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Abstract
The secretory sorting receptors carboxypeptidase E (CPE) and secretogranin III (SgIII)
critically activate peptidic messengers and targeting them at the regulated secretory
pathway. In Alzheimer’s disease (AD), the wide range of changes includes impaired
function of key secretory peptidic cargos such as brain-derived neurotrophic factor (BDNF)
and neuropeptides. Here, we analyzed CPE and SgIII in the cerebral cortex of AD patients
and transgenic mice. In the normal human cortex, a preferential location in dendrites and
perikarya was observed for CPE, whereas SgIII was mainly associated with axons and
terminal-like buttons. Interestingly, SgIII and CPE were consistently detected in astroglial
cell bodies and thin processes. In AD cortices, a strong wide accumulation of both sorting
receptors was detected in dystrophic neurites surrounding amyloid plaques. Occasionally,
increased levels of SgIII were also observed in plaque associate-reactive astrocytes. Of
note, the main alterations detected for CPE and SgIII in AD patients were faithfully
recapitulated by APPswe/PS1dE9 mice. These results implicate for the first time the sorting
receptors for regulated secretion in amyloid b-associated neural degeneration. Because
CPE and SgIII are essential in the process and targeting of neuropeptides and neuro-
trophins, their participation in the pathological progression of AD may be suggested.

INTRODUCTION
Alzheimer disease (AD) is the most prevalent neurodegenerative
disorder, characterized by profound cognitive dysfunction and
memory loss. The hallmarks of AD include occurrence of senile
plaques and neurofibrillary tangles, synaptic and neural loss, and
glia-mediated inflammation (13, 42). Moreover, aberrant function
of classical neurotransmitters, neuropeptides and growth factors
such as Ach, somatostatin and brain-derived neurotrophic factor
(BDNF) is also a feature of this disorder (6, 47, 51). Although the
pathogenesis of AD has not been established, identification of
amyloid-b (Ab) as the main component of senile plaques, together
with subsequent genetic studies, has sustained the critical
role of Ab in the etiology of AD over the last two decades (45).
In fact, considerable effort has been focused on inactivating
detrimental effects of Ab deposits through multiple anti-Ab
therapeutics (18).

Peptidic transmitters in neurons and endocrine cells are targeted,
processed and stored in the so-called dense-core vesicles (DCV)
and secretory granules, respectively. In response to a physiological
signal, secretion of neuropeptides, peptidic hormones and specific

growth factors, for example, BDNF, is triggered by regulated exo-
cytosis (7).Aggregates of granin family members with unprocessed
peptidic transmitters are critical for the biogenesis of these shuttle
organelles (23). Moreover, “secretory sorting receptors” play
crucial roles in connecting the core aggregates with the vesicular
membrane to target them at the regulated secretory pathway (20,
24). The enzyme carboxypeptidase E (CPE, also known as carbox-
ypeptidase H and enkephalin convertase) proteolytically actives
peptidic hormone and neuropeptide precursors (9, 16). In addition
to its exopeptidase activity, CPE has been revealed as a key
secretory sorting receptor targeting proopiomelanocortin/
adrenocorticotropic hormone and pro-BDNF at the regulated secre-
tory pathway in pituitary cells and hippocampal neurons (11, 27).
Secretogranin III (SgIII, originally identified as the 1B1075 gene
product) has been identified as another secretory sorting receptor,
which targets chromogranin A (CgA) at endocrine secretory
granules (19). Furthermore, through a cooperative mechanism,
proopiomelanocortin-derived peptides have been described as
being transferred from CPE to SgIII, and subsequently to CgA for
the efficient processing, storage and release of endocrine hormones
(21).
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Although SgIII and CPE are key components of the regulated
secretory pathway, study of them in the central nervous system
(CNS) have been poor. Moreover, to the best of our knowledge,
analyses of these proteins in the human brain have not yet been
performed. Recent reports could implicate these proteins in AD.
First, SgIII and CPE are downregulated in the cerebrospinal fluid
of AD patients (1, 38). Moreover, in vivo CPE elimination leads to
neuronal degeneration and memory deficits (49, 50). Here, we
analyze the expression of CPE and SgIII in the human cerebral
cortex and their changes in AD subjects. Strikingly, aberrant accu-
mulation of these sorting receptors was detected in senile plaques
of AD patients. Moreover, the recapitulation of human CPE and
SgIII alterations by amyloid-forming transgenic mice suggests a
role for Ab in impairing secretory sorting receptors in AD.

