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Neurogenesis occurs in the subventricular zone and the sub-granular layer of the hippocampus and is
thought to take place in 5 stages, including proliferation, differentiation, migration, targeting, and integration
phases, respectively. In Alzheimer's disease (AD) both increased and decreased neurogenesis has been
reported and cholinergic activity is assumed to be involved in neurogenesis. The aim of this study was to
systematically assess different phases of neurogenesis and their relation to AD and cholinergic pathology.
We investigated post-mortem brain tissue from 20 AD patients and 21 non-demented controls that was
neuropathologically characterized according to standardized criteria. Hippocampal sections were stained
with antibodies against neurogenic markers Musashi-1, nestin, PSA-NCAM, doublecortin, and β-III-tubulin as
well as ChAT (choline-acetyltransferase). Using image analysis immunoreactivity was assessed in the
subventricular zone, the sub-granular layer, and the granule cell layer by determining the integrated optical
density.
In the sub-granular layer and the granule cell layer Musashi-1 and ChAT immunoreactivities were
significantly lower in AD and decreased with increasing Braak stages. Conversely, immunorreactivities of
both nestin and PSA-NCAM were significantly higher in AD and increased with increasing Braak stages while
no changes were seen for doublecortin and β-III-tubulin, except for significantly higher doublecortin levels in
the granule cell layer of AD cases. Of note, Musashi-1 immunoreactivity significantly correlated with ChAT
immuonoreactivity across different Braak stages. In the subventricular zone only nestin immunoreactivity
was significantly higher in AD and significantly increased with increasing Braak stages, while no significant
differences were seen for all other markers.
Our finding of a reduction of ChAT and Musashi-1 levels in AD is compatible with the assumption that
cholinergic pathology per se has a detrimental influence on neurogenesis. We conclude that neurogenic
abnormalities in AD differ between phases and areas of neurogenesis and stages of AD; while hippocampal
stem cells (Musashi-1) decrease, proliferation (nestin) increases and differentiation/migration phase as well
as axonal/dendritic targeting (doublecortin and β-III-tubulin) remains virtually unchanged. This suggests an
attenuation of stem cells together with compensatory increased proliferation that, however, does not result
in an increased number of migratory neuroblasts and differentiated neurons in AD.

© 2012 Elsevier Inc. All rights reserved.
Introduction

Neurogenesis (NG) occurs throughout life in the brain of adult
mammals in the subventricular zone (SVZ) of the lateral ventricles
including a layer in the ventral temporal horn overlying the
hippocampus (Bird et al., 1983; Curtis et al., 2007; Drapeau et al.,
2003) and in the sub-granular layer (SGL) of the dentate gyrus
(Eriksson et al., 1998). Neuroblasts from the SVZ constitute the rostral
migratory stream (RMS) which terminates in the olfactory bulb where
those neuroblasts mature into GABA-ergic interneurons (Bedard and
irect.com).

rights reserved.
Parent, 2004; Birks et al., 2009) while neurons born in the adult SGL
migrate into the granule cell layer (GL) of the dentate gyrus and
mature into dentate granule cells (Crespel et al., 2005).

The process of NG is thought to take place in 5 stages (von Bohlen
Und Halbach, 2007) and in hippocampal NG proliferative precursor cell
stages, characterized by the presence of type-1, type-2, and type-3 cells,
as well as postmitotic stages can be distinguished (Kempermann et al.,
2004; Kempermann, 2011). Briefly, stage 1 (proliferation phase) is
characterized by stem cells or progenitor cells that are positive for glial
fibrillary acidic protein (GFAP) and nestin (Fukuda et al., 2003), the
latter being a key marker of undifferentiated neuronal progenitor cells
(Bernier et al., 2000). In addition Musashi-1 (Msi-1), an RNA binding
protein involved in the Notch pathway via repression of Notch
inhibiting m-Numb (Imai et al., 2001; Sakakibara et al., 1996), is
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Table 1
Characteristics of the study group.

