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Neurogenesis, which persists in the adult mammalian brain, may
provide a basis for neuronal replacement therapy in neurodegen-
erative diseases like Alzheimer’s disease (AD). Neurogenesis is
increased in certain acute neurological disorders, such as ischemia
and epilepsy, but the effect of more chronic neurodegenerations is
uncertain, and some animal models of AD show impaired neuro-
genesis. To determine how neurogenesis is affected in the brains
of patients with AD, we investigated the expression of immature
neuronal marker proteins that signal the birth of new neurons in
the hippocampus of AD patients. Compared to controls, Alzhei-
mer’s brains showed increased expression of doublecortin, poly-
sialylated nerve cell adhesion molecule, neurogenic differentiation
factor and TUC-4. Expression of doublecortin and TUC-4 was
associated with neurons in the neuroproliferative (subgranular)
zone of the dentate gyrus, the physiological destination of these
neurons (granule cell layer), and the CA1 region of Ammon’s horn,
which is the principal site of hippocampal pathology in AD. These
findings suggest that neurogenesis is increased in AD hippocam-
pus, where it may give rise to cells that replace neurons lost in the
disease, and that stimulating hippocampal neurogenesis might
provide a new treatment strategy.

A lzheimer’s disease (AD), a common cause of dementia (1),
is characterized by senile plaques containing �-amyloid

peptide (A�) derived from amyloid precursor protein (APP),
and neurofibrillary tangles (NFTs) containing hyperphosphory-
lated �-protein. A� and phospho-� may be neurotoxic, leading to
progressive neuronal degeneration and death. Despite progress
in understanding molecular mechanisms in AD, effective treat-
ment remains elusive.

One potential approach to treating AD involves using endog-
enous neuronal precursors to replace lost or damaged cells,
based on the capacity of the rostral subventricular zone (SVZ)
and the subgranular zone (SGZ) of the hippocampal dentate
gyrus (DG) to generate neurons into adulthood (2, 3). Neuronal
stem cells in the SVZ give rise predominantly to committed
progenitor cells that migrate into the olfactory bulb (OB) via the
rostral migratory stream and differentiate into local interneu-
rons (4); progenitors in the SGZ migrate into the granular cell
layer and also differentiate into neurons (5). However, the
migration of newborn neurons is not restricted to these sites.
Endogenous neuronal precursors can proliferate in response to
cerebral ischemia (6, 7) and migrate into ischemic regions of
striatum and cerebral cortex (8, 9), and into the CA1 region of
hippocampus, where they may integrate into existing brain
circuitry and contribute to repair (10). These neurons may have
a physiological role, because blockade of hippocampal neuro-
genesis is reported to inhibit hippocampus-dependent learning
(11), and because reducing the population of new interneurons
in the OB impairs odor discrimination (12).

The proliferation of neuronal stem or progenitor cells in the
adult brain is also affected by growth factors, including epider-
mal growth factor (EGF) (13), fibroblast growth factor-2
(FGF-2) (14, 15), brain-derived neurotrophic factor (16, 17),
stem cell factor (18), heparin-binding EGF (HB-EGF) (19) and

vascular endothelial growth factor (20). Restoring insulin-like
growth factor-I (IGF-I) levels enhances neurogenesis in the aged
brain (21), suggesting that neurogenesis might be augmented by
growth factors in vivo in neurodegenerative diseases like AD.

A� disrupts neurogenesis in SVZ and hippocampus in mouse
models of AD (22, 23), but the status of neurogenesis in
neurodegenerative disorders in humans is unknown. We exam-
ined the expression of neurogenesis marker proteins in hip-
pocampus of brains from AD patients and neurologically normal
subjects. In contrast to findings in animal models, the hippocam-
pus of patients with AD showed increased expression of neuro-
genesis markers and an increased number of cells expressing
these markers, which is consistent with enhanced neurogenesis
in human AD. This finding suggests that in AD, as in experi-
mental cerebral ischemia, hippocampal neurogenesis is in-
creased, and might therefore serve to replace hippocampal
neurons. As a corollary, measures designed to enhance neuro-
genesis could have therapeutic value in AD.

