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The early endosome is the first vacuolar compartment along the
endocytic pathway. It is the site of internalization and initial
processing of amyloid precursor protein (APP) and apolipopro-
tein E (ApoE), two proteins of etiological importance in Alzhei-
mer’s disease, and a putative site of b-amyloid peptide (Ab)
formation. Here, we identify early endosomes in human pyra-
midal neurons, using specific compartmental markers and mor-
phometry, and show that in Alzheimer’s disease individual en-
dosomes display up to 32-fold larger volumes than the normal
average. Endosomal enlargement contributed to an average
2.5-fold larger total endosomal volume per neuron, implying a
marked increase in endocytic activity. Endosomal alterations
were evident in most pyramidal neurons in Alzheimer brain,
detectable at early stages of the disease but absent in several
other neurodegenerative disorders examined. In addition, ma-

ture and proenzyme forms of the proteases cathepsin B and
cathepsin D, a candidate APP secretase, were identified in
most early endosomes in Alzheimer brains but were detectable
in only a minor proportion of endosomes in normal brain.
Expression of the cation-dependent 46 kDa mannose
6-phosphate receptor was elevated in pyramidal neurons of
Alzheimer brains, which could be a possible basis for the
altered cathepsin trafficking pattern. Enhanced endocytic ac-
tivity, coupled with increased trafficking to endosomes of pro-
teases, which may have the ability under pathological condi-
tions to generate Ab, constitutes a potential mechanism by
which b-amyloidogenesis may become accelerated in sporadic
AD and also be subject to influences by ApoE.
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The neuronal endocytic pathway is a finely controlled and effi-
cient intracellular trafficking system for internalizing and process-
ing extracellular nutrients and trophic factors, for recycling or
catabolizing receptors and other integral membrane proteins
after neurotransmitter release, and for directing information to
intracellular biosynthetic pathways. Endocytosis enables cells to
modify or degrade molecules within a continuum of morpholog-
ically and biochemically distinct vacuolar compartments. These
compartments include early and late endosomes and lysosomes,
which have different capabilities for processing substrates by pro-
teolysis (Diment et al., 1989; Casciola-Rosen and Hubbard, 1991;
Berg et al., 1995). A variety of acid hydrolases is packaged within
the Golgi apparatus and then trafficked by shuttle vesicles to these
compartments under the regulation of cation-dependent and
cation-independent mannose 6-phosphate receptors (MP-R).
The turnover of endocytosed materials originally was thought to
be limited to lysosomes, but it is known now that in certain
non-neuronal cells some acid proteases may be present in endo-

somes and can modify endocytosed proteins (Diment et al., 1989;
Casciola-Rosen and Hubbard, 1991; Berg et al., 1995).

Interest in the neuronal endosomal–lysosomal (E–L) system
and in the processing enzymes residing in its acidic compartments
has grown recently because of the pathophysiological importance
of this system in Alzheimer’s disease (AD). Proteins closely
linked to AD pathogenesis, such as altered amyloid precursor
protein (APP), the b-amyloid protein (Ab), and apolipoprotein E
(ApoE), are internalized and processed within the E–L system.
The E–L system, therefore, represents a shared cellular pathway
in which these etiological influences may converge. Our previous
studies (Nixon and Cataldo, 1993; Cataldo et al., 1995, 1996) of
AD brain revealed a marked upregulation of lysosomal activity at
an early stage in the metabolic compromise of neurons within
affected regions, including marked upregulation of acid hydrolase
synthesis and two- to sevenfold increases in the numbers of
lysosomes. The accumulation of various acid hydrolases within
late endosomes and lysosomes, including proteases with potential
APP secretase activities such as cathepsins B and D (Tagawa et
al., 1991; Nixon and Cataldo, 1993; Dreyer et al., 1994; Cataldo et
al., 1995, 1996; Evin et al., 1995), the release of these enzymes
after neuronal lysis (Nixon and Cataldo, 1993; Cataldo et al.,
1994, 1995, 1996), and their persistence extracellularly in associ-
ation with Ab deposits (Nixon and Cataldo, 1993; Cataldo et al.,
1994, 1995, 1996), has been observed only in disorders in which
Ab is accumulated, suggesting a link between E–L system abnor-
malities and b-amyloidogenesis.