MATERIALS AND METHODS

Human brain tissues

Thirteen non-AD and 11 AD post-mortem human samples (aged
49–81; post-mortem delays between 2.15 and 8.5 h) were obtained
from the Institute of Neuropathology Brain Bank IDIBELL-
Hospital Universitari de Bellvitge (Hospitalet de Llobregat, Spain)
following approval by the local ethics committee. Subjects were
selected on the basis of post-mortem diagnosis of AD according
to Consortium to Establish a Registry for Alzheimer’s Disease
(CERAD) criteria (31). AD cases corresponded to Braak stages V
and VI. No neurological symptoms or signs were recorded in
control cases.

Transgenic mouse

The experiments were carried out on male APPswe/PS1dE9 mice
(n = 4) and wild-type littermates (n = 4) from The Jackson Labo-
ratory (Bar Harbor, ME, USA) (22). Genotypes were identified by
polymerase chain reaction (PCR) amplification of tail DNA. The
animal colony was kept under controlled temperature (22 � 2°C),
humidity (40–60%) and light (12-h cycles) conditions, and treated
in accordance with the European Community Council Directive
(86/609/ECC). The study was approved by the local ethical com-
mittee (University of Barcelona).

Antibodies

Polyclonal antibodies against SgIII were purchased from Sigma-
Aldrich (Diesenhofen, Germany) and Proteintech Group Inc.
(Chicago, IL, USA). Monoclonal and polyclonal antibodies
against CPE were obtained from BD Transduction Laboratories
(San Jose, CA, USA) and Proteintech Group Inc., respectively.
Antibodies against glial fibrillary acidic protein (GFAP), b-actin,
Ab, AT8 and voltage-dependent anion channel (VDAC) were from
Millipore Iberica (Madrid, Spain), DAKO (Glostrup, Denmark),
Innogenetics (Gent, Belgium) and Calbiochem (La Jolla, CA,
USA).

Immunohistochemistry

Human and mouse samples were fixed in 4% paraformaldehyde in
0.1 M phosphate buffer, pH 7.4, by immersion and intracardiac

perfusion, respectively. Animals were perfused under deep
anesthesia (ketamine hydrochloride/xylazine hydrochloride).
Brain samples were cryoprotected in a 30% sucrose solution,
frozen and sectioned with a cryostat. For peroxidase immunohis-
tochemistry, histological sections were soaked for 30 minutes in
phosphate buffered saline (PBS) containing 10% methanol and 3%
H2O2 and subsequently washed in PBS. Pretreatment with formic
acid was used to enhance labeling of plaques. To suppress nonspe-
cific binding, brain sections were incubated in 10% serum-PBS
containing 0.1% Triton X-100, 0.2% glycine and 0.2% gelatin for
1 h at room temperature. Incubations with the primary antibodies
were carried out overnight at 4°C in PBS containing 1% fetal calf
serum, 0.1% Triton X-100 and 0.2% gelatin. SgIII and CPE detec-
tion in human and mouse brains was indistinctively performed
with antibodies from different sources. Immunoglobulin binding
was detected with the avidin-biotin-peroxidase method (Vectastain
ABC kit, Vector Laboratories Inc., Burlingame, CA, USA). The
peroxidase complex was visualized by incubating the sections with
0.05% diaminobenzidine and 0.01% H2O2 in PBS. Some immu-
noreactions were enhanced with the cobalt-nickel coprecipitation
technique. Sections were mounted, dehydrated and coverslipped in
Eukitt® (Sigma-Aldrich).

For double-label peroxidase immunohistochemistry, the first
immunostaining was performed as above. The second immunola-
beling reaction was developed in a medium containing 0.01%
benzidine dihydrochloride, 0.025% sodium nitroprusside (Merck,
Darmstadt, Germany) and 0.005% H2O2 in PBS, pH 6 (37). Double-
label fluorescent immunohistochemistry was performed by incuba-
tion with different fluorochrome-conjugated secondary antibodies
(Alexa Fluor 488 and Alexa Fluor 568, Molecular Probes, Eugene,
OR, USA), and cell nuclei were stained with 4’,6-diamidino-2-
phenylindole (Molecular Probes). Endogenous autofluorescence
was quenched by Sudan Black B (Sigma-Aldrich) treatment. Sec-
tions were mounted with Mowiol (Merk Chemicals Ltd., Notting-
ham, UK) and observed with a Leica TCS SPE scanning confocal
microscope. The specificity of the immunostaining was tested by
preincubating the primary antibodies with an excess of antigen
(Proteintech Group Inc.), replacing the primary antibodies with an
equivalent concentration of nonspecific IgG and omitting them. No
immunostaining was observed in these conditions.