Materials and Methods
Human Brain Tissue. Tissue was from the Harvard Brain Tissue
Resource Center, McLean Hospital (Belmont, MA), the Neu-
ropathology Core Facility, Massachusetts Alzheimer’s Disease
Research Center, Massachusetts General Hospital (Boston),
and the Brain and Tissue Bank for Developmental Disorders at
the University of Maryland at Baltimore (Baltimore). Research
was conducted in compliance with the policies and principles
contained in the Federal Policy for the Protection of Human
Subjects. Twenty-five postmortem brains were used: 14 from
individuals with a clinical diagnosis of probable AD and 11
(controls) from individuals without neurological disorders (Ta-
ble 1). The diagnosis of AD was confirmed and its severity was
rated by a standardized neuropathology protocol developed by
the Consortium to Establish a Registry for AD (24).

Western Blotting. Hippocampi were isolated from fresh brains and
cell lysates extracted in PBS containing 0.05% Nonidet P-40,
0.25% sodium deoxycholate, 50 mM Tris�HCl (pH 8.5), 100 nM
NaCl, 1 mM EDTA (pH 8.0), 1 �g�ml aprotinin and 100 �g�ml
phenylmethylsulfonyl f luoride. Protein (50 �g), determined by
using a Bio-Rad assay, was boiled at 100°C in SDS sample buffer
for 5 min, electrophoresed on SDS�12% PAGE gels, and
transferred to polyvinyldif luoridine membranes, which were
incubated overnight at 4°C with one of the following primary
antibodies: (i) affinity-purified goat polyclonal anti-doublecortin

This paper was submitted directly (Track II) to the PNAS office.

Abbreviations: A�, �-amyloid peptide; AD, Alzheimer’s disease; APP, amyloid precursor
protein; DCX, doublecortin; DG, dentate gyrus; GCL, granule cell layer; NeuN, neuronal
nuclear antigen; NeuroD, neurogenic differentiation factor; NFTs, neurofibrillary tangles;
PSA-NCAM, polysialylated neural cell adhesion molecule; SGZ, subgranular zone.

†K.J. and A.L.P. contributed equally to this work.

¶To whom correspondence should be addressed at: Buck Institute for Age Research, 8001
Redwood Boulevard, Novato, CA 94945. E-mail: dgreenberg@buckinstitute.org.

© 2003 by The National Academy of Sciences of the USA

www.pnas.org�cgi�doi�10.1073�pnas.2634794100 PNAS � January 6, 2004 � vol. 101 � no. 1 � 343–347

N
EU

RO
SC

IE
N

CE



(DCX) (Santa Cruz Biotechnology; 1:200), (ii) mouse monoclo-
nal anti-polysialylated neural cell adhesion molecule (PSA-
NCAM) (Chemicon; 1:500), (iii) mouse monoclonal anti-
neuronal nuclear antigen (NeuN) (Chemicon; 1:250), (iv) rabbit
polyclonal anti-TUC-4 (1:10,000; Chemicon), (v) affinity-
purified goat polyclonal anti-neurogenic differentiation factor
(NeuroD) (Santa Cruz Biotechnology; 1:200), (vi) mouse mono-
clonal anti-calbindin (Oncogene Science; 1:10,000), or (vii)
mouse monoclonal anti-actin (Oncogene Science; 1:20,000).
Membranes were washed with PBS�0.1% Tween 20, incubated
at room temperature for 60 min with horseradish peroxidase-
conjugated anti-mouse, anti-rabbit, or anti-goat secondary an-
tibody (Santa Cruz Biotechnology; 1:3,000), and washed three
times for 15 min with PBS�Tween 20. Peroxidase activity was
visualized by chemiluminescence (NEN Life Science Products,
Boston). Antibodies were removed with stripping buffer (100
mM 2-mercaptoethanol�2% SDS�62.5 mM Tris�HCl, pH. 6.7) at
50°C for 30 min, followed by washing with PBS�Tween 20, and
membranes were reprobed. Differences in protein expression
were quantified by using a GS-710 calibrated imaging densitom-
eter and QUANTITY ONE software (Bio-Rad).

Immunohistochemistry. Tissue was immersion-fixed in 4% para-
formaldehyde in PBS (pH 7.5) and embedded in paraffin, and
6-�m sections were deparaffinized with xylene and rehydrated
with ethanol. Immunocytochemistry was performed as described
(7, 25). After blocking peroxidase activity with 1% H2O2,
sections were incubated in blocking buffer (2% horse serum�
0.2% Triton X-100�0.1% BSA in PBS) for 1 h at room temper-
ature. Primary antibodies were those listed above, plus rabbit
polyclonal anti-A�1–17 and mouse monoclonal antibodies 5A3
and 1G7, which recognize nonoverlapping epitopes within res-
idues 380–665 (extracellular domain) of human APP (provided