In this study we used immunocytochemical and morphometric
approaches to identify neuronal early endosomes for the first time
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in situ. We used an antibody to rab5, the monomeric GTP-binding
protein that modulates transport kinetics between the plasma
membrane and early endosomes (Gorvel et al., 1991; Bucci et al.,
1992; de Hoop et al., 1994), to label specifically the early endo-
somes. In cultured non-neuronal and neuronal cells, rab5 is local-
ized selectively to early endosomes and, to a lesser extent, clathrin-
coated vesicles and the plasmalemma. Immunocytochemical
markers of late endosomes (cation-independent 215 kDa MP-R)
and lysosomes [acid hydrolases and lysosome-associated membrane
proteins (LAMPs)] used in our previous studies (Cataldo et al.,
1996), as well as cellular size and location criteria, enabled us to
distinguish among the major acidic compartments that make up the
E–L system. In doing this, we identified striking alterations in the
size and volume of early endosomal compartments in neurons of
affected regions of AD brains, as well as in the localization pattern
of acid hydrolases, in both their pro- and mature forms within these
same compartments. These results, which support upregulation of
endocytosis and increased hydrolase delivery to early endosomes
in neurons of vulnerable regions of AD brains, suggest how
b-amyloidogenesis may be initiated in the early endocytic pathway
and how ApoE may exert its influence on AD pathogenesis.

MATERIALS AND METHODS
Tissue. Postmortem brain tissue from nine individuals with the probable
clinical diagnosis of AD and eight age-matched 62- to 78-year-old neu-
rologically normal controls were used in this study. Tissue was procured
from the Harvard Brain Tissue Resource Center at McLean Hospital
(Belmont, MA) and the Neuropathology Core Facility of the Massachu-
setts Alzheimer’s Disease Research Center (Massachusetts General
Hospital, Boston, MA). Control brains exhibited minimal histopatholog-
ical changes (0–3 neuritic plaques/ low power field; 0–6 neurofibrillary
tangles/ low power field). The presence and magnitude of neurodegen-
eration and neurofibrillary histopathology were confirmed with the use of
Nissl and Bielschowsky stains, and the diagnosis of AD was established
by criteria from the Consortium to Establish a Registry for Alzheimer’s
Disease (Mirra et al., 1991). Brain tissue used for immunocytochemical
analyses was immersion-fixed in cold 10% phosphate-buffered (0.15 M)
formalin, pH 7.4. The postmortem interval for all brain tissue was #6 hr,
with a total fixation time of 2 weeks or less.

Antibodies. Immunocytochemical studies were performed with anti-
bodies to the two lysosomal hydrolases, cathepsin D (Cat D) and cathep-
sin B (Cat B), and the rab-related GTP-binding protein rab5. Anti-Cat
D antiserum was prepared in our laboratory and raised in sheep against
human brain Cat D (Nixon and Marotta, 1984; Cataldo et al., 1990).
Human liver anti-Cat B antiserum was purchased commercially from
ICN Biochemicals (Costa Mesa, CA). The anti-pro-Cat D antiserum was
purchased commercially from Oncogene Science (Cambridge, MA).
Antibody directed against rab5 is a commercially prepared affinity-
purified rabbit polyclonal antibody (Santa Cruz Biotechnology, Santa
Cruz, CA) raised against a synthetic peptide corresponding to amino
acids 193–211 of the C-terminal domain of human rab5. An affinity-
purified rabbit polyclonal antibody directed against the cytoplasmic tail
of human 46 kDa MP-R was generously provided by Drs. Kurt von
Figura and Annette Reyfeld, Georg-August-Universitat, Göttingen, Ger-
many (Stein et al., 1987a; Nadimpalli et al., 1991).

Immunocytochemistry. Immunoreactivity was demonstrated on 30- to
40-mm-thick vibratome sections, as previously described (Cataldo et al.,
1990). Negative controls consisted of tissue sections incubated in preim-
mune antisera or in the absence of primary antisera. For immunofluo-
rescence studies sections were double-immunostained with different hy-
drolase antisera and rab5, and immunoreactivity was demonstrated with
secondary antibodies conjugated to FITC, TRITC, or Texas Red
(Cataldo et al., 1990, 1996).

Digital confocal analysis. High-resolution images of double-labeled
neurons were viewed at high magnification with digital confocal micros-
copy. Images were created from representative neurons that displayed
both Cat D or Cat B and rab5 immunofluorescence. Digital images were
obtained as previously reported (Cataldo et al., 1996). A Z-series stack of
high-magnification digitized images of representative neocortical layer
III pyramidal neurons was acquired through consecutive focal planes

(Cataldo et al., 1996). For each single- and double-labeled neuron, two
Z-series stacks were generated with FITC and TRITC filters, respec-
tively. Parallel pairs of stacks were processed with a deconvolution
subroutine of the BDS-IMAGE software, and images displaying the
colocalization of each fluoroprobe were generated by the Multicolor
Registration subroutine (BDS-IMAGE software).