Electron microscopy

APPswe/PS1dE9 and wild-type mice aged 9 months were deeply
anaesthetized prior to intracardiac perfusion with 4% paraformal-
dehyde and 0.1% glutaraldehyde. Brains were removed, dissected
and then postfixed by immersion in 1% osmium tetraoxide.
Tissue specimens were embedded in epon-812 (Electron Micro-
scopy Sciences, Hatfield, PA, USA) and cut with an ultramicro-
tome. Semithin sections of the hippocampus, entorhinal cortex
and neocortex were stained with toluidine blue, and selected
ultrathin sections (70 nm) were subjected to an etching treatment
in order to expose hidden antigenic sites. Ultrathin sections were
incubated in a blocking and quenching free-aldehyde solution
prior to incubation with the primary antibodies. After washing,
the sections were incubated in a gold-conjugated secondary anti-
body (Agar, Monocomp, Madrid, Spain) and directly visualized
with a Jeol Jem 1011 electron microscope (JEOL GmbH,
München, Germany).
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Western blotting

Human brain tissues were homogenized in ice-cold lysis buffer
containing 50 mM Tris-HCl pH 7.4, 150 mM NaCl, 5 mM MgCl2,

1 mM EGTA, 1% Triton X-100 and protease inhibitor cocktail
(Roche Diagnostics GmbH, Mannheim, Germany). Samples of
postnuclear lysates were electrophoresed in 12% SDS-PAGE (Bio-
Rad Laboratories, Hercules, CA, USA) and then transferred to
nitrocellulose membranes (Whatman® Schleicher & Schuell,
Keene, NH, USA). The membranes were blocked in a solution
containing 5% nonfat milk powder in Tris-buffered saline and
Tween 20 (TBST; 140 mM NaCl, 10 mM Tris/HCl, pH 7.4 and
0.1% Tween 20) for 1 h at room temperature and then incubated
with primary antibodies in blocking buffer for 2 h at room tem-
perature. SgIII and CPE were detected with antibodies from
Sigma-Aldrich and BD Transduction Laboratories, respectively.
After several washes in blocking solution, the membranes were
incubated for 1 h with horseradish peroxidase-conjugated second-
ary antibodies (DAKO). Bound antibodies were visualized with
enhanced chemiluminescence reagents ECL™ (GE Healthcare,
Buckinghamshire, UK). Blot images were captured with a scanner.

RESULTS

CPE and SgIII are distributed in specific
neuronal and astroglial microdomains in
the human cerebral cortex

To study CPE and SgIII in the human cerebral cortex, we per-
formed an immunocytochemical analysis of samples from autop-
sies with different well-validated antibodies. We examined cortical
areas typically affected in AD, such the neocortex, the entorhinal
cortex, the subiculum and the hippocampal formation. In general,
we found that both proteins were abundant in all analyzed cortices,
although CPE immunostaining was more intense and more
extended than that for SgIII. Both proteins were widely detected
through the gray and white matter, associated with neuronal and
non-neuronal cell bodies and processes (Figures 1–3). Similar
results were consistently obtained using antibodies from different
sources (data not shown).

In the neocortex, robust CPE immunolabeling was detected
filling dendrites and neuronal perikarya. Dendritic staining was
found mainly in apical shafts running across the entire thickness of

Figure 1. CPE and SgIII protein expression in the neocortex. (A,B) In
the gray matter, an intense CPE immunoreaction is abundantly located
in dendrites and neuronal perikarya through all cortical layers (A), espe-
cially in inner levels (B), whereas varicose axons (inset in B) and glial-like
cells (arrows in B) are occasionally and faintly labeled, respectively. (C)
Two different images showing neuronal somata and processes (arrow-
heads) and numerous fibrous astrocytes (arrows) immunolabeled for
CPE in the white matter. (D,E) SgIII is detected in punctuate structures
through the neuropil (D), outlining neuronal perykaria and proximal den-

drites (arrowheads in E), and in interneuron somata (inset in E). (F,G) A
granular immunoreaction for both SgIII (F) and CPE (G) is located in
fibrous astroglial cell bodies and processes. (H,I) Confocal double
immunofluorescence showing the location of SgIII (arrows) and CPE
(open arrows) in the neuropil (H) and a neuronal soma (I). Note how
most punctate structures and dendrite shafts are differentially labeled
for SgIII and CPE. Scale bar in mm: A and D, 100; B and E–G, 25; C, 50;
inset in B, 10; inset in E, 25; H and I, 5. n = nucleus; asterisk = blood
vessel.
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the cortex (Figure 1A). The strongest immunoreactive somata
were located in inner cortical layers, including pyramidal and
multipolar neurons. CPE immunoreactivity was also detected in
some varicose axons and slightly in glial-like cells (Figure 1B). In
the white matter, scattered pyramidal/polymorphic and fusiform
neurons displayed high levels of CPE in the superficial and deep
regions, respectively (Figure 1C). Neuronal varicose processes and
numerous astroglial-like cells were positive for CPE in different
myelinated areas (Figure 1C,G).