Age
(mean±std)

Gender
(male, female)

Clinical
dementiaBraak stage n

0–I 7 80.29±8.30 3, 4 0
II 7 81.28±10.24 2, 5 0
III 7 81.14±6.84 3, 4 0
IV 6 82.16±8.10 2, 4 6
V 7 79.57±5.31 3, 4 7
VI 7 81.85±7.56 2, 5 7
Total 41 81.05±7.73 15, 26 20

156 E.K. Perry et al. / Neurobiology of Disease 47 (2012) 155–162
expressed in neural progenitor cells including stem cells (Maslov et al.,
2004; Sakakibara et al., 1996). The immunoreactive pattern of stage 1
corresponds to type-1 cells of hippocampal NG. However, type-1 cells
represent stem cells and only 5% of cell divisions among nestin-
expressing cells of the SGL are in type-1 cells (Kronenberg et al., 2003).
Hence, type-1 cells do not have a highly proliferative capacity. In early
stage 2 (differentiation phase) cells express nestin while at later time-
points of stage 2 cells cease expressing nestin and start expressing
doublecortin and polysialynated embryonic neural cell adhesion
molecule (PSA-NCAM) (Fukuda et al., 2003; Kronenberg et al., 2003);
PSA-NCAM is a cell surface glycoprotein involved in neural migration,
neurite growth, and axonal branching during development and
adulthood (Seki and Arai, 1993). In the hippocampus, stage 2 is thereby
characterized by type-2 cells that are termed transiently amplifying
progenitor cells (Kempermann, 2011) and are subdivided into type-2a
and type-2b cells; both subtypes express nestinwhile only type-2b cells
express doublecortin and PSA-NCAM. Type-2 cells are highly prolifer-
ative with type-2b cells being neuronally determined (Kempermann
et al., 2004). In stage 3 (migration phase) type-3 cells, that are
neuroblasts exhibiting first dendrites, express doublecortin, PSA-
NCAM (Kempermann, 2011), and β-III-tubulin (Seri et al., 2004).
These markers are also expressed in stage 4 (axonal and dendritic
targeting) together with calretinin and neuron-specific nuclear protein
(NeuN) (Brandt et al., 2003; Kempermann et al., 2004; Llorens-Martin
et al., 2006; Ming and Song, 2005). In stage 5 (synaptic integration)
neurons are positive for NeuN and Calbindin (Brandt et al., 2003;
Kempermann et al., 2004). Stages 4 and 5 are postmitotic stages
(Kempermann et al., 2004).

NG represents a key factor in plasticity of adult brain in response to
environmental stimuli (Ge et al., 2006) and abnormalities in NG have
been detected in neurodegenerative diseases such as Alzheimer's
disease (AD) (Winner et al., 2011). Using doublecortin and PSA-NCAM
staining Jin et al. (2004) demonstrated a significant increase in SGL
neurogenesis in post-mortem brains of AD patients. On the other hand, a
decline in the extent of proliferation of progenitor cells and their
numbers has been suggested in AD (Brinton and Wang, 2006) and
reductions in the proliferative marker Msi-1 in the SGL has been
observed in both AD (Ziabreva et al., 2006) and dementia with Lewy
bodies (Johnson et al., 2011). It was suggested recently that synaptic
pathology and defective NG are related to progressive accumulation of
amyloid-β protein (Aβ) oligomers in AD; Aβ may activate cyclin-
dependent kinase 5 (CDK5), which plays a role in synaptic function and
neuronal integrity, thereby impairing neuronal maturation in NG
(Crews and Masliah, 2010). Similarly, NG might be impaired by the
intracellular domain (AICD) of the amyloid precursor protein (APP) that
is generated by the γ-secretase processing of APP (Ghosal et al., 2010).

Both the increase and decrease in NG have been described in
transgenic mice that partly recapitulate AD pathology; long lasting
impairment of NG is associated with amyloid deposition in a transgenic
knock in a mouse model of familial AD (Zhang et al., 2007) while
increased hippocampal NG was seen in the in APP/PS1 double
transgenic mice (Yu et al., 2009). Reductions in NG and high levels of
hyperphosphorylated tau in NG areas have been demonstrated in
transgenic mice harboring familial AD-linked mutant APPswe/PS1Del-
taE9 (Demars et al., 2010). Using the triple transgenic (3xTG) ADmouse
model that generates both Aβ and tau pathology Hamilton et al. (2010)
found in NG areas decreased numbers of proliferating cells, early
lineage neural progenitors and neuroblasts at middle (11 months old)
and old age (18 months old). Thesefindings indicate that AD-associated
mutations suppress NG early during disease development (Hamilton et
al., 2010).