Morphometric analysis. Vibratome sections from the prefrontal cortices
of eight age-matched controls and nine AD brains were immunostained
in tandem under identical experimental conditions with rab5 antiserum.
Background staining intensities between AD and control sections were
comparable in all cases, and all neurons were intact. Small, medium, and
large pyramidal neurons from cortical laminae III were selected at
random (Cataldo et al., 1996). The cross-sectional area, number of
endosomes, average endosomal volume, and total early endosomal vol-
ume per cell were analyzed for each neuron by the Bioquant System IV
morphometry software package (R & M Biometrics, Nashville, TN) at
10003 magnification. Counts of rab5-positive endosomes were made by
direct inspection in a single plane of focus. To measure cross-sectional
areas, we used a Leitz microscope with a low-light video camera attach-
ment to capture and display high-resolution images by a Targa frame
grabber. Neurons were isolated and outlined with a Summagraphics
digitizing tablet. For each brain 25 neurons were assessed at random
within several fields from neocortical layer III. In total, 200 neurons from
the control and 225 neurons from the AD cases were analyzed. For
statistical comparisons based on endosomal size, each endosome was
assigned to one of four groups on the basis of volume: (in mm 3) 0–0.35,
0.35–1.0, 1.0–2.1, 2.1–71 mm. All data sets examined showed nonpara-
metric distributions. ANOVA with the Kruskal–Wallis test ( p , 0.05)
showed significant differences between the Alzheimer and control groups
analyzed. The Tukey–Kramer test ( p . 0) was used to demonstrate
statistically significant differences in total endosomal volume and indi-
vidual endosomal size per cell between Alzheimer and control groups.

Vibratome sections from the prefrontal cortices of six control brains
and seven age-matched AD brains were immunostained in tandem under
identical experimental conditions with anti-MP-R46 antiserum. It should
be noted that the background staining intensities between AD and
control sections were comparable in all cases and that all neurons
counted were intact. Small, medium, and large pyramidal neurons from
lamina III were selected at random, using a 100 3 oil immersion objec-
tive (N.A. 1.518). The cross-sectional area and MP-R density were
analyzed for each of 25 neurons, as previously described (Cataldo et al.,
1996). The image system was calibrated by placing an image box over the
laminae of interest and recording the optical density [expressed as 0-255
levels of gray scale: 0, lowest density; 255, highest density (Cataldo et al.,
1995)].

For statistical comparisons based on cell size, each neuron was
assigned to one of three groups on the basis of a real diameter: 0 –150,
151–225, and .225 mm 2. All data sets examined showed para-
metric distribution. Statistical computations were performed with a
Student’s t test.

RESULTS
Rab5-positive early endosomes are a distinct group of
hydrolase-containing organelles in human neurons
In tissue sections of human neocortex from normal individuals,
anti-rab5 antiserum immunolabeled a population of small neu-
ronal vacuolar compartments distributed close to the plasma-
lemma. This localization is distinct from either the predomi-
nantly perinuclear distribution of late endosomes, the uniform
cytoplasmic distribution of lysosomes (Fig. 1), or the basal
location of lipopigment granules. Rab5-positive early endo-
somes were spherical in shape and relatively uniform in size
(100 –250 nm), similar to those described in non-neuronal cell
types (Gorvel et al., 1991; Bucci et al., 1992, 1994; de Hoop et
al., 1994). They were most numerous in the soma and proximal
dendrites. As shown in our previous studies, antibodies to 215
kDa MP-R selectively immunolabeled late endosomes and
distinguished these compartments from MP-R-negative lyso-
somes (Fig. 1), which comprise the major subpopulation of acid
hydrolase-containing organelles. In neurons from aged control
brains, late endosomes and lysosomes typically displayed di-
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ameters ranging from 100 to 400 nm and from 50 to 400 nm
(Nixon and Cataldo, 1995), respectively. Rab5 was absent from
lipofuscin granules, which were identified on the basis of size
(0.5–1.5 mm), the presence of autofluorescent lipopigment, and
a concentration within the basal pole of the cell soma.

Early endosomes in neurons of AD brain are
abnormally large
We found a striking difference in the morphology of rab5-positive
early endosomes in pyramids of at-risk neocortical regions of AD
brains, as compared with that of early endosomes in control
regions (Fig. 2). Pyramidal neurons in lamina III of the prefrontal
cortex exhibited atypically large early endosomes resembling the
ones seen in baby hamster kidney (BHK) cells when the wild-type
rab5 protein (Bucci et al., 1992) was overexpressed to stimulate
endocytosis. In addition to being rab5-immunoreactive, the large
early endosomes were distinguished from MP-R-positive, rab5-
negative late endosomes and rab-negative, MP-R-negative lyso-
somes on the basis of size. Early endosomes in AD brains
measured an average of 487 nm in diameter (average diameter
per brain ranged from 400 to 620 nm), whereas late endosomes
and lysosomes were consistently no larger than 400 nm in diam-
eter. Large early endosomal profiles were found principally in
at-risk pyramids of laminae III and V. In the less vulnerable
neurons of laminae II and IV, the sizes of rab5-positive endo-
somes in small- to medium-sized pyramidal neurons, nonpyrami-
dal neurons, and glia were equivalent to those in controls.