Of note, a differential immunolabeling pattern was found in
the gray matter of neocortex for SgIII compared with CPE. Faint
SgIII labeling was detected within large pyramidal cell bodies
(Figure 1D). Somatic SgIII was mainly restricted to perinuclear
secretory organelles, whereas labeling in dendritic shaft was
weak or absent (Figure 1E). Characteristically, SgIII was found as
immunoreactive puncta throughout the neuropil, occasionally out-
lining neuronal perykaria and proximal dendrites (Figure 1E).

Scattered interneurons exhibited intense SgIII immunoreactivity
(inset in Figure 1E). Some glial-like cells and processes in the
outer layers also displayed this granin. In the white matter,
astrocyte-like cells and deep fusiform neurons were weakly
labeled for SgIII (Figure 1F).

The differential distribution of CPE and SgIII in neuronal
microdomains of the isocortex was further substantiated by double
confocal immunofluorescence. Numerous SgIII-containing puncta
were detected in the neuropil and frequently opposite CPE-positive
somata and dendrites of pyramidal neurons (Figure 1H,I). Only a
few SgIII-immunofluorescent puncta also exhibited CPE signal.
Moreover, a differential location was also detected inside large
pyramidal cell bodies. CPE entirely filled the perikaryon, whereas
SgIII antibodies faintly labeled structures around the nucleus,
apparently not overlapping with CPE (Figure 1I).

In the entorhinal cortex, subicular complex and the hippocam-
pus, the immunolabeling pattern of CPE was similar to that detected
in the neocortex. Pyramidal and nonpyramidal neurons displayed
intense CPE staining in dendritic shafts and perikarya
(Figure 2A,D,E). In dentate gyrus and CA regions CPE was mainly
detected in dendrites with a prominent laminar distribution,
whereas perikarya and proximal dendrites of subiculum and
entorhinal cortex were strongly labeled (Figure 2A). Subcellular
structures labeled for CPE included somatic and dendritic granular
compartments, varicose fibers and terminal-like buttons

Figure 2. CPE and SgIII protein expression in the hippocampus. (A)
CPE distribution in the hippocampus. (B) Pyramidal cell bodies labeled
for SgIII. (C,D) Granule-like compartments stained for SgIII (C) and CPE
(D) in CA1 pyramidal neurons. (E) A CPE-positive interneuron in the
stratum oriens. (F) CPE-labeled terminal-like buttons on a negative soma
in the hilus. (G) Pattern of SgIII immunolabeling in CA3 and the dentate
gyrus. (H) SgIII varicose fibers in the inner portion of the molecular layer
of the dentate gyrus. Scale bars in mm: A, 150; B, 50; C-F, 5; G, 1000,
H, 25. Abbreviations: so = stratum oriens; sp = stratum pyramidale;
sr = stratum radiatum; slm = stratum lacunosum-moleculare; ml =
molecular layer; gl = granular layer; h = hilus; DG = dentate gyrus.

Figure 3. Astroglial-identified cells express CPE and SgIII in the cer-
ebral cortex. (A, B) Confocal images illustrating double immunofluores-
cence of CPE and SgIII with GFAP in the white matter (A) and the upper
layers of the parietal cortex (B). Note the location of CPE in the perinu-
clear area and processes of astrocytes. In B, SgIII decorates punctuate
structures and thin processes exhibiting GFAP. Arrowheads indicate
yellow color in merge images. Nuclei are in blue color. Scale bar in mm:
A, 10; B, 5. M = meninge.
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(Figure 2D–F). The pattern of SgIII immunolabeling in the entorhi-
nal cortex was equivalent to that of the isocortex, where neural
somata and dendrites lacked this granin. In the hippocampus, mossy
fibers and the hilus were strongly labeled for SgIII (Figure 2G).
Neuronal perykaria contained abundant SgIII in CA and subicular
regions (Figure 2B,C). Marked SgIII immunoreaction was detected
in varicose fibers located in the inner portion of the molecular layer
of the dentate gyrus and the pyramidal layer of CA2 (Figure 2H).
Typically, puncta immunoreactive for SgIII outlined pyramidal
dendrites in CA2 (data not shown). Glial-like cells positive for CPE
and SgIII were mainly detected in the white matter.