Cholinergic activity is assumed to be involved in NG as it is likely to
be functionally important in controlling the generation of neural stem
cells in adult brains since cholinergic drugs influence proliferative
activity in these regions (Cooper-Kuhn et al., 2004). In both AD and
dementias related to α-synuclein pathology there is evidence of a
relationship between reduced progenitor activity and cortical cholin-
ergic loss (Cooper-Kuhn et al., 2004), consistent with experimental
animal studies demonstrating that lesions in ascending cholinergic
tracts significantly reduce NG (Contestabile and Ciani, 2008).

However, data on the relation between cholinergic pathology
and NG in hippocampal NG areas in AD are lacking; we therefore
aimed to systematically investigate different stages of NG and choline-
acetyltransferase (ChAT) immunoreactivity in hippocampal NG areas
of post-mortem brains from both non-demented individuals and AD
patients.
Material and methods

Brain tissue from 20 AD patients (mean age, 81.2±7.0 years;
13 female) and 21 age matched non-demented controls (mean age,
80.9±8.5 years; 13 female) was obtained from the Newcastle Brain
Tissue Resource (NBTR). Brains were donated between 1982 and 2004
and collected in accordance with the approval of the Joint Ethics
Committee of Newcastle and North Tyneside Health Authority and
following NBTR brain banking procedures. There was no significant
difference in age, gender or post-mortem delays between the groups
(Table 1). AD cases had a clinical diagnosis of AD according to NINCDS-
ADRA (McKhann et al., 1984) criteria and fulfilled the neuropatholog-
ical criteria for Braak stage IV, V or VI (Braak and Braak, 1991; Braak et
al., 2006) and CERAD “moderate” or “severe” (Mirra et al., 1993)
resulting in a diagnosis ofmediumor high likelihood of AD according to
NIA-Reagan Institute Criteria (Hyman, 1998). Control cases did not
show any clinical signs of psychiatric or neurological disease and had
Braak stage I, II or III and CERAD “negative” or “mild”. According to
recently publishedNational Institute onAging—Alzheimer's Association
(NIA-AA) guidelines (Montine et al., 2011) the level of AD neuropath-
ologic change in the 21 non-demented control cases included “Not”
(n=5), “Low” (n=14) and “Intermediate” (n=2) while it ranged
from “Intermediate” (n=6) to “High” (n=14) in the 20 AD cases.

Neuropathological examination was performed according to a
standard protocol: Brains were fixed in 4% formaldehyde solution for
4 weeks. Paraffin embedded blocks from mid-frontal, frontobasal,
superior temporal, inferior parietal, and occipital cortex, hippocam-
pus with entorhinal cortex, cingulate gyrus, basal ganglia, amygdala,
mesencephalon, pons, medulla oblongata (at two transverse levels),
and cerebellum were examined using routine stains (H&E, cresyl
violet, Kluver–Barrera), modified Bielschowsky's silver stain, and
immunohistochemistry for amyloid-β (Aβ) peptide (clone 4G8, Signet
Labs, Dedham, MA, USA), phosphorylated tau protein (antibody AT-8;
Innogenetics, Ghent, Belgium), and α-synuclein (Chemicon, Hofheim,
Germany). Neuropathological diagnoses were made according to
established postmortem consensus criteria, for AD including Braak
staging (Braak and Braak, 1991; Braak et al., 2006), CERAD scores
(Mirra et al., 1993) and Thal Aβ phases (Thal et al., 2002).

Immunohistochemistry for NG markers and ChAT was performed
blind to group categories. From paraffin embedded tissue blocks
containing the posterior hippocampus at the level of the lateral
geniculate nucleus that were used for routine neuropathological