The size and/or number of early endosomes in neuronal and
non-neuronal animal cells have been shown in vivo and in vitro to
be proportional to the rate of endocytic uptake (Parton et al., 1989,
1992; Stenmark et al., 1994). Therefore, to index this neuronal
endocytic function, we used computerized morphometry to deter-
mine the number and volumes of rab5-immunoreactive compart-
ments in 25 pyramidal neurons from lamina III of the prefrontal
cortex in each of nine AD and eight age-matched control brains
(Fig. 2). Total numbers of early endosomes in neurons from AD

brains were markedly similar to those in neurons from control
brains (AD average, 49 endosomes/cell; control average, 58 endo-
somes/cells). Of the neocortical pyramids in lamina III of AD
brain, 48% had abnormally large endosomal volumes (i.e., total
endosome volume .1 SD higher than the control mean). The
percentage of cell area occupied by rab5-positive early endosomes
averaged 2.5-fold greater (p , 0.0001) in the pyramidal neurons of
the AD brains than in controls (AD mean 5 5.37% 6 0.19; control
mean 5 2.18% 6 0.09) (Fig. 2C)—a finding consistent with an
upregulation of endocytosis (Parton et al., 1989, 1992; Gorvel et al.,
1991; Bucci et al., 1992, 1994; Stenmark et al., 1994). Substantial
numbers of individual endosomes were eightfold to 32-fold larger
than the average size of endosomes in control neurons (Fig. 2D).
The incidence of abnormally large early endosomes (.1 mm3) was
;ten-fold higher in AD brains than in controls (AD mean 5 7.80
6 1.65; control mean 5 0.80 6 0.13; p , 0.0001) (Fig. 2E). Similar
abnormalities were detected in neuronal pyramids from lamina V
(data not shown). By contrast, cell size in neuronal populations
within severely affected regions from cases of Pick’s disease, Hun-
tington’s disease (grades 0–3), diffuse Lewy body disease, progres-
sive supranuclear palsy, or encephalitis fell within the normal
control range.

Immature and mature lysosomal proteases frequently
are detected in the early endosomes of neurons in AD
Because early endosomes normally may contain low levels of acid
hydrolases and because cathepsin expression is markedly upregu-
lated in AD brain (Nixon and Cataldo, 1993, 1995; Cataldo et al.,
1994, 1995, 1996), we evaluated whether the delivery of cathep-
sins to early endosomes may be increased in AD. As we reported
previously (Nixon and Cataldo, 1993, 1995; Cataldo et al., 1994,
1995, 1996), most pyramidal neurons of laminae III and V of AD
brains exhibited increased numbers of hydrolase-positive com-
partments. Confocal immunofluorescence image analyses of hu-
man brain sections double-labeled with antibodies to rab5 and to
the mature form of Cat D or to rab5 and to mature Cat B

Figure 1. Identification of early endo-
somes as distinct hydrolase-containing
compartments in human pyramidal neu-
rons. A, Consistent with established
morphological criteria, rab5-positive
early endosomes (arrowhead) in cortical
pyramids of aged control human brain
were distributed close to the plasma-
lemma and were relatively uniform in
size. Immunoreactive endosomes were
located principally in the soma and
proximal dendrites. We have shown that
these structures represent a subpopula-
tion of neuronal acid–hydrolase-
containing compartments (see Fig. 3).
B, We distinguished early endosomal
compartments from a smaller subgroup
of hydrolase-containing, rab5-negative,
MP-R215-positive late endosomes (ar-
rowhead) that displayed the typical pe-
rinuclear distribution. C, Lysosomes,
which contain Cat D (arrow) and a
number of other hydrolases, are MP-R-
negative, rab5-negative, and distinct
from early and late endosomes. Lyso-
somes, which comprise the major popu-
lation of acidic vacuolar compartments,
are typically 50–400 nm in diameter
and are distributed uniformly through-
out the cytosol. Magnification in A–C,
45003).
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demonstrated that, in most pyramidal neurons in vulnerable re-
gions of AD brains, Cat D and Cat B colocalized within the
majority of rab5-positive vacuolar compartments (Fig. 3). Colo-
calization was evident in 85% (65%) of neuronal early endo-
somes of pyramidal neurons in AD brains but in only 25% (65%)
of the neuronal endosomes in control brains. In the AD brains
hydrolase was localized more frequently within the larger rab5-
positive compartments than smaller ones (Fig. 3). As expected,
both Cat D and Cat B also were detected in rab5-negative
compartments (e.g., late endosomes, mature lysosomes, and
lipofuscin).