Finally, we determined whether non-neuronal cells labeled for
CPE and SgIII in the human brain corresponded with astrocytes by
using double immunofluorescence. Star-shaped cells displaying
CPE were consistently decorated with the astroglial marker GFAP
in several cortical areas (Figure 3A). This colocalization was
particularly obvious in fibrous astrocytes of the white matter
(Figure 3A). CPE labeling was located in astroglial cell bodies
and processes, occasionally detected as a granule-like structure
(Figure 1G). Similar results were obtained for SgIII in GFAP-
identified astrocytes, however, as occurs in neurons, SgIII labeling
in astrocytes was weaker than that found for CPE. Characteristi-
cally, many glial processes in the outer layers of the cortex, most
likely glia limitants and interlaminar astrocytes, were differentially
labeled for SgIII (Figure 3B).

Taken together, these results show that CPE and SgIII are widely
expressed by neuronal and astroglial cell populations in the human

cerebral cortex. Moreover, a differential targeting of these sorting
receptors is strikingly evidenced in microdomains of specific neu-
ronal subsets.

CPE and SgIII are aberrantly accumulated in
cortical plaques of AD patients

To investigate alterations in CPE and SgIII in AD, we performed
immunological analyses of the cerebral cortex of patients and
age-matched controls. With Western blotting, a robust band around
55 kDa for CPE was detected in cortical tissues, whereas SgIII
mainly displayed two greater bands corresponding to the precursor
and mature forms (Figure 4A). No differences were found in the
intensity or the electrophoretical mobility of the bands in the
hippocampus (Figure 4A) and neocortex (data not shown) of AD
patients (n = 6) compared to controls (n = 6).

Although total levels of CPE and SgIII were preserved in the
AD cortices, dramatic changes in these two proteins were
revealed in the AD cerebral cortex (n = 6) compared with con-
trols (n = 7) with immunocytochemistry (Figure 4B–F). In
general, distribution patterns of CPE and SgIII appeared normal
in nonplaque areas of AD brains. Some sample-to-sample vari-
ability in the labeling intensity was detected in pyramidal cell
bodies, likely related to differences in specimen processing. A
striking accumulation of sorting receptors was widely found in
senile plaques (Figure 4C,D). CPE- and SgIII-positive plaques
were detected in the neocortex, mainly in superficial layers. In

Figure 4. CPE and SgIII are accumulated in senile plaques of AD
patients. (A) Western blots showing protein levels of CPE and SgIII in
homogenates of hippocampus from AD patients and age-matched con-
trols. Densitometric analyses revealed no significant differences among
groups in protein expression levels, normalized to b-actin (P > 0.05). The
mobility of molecular mass markers (in kDa) is indicated. (B–F) Aberrant
accumulation of SgIII (B,D,F) and CPE (C,E) are consistently detected in
AD plaques of different areas. (B) SgIII-labeled corona plaque in upper

layers of the neocortex, Nissl counterstaining in blue. (C,D) Arrows
indicate numerous plaques in the CA1 region of the hippocampus. (E)
CPE-positive dystrophic neurite (arrowheads) and a plaque (arrow) in the
white matter. (F) Double immunostaining against SgIII (brown) and Ab
(blue) in the hippocampus showing four double-labeled senile plaques
(arrows) and one lacking SgIII. Scale bar in mm: B, 20; C,D and F, 50;
E, 15.
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decreasing order, the sorting receptors were also observed in the
entorhinal cortex, subiculum, CA1 hippocampal region, molecu-
lar layer of the dentate gyrus and myelinated tracts. Double
immunocytochemistry showed that more than 90% the
Ab-labeled plaques were positive for CPE and SgIII (Figure 4F).
We observed different degrees of colocalization of CPE and
SgIII in senile plaques. Major overlapping between these pro-
teins was frequently detected in the same plaque (Figure 5),
although low colocalization and even single-labeled plaques were
also observed (data not shown).