Fig. 1. Musashi-1, Nestin and PSA-NCAM in Braak stages I and VI. Immmunoreactivity for each Musashi-1 (Msi-1), Nestin, and PSA-NCAM presented as positive staining in both neuronal somata and cellular processes. In the subventricular
zone (SVZ) immunoreactivity for both Musashi-1 (Msi-1) and PSA-NCAM was similar in Braak stage I (A, Msi-1; C, PSA-NCAM) and Braak stage VI (D, Msi-1; F, PSA-NCAM) while nestin immunoreactivity was greater in E) Braak stage VI
compared to B) Braak stage I. In both the sub-granular layer (SGL) and granule cell layer (GL) Msi-1 immunoreactivity was higher in G) Braak stage I compared to J) Braak stage VI. Conversely, nestin and PSA-NCAM immunoreactivity was
lower in Braak stage I (H, nestin; I, PSA-NCAM) compared to Braak stage VI (K, nestin; L, PSA-NCAM). Sections were stained with polyclonal Msi-1 (A, D, G, J), polyclonal nestin (B, E, H, K) and monoclonal PSA-NCAM (C, F, I, L) antibodies the
immunoreactive product was visualized by DAB/peroxide. Arrow in E indicates a corpus amylaceum that was not included into the measurement of immunoreactivity, likewise the areas measured did not include positive ependymal cells.
Dashed lines indicate borders of SVZ, SGL, and GL as indicated and dotted lines mark the border between SGL and GL. Scale bar in A for A to T, 100 μm.
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Table 2
Msi-1, netsin, PSA-NCAM, DCX, β-III-tubulin, and ChAT immunoreactivity.

Total cohort (n=41) Controls (n=21) AD (n=20) Control vs AD

Mann–Whitney U

Mean IOD ±SE Mean IOD ±SE Mean IOD ±SE P value

Msi-1 SVZ 106.31 16.29 141.06 27.40 69.72 13.04 0.050
Msi-1 SGL 64.83 11.39 95.40 19.95 34.25 6.02 0.011
Msi-1 GL 91.00 22.03 146.85 39.90 35.15 8.42 0.001
nestin SVZ 250.26 46.78 98.87 16.79 409.23 80.84 b0.001
nestin SGL 159.04 35.28 98.89 35.90 213.17 56.95 0.019
nestin GL 91.20 17.86 24.45 6.31 154.61 27.81 b0.001
PSA-NCAM SVZ 154.72 25.88 199.50 44.80 109.94 22.25 0.122
PSA-NCAM SGL 306.20 48.48 170.03 23.89 427.23 79.61 0.005
PSA-NCAM GL 183.35 47.01 57.53 11.97 295.19 80.16 0.001
DCX SVZ 51.89 12.14 26.72 7.12 75.57 21.35 0.109
DCX SGL 97.56 15.38 78.56 14.31 115.45 26.40 0.387
DCX GL 58.39 13.02 29.20 6.35 85.87 22.92 0.004
β-III-tubulin SVZ 322.39 67.06 389.65 115.60 246.72 57.14 0.581
β-III-tubulin SGL 189.53 22.81 167.18 31.60 213.28 32.94 0.183
β-III-tubulin GL 315.69 48.11 266.66 52.60 367.78 81.83 0.418
ChAT SVZ 337.29 68.98 205.79 20.96 475.72 134.37 0.109
ChAT SGL 400.66 60.28 675.09 87.16 155.11 15.90 b0.001
ChAT GL 149.67 22.88 241.63 37.71 72.22 9.75 b0.001

Msi-1, musashi-1; DCX, doublecortin, ChAT, choline acetyltransferase; AD, Alzheimer's disease; SVZ, subventricular zone; SGL, sub-granular layer; GL, granule cell layer.
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assessment (e.g., tau pathology for Braak stages) 6 consecutive 10 μm
microtome sections were stained with antibodies against Msi-1 (rabbit
polyclonal, Chemicon), nestin (rabbit polyclonal, Chemicon), PSA-
NCAM (mouse monoclonal, Dako, Glostru p, Denmark), ChAT (goat
polyclonal, Chemicon), doublecortin (rabbit poyclonal, Abcam) and β-
III-tubulin (mouse monoclonal, Sigma), respectively. Antigen unmask-
ing was performed using pressure cooking in 0.1 mol/L EDTA for 1 min
(ChAT, doublecortin,β-III-tubulin) ormicrowaving in 0.01 mol/L citrate
buffer for 10 min (Msi-1, nestin, PSA-NCAM), prior to incubation with
the primary antibody. The immunoreactive product was visualized by
nickel enhanced 3,3-diaminobenzidine (ChAT) andDAB/peroxide (Msi-
1, nestin, PSA-NCAM, doublecortin, β-III-tubulin). In a subset of cases
(n=9) hematoxylin counterstain was performed on ChAT section to
better visualize neuronal nuclei. Control sectionswere assessedwithout
the primary antibody and all were free of immunostaining.

