were able to detect
cresyl violet-stained pyramidal neurons in CDR 3 samples, al-

Figure 3. hAPPFAD mice have decreased levels of Reelin and synaptophysin mRNAs in the entorhinal cortex but no overt
neuronal loss. A, Immunostaining of the entorhinal cortex for Reelin (green) and MAP2 (red) demonstrates comparable overall
MAP2 staining and fewer double-labeled pyramidal cells in hAPPFAD mice than in nontransgenic (NTG) controls. B, Quantitative
fluorogenic RT-PCR analysis of entorhinal cortex lysates demonstrates decreased Reelin mRNA levels (top) in hAPPFAD mice
relative to nontransgenic controls. Although mRNA levels of other synaptically localized proteins such as synaptophysin were also
decreased (middle), not all proteins that can influence synaptic functions were decreased (bottom). rel., Relative. *p � 0.05.
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though we did not observe any Reelin-expressing pyramidal neu-
rons (Fig. 5B, right column).

Discussion
The current study demonstrates that neuronal expression of
hAPP/A� decreases the number of Reelin-expressing pyramidal
neurons in layer II of the entorhinal cortex and reduces Reelin
levels in hippocampal target regions of these neurons. Given the
ability of Reelin to enhance synaptic plasticity (Weeber et al.,
2002; Beffert et al., 2005; Chen et al., 2005), our results suggest
that decreased levels of Reelin in these neurons could contribute
to AD-related impairments in memory and other cognitive func-
tions. Indeed, we found that these neurons do express Reelin in
the human entorhinal cortex. Moreover, these neurons lose Ree-
lin expression and/or die in AD. Interestingly, Reelin levels in the
frontal cortex, measured by Western blot analysis, are increased
in AD (Botella-López et al., 2006). It is conceivable that the in-
creased Reelin levels in the frontal cortex of AD brains reflect the
kind of hyperactivation of frontal areas that is presumed to com-
pensate for the failure of more vulnerable brain regions (Buckner,
2004; Pariente et al., 2005; Palop et al., 2006).

At 12–16 months, hAPPFAD mice had marked reductions in

Reelin-expressing pyramidal cells in the
entorhinal cortex relative to nontrans-
genic controls, whereas hAPPWT mice did
not (Fig. 2B). Because hAPP levels are
comparable in hAPPFAD and hAPPWT

mice whereas A� levels are much higher in
hAPPFAD mice than hAPPWT mice (Mucke
et al., 2000), these findings support the
hypothesis that the Reelin depletion in
hAPPFAD mice is caused by A�. Decreased
Reelin expression was evident in the ento-
rhinal cortex of hAPPFAD mice by 6 –7
months, although no A� deposits were
found in this region at this age. Additional
studies are needed to determine whether
soluble nonfibrillar forms of A� (Walsh
and Selkoe, 2004; Lesné et al., 2006) are
responsible for altering Reelin expression
in hAPPFAD mice and also in AD.

Although Reelin is also expressed in
GABAergic interneurons (Fig. 1), we did
not find changes in the number of Reelin-
expressing interneurons in the entorhinal
cortex (Fig. 2) or the hippocampus (data
not shown). Therefore, the decreased lev-
els of Reelin we detected in the hippocam-
pus may reflect decreased release of Reelin
from projections originating in the ento-
rhinal cortex. Although additional studies
are needed to elucidate why glutamatergic
pyramidal cells in the entorhinal cortex are
especially vulnerable to A�-induced Ree-
lin depletion, several lines of evidence sug-
gest that this molecular alteration could
have important functional consequences.

Binding of Reelin to very-low-density
lipoprotein receptor/apolipoprotein E2
receptor (VLDLR/ApoER2) or integrins
on the cell surface triggers intracellular
molecular cascades that can influence
NMDA receptor-dependent signaling
pathways (Fatemi, 2005; Qiu et al., 2006).

For example, binding of Reelin to VLDLR/ApoER2 recruits src-
family kinases to phosphorylate the NR2B subunit of NMDA
receptors, potentiating calcium influx through the receptors (Be-
ffert et al., 2005; Chen et al., 2005). Such activities of Reelin are
thought to underlie its ability to enhance long-term potentiation
(Weeber et al., 2002) and are necessary for hippocampus-
dependent learning and memory (Beffert et al., 2005). By binding
integrins, Reelin enhances the expression of the activity-
regulated cytoskeletal protein Arc (Dong et al., 2003), which is
critical for LTP maintenance and memory consolidation
(Guzowski et al., 2000; McIntyre et al., 2005; Plath et al., 2006;
Tzingounis and Nicoll, 2006). Interestingly, hAPPFAD mice have
decreased hippocampal levels of Arc and phosphorylated NR2B,
as well as LTP reductions and memory impairments (Chapman
et al., 1999; Palop et al., 2003, 2005; Chin et al., 2005; Kobayashi
and Chen, 2005). The current study raises the possibility that
decreased levels of Reelin in the entorhinal cortex and hippocam-
pus of hAPPFAD mice may underlie or exacerbate their deficits in
hippocampal NMDA receptor-dependent signaling, synaptic
plasticity, and related cognitive functions.

For cells to respond to Reelin, they must express not only the

Figure 4. Reelin levels are decreased in the hippocampus of hAPPFAD mice. A, Schematic illustrating full-length Reelin and the
fragments produced by extracellular cleavage. Monoclonal antibody G10, used for both immunostaining and Western blot anal-
yses, binds to Reelin where indicated. B, C, Western blot analysis of protein lysates from dentate gyrus (B) or CA1 (C) demonstrates
a significant reduction in Reelin levels in hAPPFAD mice (n � 10 mice per genotype). Equal protein, determined by Bradford assay,
was loaded in each lane. #p � 0.06; *p � 0.05; **p � 0.01 versus nontransgenic (NTG).
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appropriate cell surface receptors but also the obligatory signal
transducing protein Dab1 (Howell et al., 1997; Sheldon et al.,
1997; Förster et al., 2006). Interestingly, Dab1 mRNA is expressed
in layer II pyramidal neurons of the developing entorhinal cortex
(Meyer et al., 2003), and we detected both Reelin and Dab1 im-
munoreactivities in these neurons in the adult mouse brain (data
not shown). These findings suggest that Reelin may fulfill auto-
crine regulatory functions in the entorhinal cortex. A�-induced
decreases in Reelin could disrupt this regulation and set in mo-
tion a vicious cycle that impairs neuronal functions in this brain
region as well as in target regions such as the hippocampus.
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