To identify structures accumulating secretory sorting receptors
in AD plaques, different markers were used (Figures 6,7). Only a
small amount of CPE and SgIII labeling colocalized with Ab
deposits (Figure 6). Because an array of proteins destined for
secretion has been shown to co-deposit with Ab in senile plaques
(46), extracellular accumulation of secreted CPE and SgIII is
conceivable. Most of the aberrant CPE and SgIII signal in
plaques was associated with cellular structures in the vicinity of
both diffuse and focal Ab deposits (Figure 6). Typically, focal
Ab deposits were surrounded by a CPE- and SgIII-
immunoreactive corona (Figure 4B). Neuritic identity of CPE-
and SgIII-containing structures was determined by AT8 and
VDAC immunolabeling. Dystrophic neurites identified by the
pathological phosphorylated form of tau, recognized by AT8
antibodies, were also decorated for CPE and SgIII (Figure 6).
Moreover, both sorting receptors colocalized with the mitochon-
drial porin VDAC (Figure 6). Interestingly, CPE and SgIII colo-
calizations with dystrophic neurite markers were partial. This
observation suggests that a subpopulation, or certain microdo-
mains, of degenerating neurites specifically accumulates these
sorting receptors. Because CPE and SgIII are also expressed by
astrocytes, we performed double labeling with GFAP to deter-
mine alterations in plaque-surrounding activated glia. Detailed
inspection of immunofluorescence revealed that levels of sorting
receptor were occasionally increased in reactive astrocytes,
mainly for SgIII (Figure 7).

Finally, we evaluated whether CPE and SgIII accumulate in the
other hallmark of AD, the neurofibrillary tangles. As AT8 labeling
evidenced, no changes in the level of sorting receptors were found
in tangle-bearing neuronal somata (data not shown).

We conclude that CPE and SgIII are aberrantly accumulated in
degenerating neurites and activated astroglia of AD plaques.

Figure 5. Colocalization of SgIII with CPE in AD senile plaques. Confocal
images showing double immunofluorescence of SgIII and CPE in layer V
of the parietal cortex. Aberrant plaque structures display a high grade of
overlapping (yellow color in merge image, arrowheads). Note the differ-
ential distribution of SgIII (arrows) and CPE (open arrows) in the neuropil
and subcelullar locations around the nucleus. Scale bar: 5 mm.

Figure 6. Dystrophic neurites aberrantly
accumulate SgIII and CPE. Confocal double
immunofluorescence of SgIII with Ab and the
dystrophic neurite markers AT8 and VDAC in
senile plaques of the parietal cortex. SgIII
poorly and moderately colocalize with Ab and
AT8, respectively (arrowheads). Arrows and
open arrows indicate single labeling
structures. Image on the right shows
pathological enlarged neurites accumulating
CPE, the core of which exhibits VDAC.
Scale bar: 10 mm.
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APPswe/PS1dE9 transgenic mice mimic the
CPE and SgIII alterations found in AD subjects

Because Ab plays a key role in contributing to the main alterations
of AD, we next investigated the Ab involvement in CPE and SgIII
changes in vivo. We used amyloid-forming transgenic mice
APPswe/PS1dE9. In these mice, the APPswe mutation causes Ab
deposits, whereas the dE9 variant of PS1 accelerates the amyloid
pathology as early as 6 months of age (22). CPE and SgIII protein
expression were analyzed in 12-month-old transgenic and wild-
type animals. In general, the distribution pattern for both proteins
in the mouse brain was similar to that in the human brain (data not
shown). In control mice, strong CPE labeling was frequently
detected in neuronal dendrites and perikarya, whereas a weaker
signal for SgIII was observed mainly associated with punctate
structures and fibers. Moreover, both SgIII and CPE were detected
in astroglial cells. Of note, intense labeling for CPE and SgIII was
found in numerous plaques through all the CNS of transgenic
mice. These accumulations were evident in regions such as the
cerebral cortex, striatum, thalamus and cerebellum (Figure 8). As
in AD patients, CPE and SgIII were aberrantly accumulated in the
same plaques, where a high degree of colocalization was fre-
quently observed (Figure 9A,B). Double labeling of CPE and

SgIII with AT8, VDAC and Ab showed that sorting receptors were
mainly accumulated in dystrophic neurites surrounding Ab depos-
its (data not shown). To identify subcellular structures containing
CPE and SgIII in degenerating neurites we performed immuno-
gold labeling. At the ultrastructural level, dystrophic neurites were
packed with heterogeneous collections of vesicular and vacuolar
structures, including single- and double-membrane organelles, and
they were commonly filled with dense or multilamellar contents
(Figure 9C,D). CPE and SgIII labeling in dystrophic neurites was
associated with enlarged and autophagic-like vesicles, indicating
abnormal forms of vesicular compartments.

These results show that amyloid-forming transgenic mice accu-
rately recapitulate the aberrant CPE and SgIII accumulation
detected in AD dystrophic neurites.