Human control and AD brain sections also were double-
labeled with antisera to the proform of Cat D and rab5 by the

ABC technique and two chromogens, DAB and SG, and visual-
ized with bright-field microscopy. We found that in control brains
pro-Cat D rarely colocalized with rab5-positive early endosomes,
whereas .50% of the abnormally large rab5-positive early endo-
somal profiles in AD brains contained pro-Cat D immunoreac-
tivity (Fig. 4).

MP-R46 content of neurons from affected regions of
AD brains is increased

In pyramidal neurons from human brains, anti-MP-R46 anti-
serum was located principally in close apposition to the nucle-
us—a distribution consistent with that of the Golgi apparatus
(Fig. 5). This perinuclear distribution was observed in lamina

Figure 2. Morphometric analysis of
rab5-positive early endosomes in con-
trol and Alzheimer’s disease (AD)
brains. High-magnification images of
early endosomal compartments (arrows)
in neocortical neurons in lamina III of
aged control ( A) and AD ( B) brains
immunostained with rab5 and enhanced
by Nomarski optics show the striking
increase in the size of these compart-
ments in AD brain, as compared with
control. In some, invaginations suggest
a location at the plasmalemma. C, Per-
centage of cell area occupied by rab5-
positive early endosomes plotted as a
function of total cell area. Alterations
in early endosomes were widespread in
AD brains, and many pyramidal neu-
rons in AD brains ( filled triangles) ex-
hibited a significant increase (.2 SD
higher than the control mean) in total
endosomal volume per cross-sectional
cell area as compared with age-matched
controls (open circles) (AD mean 5
5.37% 6 0.19; control mean 5 2.18% 6
0.09). D, The size distributions of indi-
vidual early endosomes present in 25
lamina III pyramids from each of eight
aged control and nine AD brains show
that a substantial proportion of individ-
ual neuronal endosomes in the AD
brains had volumes larger than those in
control brains. Endosomal volume is ex-
pressed as a function of cell area for
easier visualization of data. E, The
percentage of abnormally large endoso-
mal profiles that are .1 mm3. Values
are mean percentage based on 25 pyra-
midal neurons per individual brain (n 5
9 AD and 8 controls). Approximately
10-fold higher numbers are seen in AD
brains as compared with controls (AD
mean 5 7.8% 6 1.65; control mean 5
0.80% 6 0.13). Changes in endosomal
volume as a function of cell area were
not significant in AD and control brains.
Magnification in A, B, 47003.
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III pyramids of both control and AD brains. We found that the
qualitative levels of MP-R46 immunoreactivity were increased
in neocortical lamina III neurons of the AD brains, as com-
pared with the levels observed in age-matched control brains.
In AD brains anti-MP-R46 antiserum also immunolabeled a
population of large vacuolar compartments (Fig. 5), which were
not apparent in pyramids from age-matched controls. MP-R46
immunoreactive vacuolar compartments were visualized best
in pyramidal neurons exhibiting a lower density of staining.
These profiles resembled the ones seen in lamina III pyramids
from at-risk AD brain regions labeled with rab5 antiserum (see
Figs. 2– 4). Both the 215 and 46 kDa MP-Rs are distributed in
the trans-Golgi apparatus, endosomes, and lysosomes (Brown
et al., 1985; von Figura and Hasilik, 1986; Dahms et al., 1989;
Jin et al., 1989). The MP-R215 is enriched in late endosomes
and is accepted now as a marker of this compartment, although
small amounts have been detected in early endosomes and at
the plasma membrane (Fischer et al., 1980; Geuze et al., 1988;
Griffiths et al., 1988). Alternatively, MP-R46 is thought most
likely to accompany its ligand to early endosomes and the cell
surface (Hasilik and von Figura, 1984; Chao et al., 1990). The
large MP-R46-positive compartments were similar in size and
location to the abnormally large rab5-positive early endo-
somes. Double-label immunocytochemistry with rab5 and MP-
R46 antisera could not be performed because these antibodies
were both raised in rabbits.

To assess the functional activity of MP-R46 as an alternate
mechanism for the delivery of lysosomal proteases to the early
endosomal pathway of neurons of at-risk regions of AD brains,
we performed semiquantitative morphometric analyses to deter-

mine the density of MP-R46-positive compartments in 25 lamina
III pyramids from seven AD brains and six age-matched controls
(Fig. 5). Total MP-R46 density per neuron in the AD brains was
up to twofold higher than the density of the MP-R46 in the
age-matched control brains, and the average density was 30%
higher (Student’s t test, p , 0.001; Fig. 5).