Immunoreactivity of each ChAT, Msi-1, nestin, PSA-NCAM, double-
cortin, and β-III-tubulin was assessed in the hippocampal NG areas i.e.,
SVZ and SGL as well as GL to which SGL neural stem cells migrate. Five
randomly selected digital images from each SVZ, SGL and GL were
scanned for immunoreactivity.

Images were captured using a JVC 3-chip CCD true color camera
mounted on Zeiss Axioplan 2 bright field photo-microscope and
Neotech Image Grabber software. IHC was quantified using Image Pro
Plus v.4.1 image analysis system: RGB thresholding was set to include
immunopositivity of both neuronal somata and neuronal cell processes
in the neuropil but to exclude unspecific background staining. RGB
thresholding was standardized for each antibody separately and the
integrated optical density (IOD) was assessed.

As our data were not normally distributed (Kolmogorov–Smirnov,
Pb0.01)we used non-parametric tests for statistical evaluation: IODs of
each ChAT, Msi-1, nestin, PSA-NCAM, doublecortin, and β-III-tubulin
immunoreactivity in all investigated regions were compared between
AD and controls (Mann–Whitney U) and between Braak stages I–VI
(non-parametric t-test). Correlations between Braak stages and IODs
Fig. 2. Mean Musahsi-1, nestin, PSA-NCAM, doublecortin, and β-III-tubulin immunoreactivi
shown on the left side (see Kempermann, 2011). For further details regarding cell types 1–
(Msi-1) IOD did not differ significantly between Braak stages while in both B) sub-granular l
Braak stages (SGL, rho=−0.413, Pb0.01; GL, rho=−0.556, Pb0.01). Nestin IOD signific
(rho=0.377, Pb0.05), and F) GL (rho=0.646, Pb0.01). No significant differences between
Pb0.01) and I) GL (rho=0.526, Pb0.01) PSA-NCAM IOD significantly increased with increas
Braak stage IV compared to II and III and in V compared to III, respectively, but no significan
stages. *, Pb0.05; rings, outliers.
were analyzed by calculating Spearman's rank correlation coefficient.
For all statistical evaluations we used SPSS version 17.

Results

Msi-1 stained small, undifferentiated cells in SVZ, SGL, and GL,
including neuronal processes (Figs. 1A, F, K, and P). In the total study
groupMsi-1 IODwas highest in SVZ followed by GL and SGL (Table 2).
In both SGL and GL but not in SVZ Msi-1 IOD was significantly lower
in AD compared to controls (Table 2) and negatively correlated with
Braak stages (SGL, rho=−0.413, Pb0.01; GL, rho=−0.556, Pb0.01,
Figs. 2A–C). In SGL and GL Msi-1 IOD was significantly lower in Braak
stage VI compared to Braak stages I–III (Pb0.05, Figs. 2B–C) and in GL
additional significant differences were seen between Braak stage IV
and I–II (Pb0.05, Fig. 2C). No respective differences were seen in SVZ
and in all areas Msi-1 IOD increased from Braak stage I to II (P>0.05,
Figs. 2 A–C).

Nestin IOD was highest in SVZ followed by SGL and GL and in all
investigated areas significantly higher in AD compared to controls
(Table 2; Figs. 1B, G, L, and Q). Overall we have seen a significant
increase in nestin IOD with increasing Braak stages (SVZ, rho=0.666,
Pb0.01; SGL, rho=0.377, Pb0.05; GL, rho=0.646, Pb0.01) but in
SGL and GL nestin IOD was lower in Braak stage II compared to Braak
stage I (P>0.05, Figs. 2D–F). In SVZ nestin IOD was significantly
higher in Braak stages V and VI compared to I–IV (Pb0.05, Fig. 2D), in
SGL in V and VI compared to I–III, respectively (Pb0.05, Fig. 2C) while
differences in GL were significant between V and VI compared to II
and between V and III (Pb0.05, Fig. 2E).