DISCUSSION
In the present study, we show new and compelling evidence impli-
cating the sorting receptors of the regulated secretory pathway in
the Ab-induced neurodegeneration of AD. We report for the first
time the specific distribution of CPE and SgIII in neuronal and
glial cells in the healthy human brain. Moreover, a dramatic accu-

Figure 7. Increased levels of SgIII in
plaque-surrounding reactive astrocytes.
Confocal double immunofluorescence of
SgIII and GFAP in the AD hippocampus.
Hypertrophied GFAP-labeled astrocytes that
surround an amyloid plaque aberrantly contain
high levels of SgIII. Arrows and open arrows
indicate single labeling structures. Yellow
color in merge image indicates colocalization
(arrowheads). Scale bar: 25 mm.
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mulation of these sorting receptors in senile plaques of AD
patients and Ab-forming transgenic mice is demonstrated.

CPE and SgIII in the human cerebral cortex

In general, the distribution patterns of CPE and SgIII shown in this
study are in agreement with those formerly found in rodents (29,
34). However, some differential features were observed for the
human brain. First, we found immunolabeling for these two pro-
teins, robustly for CPE, in neuronal populations in both the super-
ficial and the deep white matter, whereas no information of this
kind has been reported for rodents. Moreover, human fibrous and
interlaminar-like astrocytes widely display CPE and SgIII. In

rodents, SgIII, but not CPE, was recently reported in astrocytes
in situ, mainly protoplasmic cells (37). Although differences
related to antibody cross-reactivity cannot be ruled out, species-
specific features in CPE and SgIII expressions are suggested. In
fact, several distinctions have been shown between human white
matter neurons and astrocytes and those of rodents (17, 33).

One of the most striking observations of this study is the differ-
ential localization of CPE and SgIII in neuronal subsets. A nice
study performed by Hosaka et al (21) demonstrated colocalization
and functional interaction between SgIII and CPE to facilitate
prohormone sorting in endocrine secretory granules. Therefore, an
overlapping localization for these sorting receptors would be
expected in subcellular neuronal domains. However, although both

Figure 8. SgIII and CPE accumulation in APPswe/PS1dE9 mice. (A)
SgIII distribution in wild-type (left) and transgenic (right) mice. Strong
SgIII accumulation is associated in plaques through hippocampus, neo-
cortex and thalamus of the APPswe/PS1dE9 mouse. In both genotypes,
mossy fibers are intensely labeled. (B) Higher magnification of the
transgenic hippocampus immunolabeled for SgIII. (C) CPE-positive

accumulations in the APPswe/PS1dE9 cerebellar cortex. Scale bars: A,
250 mm; B and C, 100 mm. Abbreviations: nc = neocortex; cc = corpus
callosum; CA = regions of the hippocampus; f = fimbria; hb = habenula;
th = thalamus; DG = dentate gyrus; so = stratum oriens; sp = stratum
pyramidale; sr = stratum radiatum; slm = stratum lacunosum-
moleculare; ml = molecular layer; gl = granular layer.

Figure 9. CPE and SgIII accumulation in
dystrophic neurites of transgenic mice. CPE
and SgIII colocalization in degenerating
neurites in the CA1 region of the
hippocampus (upper images) and
somatosensorial cortex (lower image) by
double confocal immunofluorescence. Blue
color labels cell nuclei. Ultrastructural images
show immunogold staining of SgIII and CPE
in autophagic-like (left) and enlarged (right)
vesicles in cortical dystrophic neurites. Scale
bars in mm: A, 10; B, 5; C and D, 0.5.
Abbreviations: so = stratum oriens;
sp = stratum pyramidale.
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proteins were present in axons, a predominant location in dendrites
was detected for CPE but not for SgIII. In contrast to what is found
in endocrine cells, these observations suggest a differential target-
ing of DCV sorting receptors in neurons, at least for distinctive
subpopulations. Although a lack of immunolabeling could reflect
protein levels below the detection threshold, the present differ-
ences between CPE and SgIII argue for differential targeting.
Previous studies have lent support to the idea of differential
routing of DCV cargo in neurons. For instance, in Aplysia bag cells
and hypothalamic neurons differential packaging and targeting
toward dendrites and nerve endings has been shown for neuropep-
tides and their processing endopeptidases (10, 26, 28, 35, 43).
Therefore, a potential role for CPE and SgIII in specialized sorting
and processing of DCV cargo in neuronal microdomains is
proposed.