DISCUSSION
Early endosomes in neurons of human brain
This study is the first to our knowledge to identify and charac-
terize early endosomal compartments in brain in vivo and has
revealed a sizable population of early endosomes in normal
neurons. The identity of early endosomes in human neurons is
based on several lines of evidence. First, these vacuolar compart-
ments were immunolabeled selectively by an antibody directed
against rab5, a resident protein of early endosomes and an estab-
lished marker of this compartment (Parton et al., 1989, 1992;
Gorvel et al., 1991; Bucci et al., 1992, 1994; de Hoop et al., 1994;
Stenmark et al., 1994). Second, they were not labeled by immu-
nocytochemical markers of other compartments of the E–L path-
way, including MP-R215 (late endosomes) and LAMP-2 (lyso-
somes; our unpublished results), and they contained no
lipopigment indicative of lipofuscin (Nixon and Cataldo, 1995;
Cataldo et al., 1996). Furthermore, early endosomes predomi-
nantly were distributed close to the cell surface and were prom-
inent in both the cell soma and processes, particularly proximal
dendrites. This localization pattern is consistent with that ob-
served in a variety of cultured neurons and non-neuronal cells;
however, the pattern differed from the perinuclear location of late
endosomes and the diffuse cytoplasmic localization of mature

Figure 3. Colocalization of mature proteases in early endosomal compartments of human neurons. Immunofluorescence confocal images of a
neocortical pyramidal neuron from control (A–C) and AD (D–F ) brains, using antisera to mature Cat B (red) and rab5 ( green), demonstrate that mature
lysosomal hydrolases often reside in early endosomes ( yellow). The localization of mature protease in early endosomal compartments occurred to a
greater extent in neurons in the AD brains than in controls and more often in the larger endosomal profiles. Both Cat B and Cat D (not shown) were
present in rab5-positive early endosomes as well as rab5-negative late endosomes, lysosomes, and lipofuscin. Magnification in A–F, 40003.
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lysosomes that reside in both the cell body and processes but
predominate in the soma. A percentage of these vacuoles nor-
mally contain acid hydrolase, as predicted from other studies
(Diment et al., 1989; Casciola-Rosen and Hubbard, 1991; Berg et
al., 1995), and this percentage was increased in AD brains.
Finally, the sizes of rab5-positive vacuolar compartments in neu-
rons from normal human brains ranged from 100 to 250 nm in
diameter. Each of these characteristics of early endosomes is in
agreement with what is known about these compartments from
studies of non-neuronal (Parton et al., 1989; Gorvel et al., 1991;
Bucci et al., 1992, 1994; Stenmark et al., 1994) and neuronal
(Parton et al., 1992; de Hoop et al., 1994) cell lines and primary
cultures of neurons (de Hoop et al., 1994).

Increased endocytic activity and cathepsin trafficking
to early endosomes in AD
We found that total endosomal volumes of neurons within lami-
nae III of AD brains were, on average, 2.5-fold larger than normal
and that a high proportion of pyramidal cells exhibited these
abnormalities. Previous studies have shown that the size of early
endosomal compartments reflects the degree of endocytic uptake.
Rab5, which regulates the early endocytic pathway by modulating
plasma membrane uptake and trafficking and which regulates the
fusion of endosomes derived from the plasma membrane (Parton

et al., 1989; Gorvel et al., 1991; Bucci et al., 1992, 1994; de Hoop
et al., 1994; Stenmark et al., 1994), seems to be a major determi-
nant of this process. Increased rab5 expression stimulates endo-
cytic uptake and expands the size of early endosomes (Gorvel et
al., 1991; de Hoop et al., 1994), whereas the expression of mutants
defective in rab5 decreases the rate of endocytic uptake (Gorvel
et al., 1991; Stenmark et al., 1994). The appearance of abnormally
large rab5-positive early endosomes in neurons of at-risk regions
of AD brains, therefore, strongly suggests an accelerated rate of
endocytosis.

Previously, we showed that pyramidal neurons and other neu-
ronal populations affected in AD contained abnormally high
numbers of late endosomal and lysosomal compartments
(Cataldo et al., 1994, 1996). The major acid hydrolase-containing
compartments in the cell, late endosomes and lysosomes, are
associated with terminal processing of substrates that arrive by
the endocytic pathway, by autophagy (Gordon et al., 1992), or by
direct scavenging of proteins from the endoplasmic reticulum to
lysosomes (Noda and Farquhar, 1992). Increased numbers of
these organelles could, therefore, reflect the upregulation of one
or both of these cellular-processing pathways. Our results dem-
onstrate that increased activity in the early endocytic pathway in
sporadic AD is likely to account, in part, for the massive activa-
tion of the lysosomal system. Consistent with a more active rate
of endocytosis, we observed that the gene expression of Cat D
and Cat B is upregulated (Cataldo et al., 1995) and that greater
amounts of these proteases are being trafficked to neuronal early
endosomes in AD brain. That acid hydrolases of many types are
present in greater amounts in lysosomes of affected neurons in
AD brain (Cataldo et al., 1991) raises the possibility that some of
these enzymes also may be represented more highly in early
endosomes in AD. Early endosomes, unlike other compartments
of the E–L pathway, normally contain low levels of cathepsins
(Diment et al., 1989; Casciola-Rosen and Hubbard, 1991; Berg et
al., 1995). In vitro studies (Ludwig et al., 1991) have shown that
the newly synthesized lysosomal hydrolases can be trafficked to
the early endosome, but the trafficking mechanisms have yet to be
elucidated. The presence of active proteases and perhaps other
hydrolases in early endosomes provides a basis for partial pro-
teolytic processing of endocytosed materials within these or-
ganelles, as shown for various substrates (Diment et al., 1989;
Casciola-Rosen and Hubbard, 1991; Berg et al., 1995). The in-
creased detection of the proteases Cat D and Cat B in early
endosomes observed in this study, together with the findings of
much larger early endosomes in pyramidal neurons of AD brains,
indicates that trafficking of these proteases to this compartment is
increased and supports the notion that proteolytic activity within
early endosomes is more active.