by E. Koo, University of California, San Diego; 1:5,000), rabbit
polyclonal anti-phospho-� (BioSource International, Sunnyvale,
CA; 1:2000) and mouse monoclonal anti-cleaved caspase-8 (Cell
Signaling Technology, Beverly, MA; 1:2,000). Primary antibod-
ies were added in blocking buffer and incubated with sections at
4°C overnight. The second antibody was biotinylated goat anti-
mouse or donkey anti-rabbit or anti-goat IgG (Vectastain Elite
ABC, Vector Laboratories; 1:200). Sections were processed with
ABC reagents by using a Vector ABC kit (Vector Laboratories).
After two washes with PBS, sections were incubated for 10 min
at room temperature with 0.5% biotinylated tyramine and 0.01%
H2O2 in PBS (25), washed with PBS, and treated with ABC
reagents as above. The horseradish peroxidase reaction was
detected with diaminobenzidine and H2O2. Alternating sections
were incubated without primary antibody, as a control.

Double-label immunohistochemistry was used to detect
coexpression of neuronal marker proteins. The secondary anti-
bodies were FITC-conjugated goat anti-mouse IgG, rhodamine-
conjugated rat-absorbed donkey anti-rabbit IgG and rhodamine-
conjugated donkey anti-goat IgG (Jackson ImmunoResearch;
1:200). Nuclei were counterstained with 4�,6-diamidino-2-
phenylindole (DAPI; Vector Laboratories) and fluorescence
signals were detected with a Nikon E800 microscope at excita-
tion�emission wavelengths of 535�565 nm (rhodamine, red),
470�505 (FITC, green) and 360�400 (DAPI, blue). Results were

Fig. 1. Plaques and NFTs in hippocampus of AD brain. Plaques, detected with
antibodies against A� (blue) and APP (brown) (A), were surrounded by phos-
pho-�-immunopositive nerve terminals (B). NFTs delineated with anti-
phospho-� are shown at higher magnification in C.

Table 1. Patient and tissue information

Brain no.
Neuropathological

diagnosis Age, yr Sex
Postmortem

interval, h

Western blotting
1474 Normal 50 M 8
1503 Normal 53 F 5
1065 Normal 15 M 12
1670 Normal 13 M 5
1712 Normal 20 M 8
1713 Normal 23 M 8

B5463 Normal 74 F 19
B2751 Early AD 85 M 12
B2933 Early AD 70 M 16
B3266 Early AD 75 M 14
B4734 Moderate AD 68 M 13
B4697 Moderate AD 80 M 20
B5099 Moderate AD 89 M 14
B3791 Severe AD 88 M 9
B3855 Severe AD 75 M 16
B3975 Severe AD 69 M 18

Immunohistochemistry
M232 Normal 45 M 15
M552 Normal 70 M 17
M555 Normal 70 M 17
M451 Normal 74 F 13
M238 AD 62 F 4
M445 AD 90 ? 13
M456 AD 77 ? 12
M522 AD 68 ? 14
M457 AD 77 ? 12

?, Unknown.

344 � www.pnas.org�cgi�doi�10.1073�pnas.2634794100 Jin et al.



recorded with a Magnifire digital camera (ChipCoolers, War-
wick, RI). Controls included omitting or preabsorbing primary
or omitting secondary antibody. Selected images were viewed at
high magnification by using a Nikon PCM-2000 laser-scanning
confocal microscope, and Simple PCI imaging software
(Compix, Cranberry Township, PA) was used to confirm colo-
calization of markers.

Results
Neurogenesis Marker Proteins Are Overexpressed in AD Hippocampus.
Histopathological hallmarks of AD in the hippocampus of
patients with clinically probable, autopsy-documented AD, in-
cluding neuronal degeneration, neuritic plaques and NFTs, were
confirmed in our laboratory by immunocytochemistry with
anti-A�, anti-APP and anti-phospho-� antibodies (Fig. 1). To
investigate endogenous neurogenesis in AD hippocampus, we
first used protein from AD and control hippocampus to perform
Western blots with antibodies against neurogenesis markers and
mature neuronal proteins. The expression of several neurogen-
esis marker proteins was increased in hippocampus of severely
affected AD patients (Fig. 2). These included DCX (2.1 � 0.2 �
same-blot control, n � 3), a microtubule-associated protein
found in somata and processes of migrating and differentiating
neurons (26); PSA-NCAM (54.7 � 19.5 � same-blot control,
n � 3), a plasma membrane glycoprotein expressed by neuronal
progenitors and by differentiating neurons and astroglia in
response to a variety of toxic insults (27); and TUC-4 (turned on
after division�Ulip-1�CRMP-4; 4.6 � 1.0 � same-blot control,
n � 3), a protein expressed early in neuronal differentiation in
the rat (28). NeuroD (1.5 � 0.4 � same-blot control, n � 3), a
basic helix–loop–helix protein expressed during terminal neu-
ronal differentiation (29), was also up-regulated in AD, but to a