PSA-NCAM immunostaining revealed punctate precipitates in
neuronal cell bodies and neuropil (Figs. 1C, H, M, and R) and PSA-
NCAM IODwas highest in SGL followed by GL and SVZ (Table 2). In SGL
and GL but not in SVZ PSA-NCAM IOD was significantly higher in AD
compared to controls (Pb0.01, Table 2) and correlated with Braak
stages (SGL, rho=0.489, Pb0.01; GL, rho=0.526, Pb0.01; Figs. 2G–I).
ty in Braak stages I to VI.Developmental stages in adult hippocampal neurogenesis are
3 and postmitotic stages see main text. A) In the subventricular zone (SVZ) Musashi-1
ayer (SGL) and C) granular layer (GL) Msi-1 IOD decreased significantly with increasing
antly increased with increasing Braak stages in D) SVZ (rho=0.666, Pb0.01), E) SGL
Braak stages were seen for PSA-NCAM IOD in G) the SVZ. In the H) SGL (rho=0.489,
ing Braak stages. Mean doublecortin (DCX) IOD in the L) GL was significantly higher in
t correlation was seen between both DCX (J–L) and β-III-tubulin (M–O) IODs and Braak
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Fig. 3. Choline acetyltransferase in Braak stages I, IV, and VI. Choline acetyltransferase
(ChAT) immunoreactivity in the subventricular zone (SVZ) did not show differences
between A) Braak stage I, C) Braak stage IV and E) Braak stage VI, while in both the sub-
granular layer (SGL) and the granule cell layer (GL) ChAT immunoreactivity decreased
from B) Braak stage I to D) Braak stage IV and F) Braak stage VI. Lower right hand inset
in D): Hematoxylin counterstain visualizes nuclei that are sometimes adjacent to
strong globular cytoplasmic immunopositivity. Sections were incubated with poly-
clonal ChAT antibody and the immunoreactive product was visualized by nickel
enhanced 3,3-diaminobenzidine; hematoxylin counterstain in the lower right inset in
D; dotted line in B, D and F indicates border between SGL and GL; scale bar in A for A to
F, 200 μm.
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In both SGL and GL PSA-NCAM IODs were significantly higher in Braak
stage VI compared to I–III (Pb0.05; Figs. 2H–I), no other respective
differences were seen.

Doublecortin immunostaining was present to a similar degree in all
regions (Table 2) and showed a predominately cytoplasmic staining
pattern (Figs. 1D, I, N, and S). Doublecortin IOD was significantly higher
(Pb0.01) in AD compared to controls in the GL only, where significant
respective differences have been seen between Braak stages IV and II/III
and between Braak stages V and III (Pb0.05; Figs. 2J–L).

β-III-tubulin immunoreactivity was present in both cell bodies
and processes (Figs. 1E, J, O, and T) and its IOD was highest in SVZ
followed by GL and SGL (Table 2). No significant differences were
seen between AD and controls (Table 2) and between different Braak
stages (Figs. 2M–O).

ChAT immunostaining was generally present in neurons and in the
neuropil of all investigated areas. Cellular immunopositivity presented
as strong globular cytoplasmic staining filling the entire cytoplasm
(Fig. 3D) or as granular cytoplasmic staining as well as faint diffuse
cytoplasmic staining while in the neuropil thread- and small dot-like
immunopositive axons and dendrites were seen (Fig. 3). ChAT IOD was
highest in SGL followed by SVZ and GL (Table 2). ChAT IOD in AD was
significantly lower compared to controls (Pb0.001) and significantly
decreased with increasing Braak stages in SGL and GL (SGL, rho=
−0.898; GL, rho=−0.79; Pb0.001) while no significant differences
were seen in SVZ (Fig. 4). In SGL ChAT IOD was significantly lower in
Braak stages IV–VI and in GL in V–VI compared to I–III, respectively
(Pb0.05, Figs. 4B–C),while an additional significant differencewas seen
in GL between Braak stages IV and I (Pb0.05, Fig. 4C).