The regulated secretory pathway in astrocytes

In recent years, a growing body of evidence has shown that astro-
cytes can release non-peptidic transmitters such as adenosine tri-
phosphate (ATP), glutamate and D-serine in a regulated fashion, to
influence excitability and plasticity of neuronal networks (2).
Regulated secretion for peptidic gliotransmitters has also been
reported in cultured astrocytes. For instance, in vitro release of the
hormones and growth factors atrial natriuretic peptide, neuropep-
tide Y and BDNF is triggered from astrocytes by different stimuli
(4, 25, 40). Moreover, signaling mechanisms, such as the cyclic
adenosine monophosphate (cAMP) pathway and the RE1-
silencing transcription factor/neuron-restrictive silencer factor
transcription factor, have been revealed to control regulated
peptide secretion from astroglial cells (36, 39). However, the iden-
tity and function of molecular components of this stimuli-
dependent secretory pathway in astrocytes are largely unknown.
The present results showing that CPE and SgIII are expressed by
astrocytes in human brain sections support the competence of
these glial cells for regulated secretion of peptidic messengers in
vivo. Therefore, as what we might call “professional” secretory
cells, we propose an important role for these two sorting receptors
in the trafficking and secretion of peptidic transmitters in astroglial
cells in vivo.

Involvement of CPE and SgIII in AD

Here, we show for the first time that CPE and SgIII are dramati-
cally accumulated in senile plaques of AD patients and transgenic
mice. Aberrant levels of secretory sorting receptors are occasion-
ally located in plaque-surrounding astrocytes, whereas the main
accumulation corresponds within dystrophic neurites. Because
activated astrocytes overexpress SgIII in rodents (37), increased
levels of secretory sorting receptors in reactive astrocytes around
human senile plaques were expected. Moreover, the BDNF over-
expression previously found in plaque-associated astrocytes of AD
transgenic mice suggests that Ab deposits coordinately alter the
expression of trophic factors and their secretory components in
glial cells (5).

Typically, CPE and SgIII were markedly accumulated in dys-
trophic neurites close to Ab deposits in both AD patients and
transgenic mice. The lack of overlapping observed in some aber-
rant neurites may be related to their differential distribution in

neurons, mentioned above. The accumulation of sorting receptors
in dystrophic neurites likely indicates retention of DCV. This sug-
gestion is supported by previous reports showing accumulation of
classical granins and DCV cargos in AD dystrophic neurites, such
as CgA, Secretogranin II and BDNF (5, 15, 48). Because typical
markers of synaptic vesicles, small clear vesicles, are defective in
dystrophic neurites (ie, synapsin and synaptophysin) (14), a pre-
dominant accumulation of peptide-containing vesicles in plaque-
associate neuronal projections is plausible. Interestingly, the
aberrant intracellular increase of CPE and SgIII agrees with the
extracellular downregulation reported in cerebrospinal fluid of AD
patients (1, 38), which suggests impairment in trafficking and
secretion of these proteins. Furthermore, as proposed for some
classical granins (3), SgIII and CPE could serve as diagnostic
biomarkers of AD.

Of note, the aberrant accumulation of CPE and SgIII detected in
dystrophic neurites of AD patients was faithfully recapitulated by
APPswe/PS1dE9 mice. Because transgenic animals produce Ab
and develop amyloid plaques, a critical role for Ab leading to
neuritic CPE and SgIII alterations in AD is suggested. In agree-
ment, previous studies performed on cultured cells have shown
that Ab disrupts trafficking of BDNF-containing DCV, likely
impairing neurite transport (12, 44). Recent in vivo observations,
showing that amyloid deposition precedes neuritic pathology in
APPswe/PS1dE9 mice, support a mediation of plaque-associated
Ab changing secretory sorting receptors in AD (30). Although
CPE and SgIII accumulation may represent a late-stage effect of
neuritic dystrophy in AD, a contribution of these proteins in the
neuropathological progression of AD may be suggested. It has
been shown that improving levels of growth factors and neuropep-
tides, typically decreased in AD and sorted to the regulated secre-
tory pathway (ie, BDNF and somatostatin), partially recover
AD-altered neural circuitries (32, 41). Therefore, beyond tran-
scriptional mechanisms, we propose that aberrant accumulation of
CPE and SgIII may participate in AD progression by altering
sorting, processing and secretion of DCV cargos critical in this
neurodegenerative disease. In this view, the elimination of CPE
leads to abnormal dendritic pattering, neuronal degeneration and
memory deficits (8, 49, 50).

In conclusion, we show here for the first time the differential
distribution of CPE and SgIII in neuronal and astroglial microdo-
mains in the human cerebral cortex. Moreover, Ab-associated
accumulation of CPE and SgIII in AD dystrophic neurites and
activated astroglia is uncovered. These data implicate the process-
ing enzymes and sorting receptors for the regulated secretion of
neuropeptides and neurotrophins in AD neural degeneration.
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