lesser extent. In some instances (DCX, PSA-NCAM, and TUC-
4), there appeared to be a tendency for expression to increase
with increasing disease severity. In contrast, expression of cal-
bindin D28k and NeuN, which identify mature neurons, was not
increased. On Western blots, NeuN migrates as a triplet of Mr
�46–48 kDa (30), and it is therefore of interest that the
lowest-Mr band tended to be relatively more prominent in the
brains of patients with severe AD, although the significance of
different NeuN banding patterns is unknown. Actin expression
was used as a control for protein loading. The increased expres-
sion of neurogenesis markers suggested that neurogenesis might
be enhanced in the hippocampus of AD patients.

Neurogenesis Markers Are Localized to the Neuroproliferative Zone
(SGZ) of AD Hippocampus. Next, we used immunohistochemistry to
determine whether increased expression of immature neuronal
markers in AD brain was associated with known sites of hip-
pocampal neurogenesis. Both control and AD brains showed
TUC-4 and DCX immunolabeling in the dentate SGZ (Fig. 3),
which is the site of neuronal precursor proliferation in hippocam-
pus. However, these cells were shrunken and stained for the
10-kDa cleavage product of caspase-8, which is consistent with
evidence that proliferating neuronal precursors in the adult brain
undergo programmed cell death in situ (31). The granule cell
layer (GCL), the usual destination of surviving neuronal pre-
cursors that arise in the SGZ, contained numerous TUC-4- and
DCX-immunopositive cells in AD, but not control brains, indi-
cating that the GCL in AD brains had been partly repopulated
by new neurons that survived to transit from the SGZ.

New Neurons Are Increased in CA1, the Major Site of Neuronal Loss in
AD Hippocampus. The primary site of hippocampal pathology in
AD is the pyramidal cell layer of Ammon’s horn, especially the

Fig. 2. Expression of neuronal marker proteins in AD hippocampus. Protein from control (Con) and AD hippocampus was used for Western blotting with
antibodies against the indicated proteins and actin was used as a control for consistency of protein loading. Early, Moderate, and Severe refer to AD of increasing
histopathological severity. Band intensities were quantified by computer-assisted densitometry to give average values (fold increase over same-gel control), as
reported in Results.
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CA1 sector of Lorente de Nó, which exhibits the most severe
neuronal loss (32) and the largest number of NFTs (33). In
contrast, DG is relatively spared, so the stimulus to enhanced
hippocampal neurogenesis in AD is likely to arise elsewhere. In
addition, the paucity of neuronal loss in the DG of AD brains
suggests another ultimate destination for the new neurons seen
in the GCL. Therefore, we examined the CA1 sector of AD
hippocampus for evidence of recruitment of new neurons, and
found that DCX-immunoreactive cells were present in this
region (Fig. 3), indicating that one destination for new neurons
that arise in AD is CA1. Whether these new neurons originate
in the dentate SGZ or elsewhere cannot be resolved in our
postmortem tissue.

Putative New Neurons in AD Hippocampus Express Multiple Neuronal
Markers. To confirm that the TUC-4- or DCX-immunopositive
cells that we identified in AD hippocampus were genuinely of

neuronal lineage (and not nonneuronal cells aberrantly express-
ing a single neuronal marker), we performed double-label
immunohistochemistry with multiple neuronal markers. Laser-
scanning confocal imaging showed that TUC-4 colocalized with
Hu, a neuron-specific RNA-binding protein that begins to be
expressed in neuronal nuclei and somata soon after differenti-
ation (34), and DCX colocalized with PSA-NCAM (Fig. 4).
Therefore, cells identified by TUC-4 or DCX immunoreactivity
in our AD hippocampal sections express a more extensive
repertoire of neuronal lineage markers.

Discussion
Here, we report increased expression of immature neuronal
marker proteins in hippocampus of AD brains, with immuno-
histochemical localization to hippocampal sites of neurogenesis
(DG) and of AD pathology (CA1). The up-regulated proteins
included DCX, PSA-NCAM, TUC-4, and NeuroD. Our findings
are consistent with increased hippocampal neurogenesis in AD,
as has been documented in other neuropathological states such
as ischemia (6), and which may represent a mechanism directed
toward the replacement of dead or damaged neurons.