IODs of PSA-NCAM and nestin negatively correlated in the SVZ
(rho=−0.36, Pb0.05) while a positive correlation was seen in GL
(rho=0.444, Pb0.05); no other correlations between PSA-NCAM,
nestin, Msi-1, doublecortin, and β-III-tubulin were observed in any of
the NG niche areas. Of note, Msi-1 was the only NG marker that
correlated with ChAT as Msi-1 IOD significantly decreased with
decreasing ChAT IOD in SGL and GL (SGL, rho=0.593, Pb0.01; GL,
rho=0.735, Pb0.01).

Fig. 5 shows the neuropathological hallmark lesions for AD in NG
areas; while Aβ plaques (Fig. 5B) as well as neuritic plaques (Fig. 5D)
and neurofibrillary tangles (Figs. 5A, C–D) are absent in all NG niche
areas, hyperphosphorylated microtubule-associated protein tau in the
form of neuropil threads and pretangles is seen in both SGL and GL
(Figs. 5A, C).

Discussion

The results of our study indicate that changes in hippocampal NG in
AD differ between NG phases, NG niche areas and AD stages; while
progenitor/stem cell marker Msi-1 (type-1 cells; proliferation phase)
decreases, nestin (type-2a and -2b cells; differentiation phase) and to a
lesser degree PSA-NCAM (type-2b and -3 cells; differentiation/migra-
tion phase and axonal/dendritic targeting) increase with the progres-
sion of AD (increasing Braak stages). On the other hand, no significant
differences were seen in the expression of β-III-tubulin (type-3 cells;
migration phase and axonal/dendritic targeting) between different
stages of AD and doublecortinwas higher in AD compared to controls in
the GL only, but showed no correlation with Braak stages. With respect
to other regional variations, in both SGL and GL significant differences
between AD and controls regarding Msi-1, nestin and PSA-NCAM IODs
were seen while in the SVZ only nestin IOD was significantly higher
in AD. NG in the SGL, although less active than in the SVZ (Curtis
etal., 2011), is of particular interest in AD since new-born neurons
integrating into the dentate gyrus as a function of activity or experience
are vital for memory function (Aasebo et al., 2011; Koehl and Abrous,
2011; Mongiat and Schinder, 2011).

Increased nestin immunoreactivity in higher Braak stages could
potentially indicate an increase in type-1, type-2a, and type 2b cells that
characterize the first two stages of NG (i.e., proliferation and diffe-
rentiation phases) (Kempermann et al., 2004). However, we have seen
a decrease in Msi-1 immunoreactivity in higher Braak stages indicating
a reduction in the number of hippocampal stem cells (type-1 cells) in
AD while PSA-NCAM and doublecortin that are additional markers for
type-2b cells (Kempermann, 2011) showed an ambiguous pattern of
immunoreactivity; in both SGL and GL PSA-NCAM increased with
increasing Braak stages and was significantly higher in AD compared to
controls. Doublecortin on the other hand, did not significantly increase
with increasing Braak stages but in the GLwas significantly higher in AD
compared to controls. Thereby, the finding of an increase in nestin
immunoreactivity suggests that predominately type-2a cells that
characterize proliferating cells without neuronal determination and to
a lesser extend neuronally determined type-2b cells increase with
increasing AD pathology. The lack of a change in β-III-tubulin expression
with increasing Braak stages suggests despite respective increases in
both PSA-NCAM and doublecortin, that NG stages 3 (migration phase;
type 3 cells) and 4 (axonal and dendritic targeting; postmitotic stage)
remain unchanged in AD. Hence, we suggest that in AD hippocampal
stem cells decrease while transiently amplifying progenitor cells
including neuronally determined cells increase. However, while the
increase in type-2 cells might reflect a compensatory mechanism it does
not result in increased migration or axonal and dendritic targeting as
type-3 cells and postmitotic stages remain stable.