In response to increased endocytic uptake, an increased de-
mand for hydrolases in early endosomes of neurons within af-
fected regions of AD brains may activate alternative mechanisms
of enzyme delivery to this compartment. The trafficking of lyso-
somal hydrolases to both early and late endosomes is compatible
with the intracellular distributions of the 215 and 46 kDa MP-Rs
(Pfeffer, 1987; Geuze et al., 1988; Griffiths et al., 1988; Bleeke-
molen et al., 1989). Delivery to late endosomes or lysosomes via
the 215 kDa MP-R or to early endosomes/cell surface or lyso-
somes via the 46 kDa MP-R may be favored, depending on
cellular alterations that promote different transport routes (see
Chao et al., 1990). We observed that levels of MP-R46 immuno-
reactivity are increased markedly in pyramidal neurons of lamina
III of the neocortex of AD brains, as compared with aged con-

Figure 4. Immature proteases frequently are detected in early endo-
somes of AD neurons. Double-label immunocytochemical analysis with
bright-field microscopy and antisera directed against pro-Cat D (brown,
lef t inset) and rab5 (blue, right inset) in this lamina III pyramid from an AD
brain is a representative example of the frequent colocalization of imma-
ture proteases in the abnormally large early endosomes (arrows). Pro-Cat
D is also present in a population of smaller immunoreactive vacuolar
compartments, which are consistent with late endosomes and are in-
creased in number in AD neurons, as compared with normal controls (see
Fig. 1B). Magnification, 43503; magnification in lef t and right insets,
36003; magnification in center inset, 60003.
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Figure 5. Levels of MP-R46 are elevated in neurons of AD brains. Immunocytochemical studies using antibody directed against MP-R46 show
increased levels of this receptor (arrows) in lamina III neurons in the AD brains (B) than in controls ( A). (The cells in A range in optical density from
57 to 67, control mean 5 54.14 6 1.31; those in B range in optical density from 71 to 86, AD mean 5 70.80 6 1.38; p , 0.001. Percentage difference
above the mean optical density was equivalent for neurons in A vs B.) In AD brains displaying lower levels of immunostaining, MP-R46 immunolabeling
could be visualized clearly within large vacuolar profiles (B, inset, arrowhead) that resembled the abnormally large rab5-positive early endosomal profiles.
Semiquantitative morphometric analysis from sections of the prefrontal cortex revealed that cortical pyramids in laminae III of the AD brains ( filled
triangles) exhibit increased MP-R46 densities per cross-sectional area as compared with age-matched controls (open circles). Magnification in A, B, B inset,
36003.
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trols. This receptor normally plays a less dominant role than the
215 kDa MP-R in the transport of newly synthesized acid hydro-
lases to late endosomes and lysosomes (Stein et al., 1987b; Dahms
et al., 1989) and mediates the transport of endogenous lysosomal
enzymes to the plasma membrane and early endosomes but,
unlike MP-R215, does not mediate the endocytosis of secreted
hydrolase (Stein et al., 1987b; Dahms et al., 1989), which is
believed to be the usual route of arrival of hydrolases residing in
endosomes. The increase in content of MP-R46 in affected neu-
ronal populations suggests that trafficking pathways are activated
that assist in the delivery of lysosomal hydrolases, including the
proforms of these hydrolases, to early endosomes. This would be
expected to promote an earlier and more efficient processing of
substrates arriving to early endocytic compartments at increas-
ingly rapid rates in affected neurons in AD.