Although brain atrophy, which occurs in AD, can spuriously
affect measurements of protein concentration, this factor is
unlikely to explain our results. Actin expression, used as a
control, was unchanged in AD brains, and the expression
patterns of the neuronal marker proteins that we studied varied.
For example, DCX and PSA-NCAM expression increased with
increasing disease severity, calbindin expression was unchanged,
and NeuN expression was characterized by an altered banding
pattern in which lower-Mr bands became more and higher-Mr
bands less prominent as the severity of AD increased. Moreover,
immunohistochemistry showed increased expression of DCX
and TUC-4 in the dentate GCL from patients with AD; in
contrast to Ammon’s horn, this area of hippocampus is not
prominently affected in AD.

Prior studies (35) establish that neurogenesis occurs in the
adult mammalian brain, although at a reduced rate with advanc-
ing age. Nevertheless, the aged brain retains the capacity to
up-regulate neurogenesis in response to physiological (3, 36) and
pathological (37) factors. This finding contrasts with the hema-
topoietic system, where basal production of new cells remains
fairly constant with age, whereas the hematopoietic response to
stress is attenuated (38). In conditions like AD, which occurs at
increasing frequency with advancing age, the ability of the aged
brain to mobilize new neurons offers the prospect of cell

Fig. 3. Immunohistochemical evidence for increased neurogenesis in hip-
pocampus of AD brains. (A) TUC-4 and DCX are expressed in the SGZ of control
and AD brain (arrows), but only in AD are large numbers of TUC-4- and
DCX-immunopositive cells observed in GCL (*). Immunoreactive cells in the
SGZ show shrunken cytoplasm and condensed nuclei, which is consistent with
death of cells that do not transit to the GCL; a similar finding was observed in
aged control brains (data not shown). (B) DCX-immunopositive cells (arrow)
can also be detected in CA1 (Left, low power; Right, high power) of AD
hippocampus. (C) Cells in SGZ express the 10-kDa caspase-8 cleavage product
(arrow), suggesting caspase-dependent programmed cell death.

Fig. 4. Colocalization of multiple markers of neuronal lineage in TUC-4- and
DCX-immunopositive cells from DG of AD brains. Confocal imaging shows
colocalization of TUC-4 (green) and Hu (red) (A) and of DCX (red) and PSA-
NCAM (green) (B). Nuclei were counterstained with DAPI (blue).
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replacement. This result could have especially important con-
sequences in the hippocampus, because this brain region is
disproportionately affected in AD, and because memory func-
tion, which is prominently impaired in AD, may depend on
hippocampal neurogenesis (11). Although no current evidence
connects neurogenesis with improved function or slower disease
progression in AD, it is tempting to speculate that the ability of
N-methyl-D-aspartate (NMDA) receptor inhibition to enhance
dentate neurogenesis (39) might contribute to the therapeutic
effects of NMDA antagonist drugs like memantine in patients
with AD (40).

Our results contrast with findings in transgenic models of AD,
in which mice expressing mutant forms of APP (22, 23) or
presenilin-1 (41) show impaired, rather than increased, neuro-
genesis. However, none of these models fully reproduces the
features of familial AD, let alone those of sporadic AD, which
our patients are statistically most likely to have had. Because the
molecular stimulus to neurogenesis in AD (or other neurological
disorders) is unknown, it is impossible to predict whether animal
models that may more closely resemble human AD, such as
APP�� double transgenic mice (42), would be more likely to
show enhanced neurogenesis, but this possibility is worth
exploring.

Notwithstanding that neurogenesis appears to be increased in
the brains of patients with AD, progressive cell loss is still
observed. There are several possible reasons for the limited
repair capacity of neurogenesis in AD. First, the rate or extent
of cell loss may be too great for quantitatively significant
replacement to be achieved. Second, the neurons that are
produced may be ineffectual because they do not develop into
fully mature, functional neurons, because they do not develop
into the right type of neurons, or because they are incapable of
integrating into the surviving brain circuitry. Third, the micro-
environment of the AD brain may be toxic to new neurons (43).
If the human AD brain can support neurogenesis, as appears to
be the case, then measures that increase neurogenesis could have
therapeutic value. One such measure may be environmental
enrichment, which stimulates neurogenesis in aged mice (36).
Another is the administration of growth factors, such as IGF-I
(21), FGF-2 , or HB-EGF (44), which also increase neurogenesis
in the aged rodent brain.
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