In relation to disease staging increased nestin and PSA-NCAM and
decreased Msi-1 appear to be later disease stage phenomena. However
Msi-1 IODwas increased in Braak stage 2 indicating a transient increase
at earlier, preclinical stages of AD that could reflect initial compensatory
mechanisms. Such compensatory mechanisms may be initiated by
alteration of the environment in the NG areas that initially may
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Fig. 4. Mean choline acetyltransferase immunoreactivity in Braak stages I to VI.Box plots of mean choline acetyltransferase (ChAT) integrated optical density (IOD) show no
significant differences between Braak stages in A) the subventricular zone (SVZ) but in both B) the sub-granular layer (SGL) and C) the granule cell layer (GL) ChAT IOD decreased
significantly with increasing Braak stages (SGL, rho=−0.898; GL, rho=−0.79; Pb0.001) and significant differences were seen in ChAT IOD between Braak stages I–III and IV–VI in
the SGL (B) and between Braak stages I–III and V–VI as well as between I and IV in GL (C). *, Pb0.05; rings, outliers.
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stimulate NGbut become inhibitory once an environmental threshold is
passed and neuropathological changes (e.g., hyperphosphorylation of
tau) develop. This has been indicated by Shruster et al. (2010) in
relation to amyloidosis. Our results clearly indicate that changes in the
expression of NG markers relate to the stage of AD pathology as
reflected by the severity of tau pathology (Braak stages); this might
point towards an association between NG and tau pathology.
Fig. 5. Alzheimer's disease neuropathology in neurogenic niche areas. The subven-
tricular zone (SVZ) is devoid of Aβ-plaques, tau pathology, and neuritic plaques
(asterisks in A and B). In both sub-granular layer (SGL) and granule cell layer (GL)
hyperphosphorylated tau frequently presents as neuropil threads (thread-like
immunopositivity in A1) while pretangles (open arrowhead in inset C) as well as
neurofibrillary tangles (full arrowhead in inset C) are rarely seen and both Aβ-plaques
(B1) and neuritic plaques (inset D) are completely absent. Of note, Aβ-antibody 4G8
reacts with the physiological transmembraneous amyloid precursor protein (APP) and
therefore cellular immunopositivity in B1 does not reflect Aβ pathology but APP
staining. Immuno-/histochemistry: A and C, AT8 (tau); B, 4G8 (Aβ); D, modified
Bielschowsky silver stain. A–B and C–D are adjacent sections. Dashed lines indicate
borders of SGL and GL as indicated and dotted lines mark border between SGL and GL.
Scale bars: A and B, 1000 μm; C and D, 200 μm.
While increased nestin immunoreactivity in higher Braak stages
indicates a compensatory increase of proliferation, it is unclear if
the reduction in stem cell number as reflected by reduced Msi-1
immunoreactivity with increasing tau pathology is a result of tau
toxicity or converselymay cause/aggravate tau pathology. The latter has
been suggested for AD in both humans and animal models (Demars et
al., 2010; Lazarov and Marr, 2010; Winner et al., 2011).

In this study it is demonstrated for the first time that in SGL and GL
ChAT IOD decreases with increasing tau pathology suggesting an
association between AD pathology and cholinergic pathology in human
hippocampal NG areas. The reduction of ChAT IOD significantly
correlated with the reduction of Msi-1 IOD suggesting an association
between progenitor activity and cholinergic activity. Acetylcholine has
indeed been shown to play a role in NG; animal model studies indicate
that the cholinergic system plays a key survival-promoting role for
neuronal progenitors and immature neurons within regions of adult
NG. Following immunotoxin 192IgG-saporin injection in lateral ventri-
cles of adult rats to selectively lesion cholinergic neurons of the
cholinergic basal forebrain, NGdeclined significantly in GL and olfactory
bulb (Cooper-Kuhn et al., 2004). Selective neurotoxic lesion of forebrain
cholinergic input with 192 IgG-saporin reduces NG in the dentate gyrus
with concurrent impairment in spatial memory (Mohapel et al., 2005).
Conversely, systemic administration of the cholinergic agonist physo-
stigmine increases NG. Forebrain acetylcholine levels primarily influ-
ence proliferation and/or the short-term survival rather than long-term
survival or differentiation of new neurons (Mohapel et al., 2005).
Therefore, the reduction of ChAT and Msi-1 levels in AD might suggest
that cholinergic pathology per se has a detrimental influence on NG.

We conclude that NG abnormalities in AD do not follow a uniform
pattern but vary considerably between stages and NG niche areas as
well as disease stage. This conclusion is relevant for the interpretation of
previous respective studies that reported both increased and decreased
NG in AD and for the design of future studies aiming to further elucidate
the association between NG and AD. Our finding of a significant
association between reduced hippocampal stem cells and reduced ChAT
levels warrants further studies on the impact of cholinergic pathology
on NG in AD.
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