Various antecedent events linked to the etiology and progres-
sion of AD could lead to the need for increased endocytic activity
in neurons of at-risk regions of AD brains. These potentially
important events include accelerated membrane turnover/repair
resulting from cumulative membrane damage caused by aging,
genetic, chemical and oxidative factors (Nixon and Cataldo,
1994), alterations in membrane function or stability because of
genetic or chemical alterations of APP, and other membrane
proteins accompanying AD (Chartier-Harlin et al., 1991; Terry et
al., 1991; Levy-Lahad et al., 1995; Sherrington et al., 1995).
ApoE, another critically important molecule in AD pathogenesis
(Roses, 1995), is not synthesized in neurons but is taken up by
them, particularly during cell injury (Mahley, 1988). In Alzhei-
mer brains increased levels of ApoE have been demonstrated in
otherwise normal-appearing neurons of at-risk brain regions and
the same cell populations that display early E–L system alter-
ations (Einstein et al., 1995), consistent with increased uptake of
ApoE and its subsequent trafficking through the E–L system.
More importantly, the increased, and possibly altered, processing
of ApoE through this pathway may be related directly to greater
levels of neuronal toxicity of the 22 kDa proteolytic fragment of
the ApoE-e4 isoform versus the ApoE-e3 isoform (Crutcher et
al., 1996).

Implications for b-amyloidogenesis and
pathogenesis in AD
Previous studies of cultured cell lines have implicated both the
secretory (Busciglio et al., 1993; Morato and Mayor, 1993; Araki
et al., 1994) and endocytic (Haass et al., 1992; Nordstedt et al.,
1993; Koo and Squazzo, 1994; Refolo et al., 1995) pathways in
APP processing and Ab generation. The relative contribution of
these two pathways to Ab production is altered by the APP
mutation that causes early-onset AD (Citron et al., 1992; Suzuki
et al., 1994). Involvement of the endocytic pathway in constitutive
APP processing and Ab production is supported by (1) the
presence of the consensus motif, NPTY, on the C terminus of
APP, a signal triggering receptor-mediated internalization from
the cell surface to endosomes (Chen et al., 1990); (2) the detec-
tion of APP and APP fragments in clathrin-coated vesicles (Nor-
dstedt et al., 1993; Marks et al., 1994; Sapirstein et al., 1994); and
(3) the ability of treatments that reduce APP internalization to
decrease Ab release in non-neuronal cell cultures (Koo and
Squazzo, 1994).

The neuronal endocytic abnormalities we observed in the brains
of Alzheimer patients now provide direct neuropathological sup-
port for a mechanism of accelerated b-amyloidogenesis in sporadic
AD, which is also consistent with the foregoing data on the endo-

cytic pathway in cultured cell systems (Haass et al., 1992; Nordstedt
et al., 1993; Koo and Squazzo, 1994; Refolo et al., 1995). The
persistent upregulation of endocytosis seen in pyramidal neurons
of Alzheimer brain, by itself, implies an abnormal stimulation of
usual endocytic events that should include APP processing and
normal Ab generation. A further acceleration of APP processing is
expected if, as we observed, the trafficking to endosomes of appro-
priate proteases is increased abnormally. In this regard, one of the
cathepsins that we monitored in this study, Cat D, has b and g
secretase activity toward model peptides and/or recombinant APP
(Dreyer et al., 1994; Evin et al., 1995; Higaki et al., 1995; Chevallier
et al., 1996). Other cathepsins also indirectly influence Ab forma-
tion (Sahasrabudhe et al., 1993; Bernstein and Wiedanders, 1994;
Munger et al., 1995). The identification of specific hydrolases
involved in constitutive Ab production, however, is still not defin-
itive. Whether or not the cathepsins are normally responsible for
Ab production, the possibility may be raised by our studies that,
under pathological circumstances, proteases not normally involved
in constitutive Ab formation become abnormally routed to a cel-
lular compartment within which they now may contribute directly
or indirectly to Ab production. The identification of proteases that
might become APP secretases under a specific pathological condi-
tion would require the analysis of cell systems in which that con-
dition is modeled appropriately. Although these effects on endo-
cytosis could be a consequence of b-amyloid deposition rather than
a cause, chromosome 14 mutations leading to AD are associated
with high levels of b-amyloid deposition, but no changes in the
appearance of endosomes (A. Cataldo and R. Nixon, unpublished
results), consistent with the existence of multiple pathways for
Ab production and evidence that increased b-amyloidogenesis
in some forms of familial AD may occur by routes other
than the endosomal pathway (Haass et al., 1995; Thinakaran
et al., 1996).

Enhanced endocytosis is expected to influence ApoE inter-
nalization and function, a prediction consistent with the ob-
servation of elevated ApoE immunoreactivity in pyramidal
neurons in AD. Because ApoE is not synthesized appreciably
in neurons, intracellular uptake is critical, and early endo-
somes are among the few intracellular sites in which ApoE
has the opportunity to interact extensively with APP and its
cleaved derivatives (Crutcher et al., 1996). Evidence that
ApoE isoforms have differential binding affinities for Ab and
may serve, with varying degrees of effectiveness, as patholog-
ical chaperones in Ab fibrillogenesis (Wisniewski et al., 1994)
is another example of how the endocytic pathway represents a
crossroad in which etiological factors in AD pathogenesis
converge.
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