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Abstract

The dentate gyrus, an important anatomic structure of the hippocampal formation, is one of the
major areas in which neurogenesis takes place in the adult mammalian brain. Neurogenesis in the
dentate gyrus is thought to play an important role in hippocampus-dependent learning and
memory. Neurogenesis has been reported to be increased in the dentate gyrus of patients with
Alzheimer disease, but it is not known whether the newly generated neurons differentiate into
mature neurons. In this study, the expression of the mature neuronal marker high molecular weight
microtubule-associated protein (MAP) isoforms MAP2a and b was found to be dramatically
decreased in Alzheimer disease dentate gyrus, as determined by immunohistochemistry and in situ
hybridization. The total MAP2, including expression of the immature neuronal marker, the
MAP2c isoform, was less affected. These findings suggest that newly generated neurons in
Alzheimer disease dentate gyrus do not become mature neurons, although neuroproliferation is
increased.
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INTRODUCTION

Alzheimer disease (AD), the major cause of dementia in middle-aged to elderly individuals,
is characterized clinically by progressive decline in cognitive abilities accompanied by
behavioral abnormalities. The histopathologic hallmarks of AD are senile plagues containing
amyloid-p peptide (1) and neurofibrillary tangles of paired helical or straight filaments of
abnormally hyperphosphorylated tau (2, 3). High densities of plaques and neurofibrillary
tangles are found predominantly in the hippocampus and the entorhinal cortex.

The dentate gyrus is the projecting target of the perforant pathway, which is the major
cortical input from the entorhinal cortex to the hippocampus. The adult dentate gyrus has the
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unique property of persistent neurogenesis (4); in mice, this is detectable even at old ages,
but at a slower rate (5). Neurogenesis is thought to play an important role in the maintenance
of memory and associated learning (6-8). Thus, disruption of neurogenesis in the dentate
gyrus can be involved in the age-associated decline of hippocampal learning and memory.
Neurogenesis has 2 aspects: proliferation and differentiation. In AD brain, especially in the
hippocampus, a marked imbalance of neurotrophic factors, including increased levels of
fibroblast growth factor 2 (FGF-2) and decreased levels of the brain-derived neuro-trophic
factor and neurotrophin 4, has been found (9, 10). Most likely, this changed environment
adversely affects the maturation of multipotent neural progenitor cells into differentiated
neurons. The expression of immature neuronal marker proteins that signal the birth of new
neurons is increased in the hippocampus of AD patients (11), suggesting that
neuroproliferation in the dentate gyrus is increased in this disease. However, it is not known
whether these newly generated neurons can differentiate into mature neurons in the dentate
gyrus in AD.

Microtubule-associated protein 2 (MAP2) is a family of heat-stable phosphoproteins
expressed predominantly in the cell body and dendrites of neurons. Three major MAP2
isoforms, high molecular weight (HMW) MAP2a, b, and low molecular weight MAP2c, are
differentially expressed during the development of the nervous system and have an
important role in microtubule dynamics (12). Microtubule-associated protein 2c is present
during early brain development and is absent from most adult brain areas. The switch in
expression from MAP2c to MAP2a and b occurs during neuronal maturation and seems to
be less complete in the dentate gyrus and the olfactory bulb, areas with persistent adult
neurogenesis (13-16). This study examines the effect of the changed trophic environment on
neural development in the hippocampus in AD by comparing alterations in the expression of
the mature and the immature isoforms of MAP2 in the dentate gyrus from individuals with
AD and age-matched controls.

MATERIALS AND METHODS

Tissue

Tissue sections of the hippocampus of 14 AD and 15 age-matched controls were obtained
from the Brain Donation Program of the Sun Health Research Institute, Sun City, AZ
(Table). All AD cases met the Consortium to Establish a Registry for Alzheimer’s Disease/
National Institute on Aging—Reagan Institute criteria for definite AD (17, 18). All controls
but 1, C7, were cognitively unimpaired according to their clinical records and also had no
known neurologic diseases. Control Case C7 was found to have borderline dementia
according to psychological assessment. The sections (40 um) had been prepared from
approximately 1-cm-thick blocks fixed in 4% paraformaldehyde for 24 to 48 hours. The
sections were stored at —20°C in 30% ethylene glycol, 30% glycerol, 0.2 mol/L of sodium
phosphate buffer, pH 7.4, until they were used.

Western Blots and Immunohistochemistry

Brains (cerebra) were obtained from 5-month-old Wistar rats that had been euthanized by
injection of 80 mg/kg (i.p.) of nembutal. Neural progenitor cells were prepared from the
brains of a 3-month-old male Wister rat as previously described (19). Rats were killed
according to the guidelines of the Institutional Animal Welfare Committee. For Western
blots, brain homogenate and cell lysate were prepared in 50 mM TRIS-HCI, pH 6.8,
containing 1% sodium dodecyl sulfate (SDS) and 1% B-mercaptoethanol and a cocktail of
protease inhibitors (1 mmol/L of phenyl-methyl sulfonyl fluoride and 2 ug/mL each of
aprotinin, leupeptin, and pepstatin A). Samples were electrophoresed on 7.5% SDS-
polyacrylamide gels, transferred to immobilon, and developed with monoclonal antibodies
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SMI52 (1:1000; Sternberger Monoclonals, Baltimore, MD) or AP20 (1:2000; Chemicon
International, Temecula, CA) to MAP2a,b; or HM2 to MAP2a,b,c (1:200; Sigma-Aldrich,
St. Louis, MO). Bound antibodies were detected using peroxidase-conjugated secondary
antibodies and enhanced chemiluminescence reagent (Pierce, Rockford, IL) as a substrate.

Immunohistochemistry was performed as previously described (20), except that floating
sections were used. Sections were incubated overnight at 4°C with primary antibodies.
Bound antibodies were detected using Vectastain Elite Avidin Biotin Kit (Vector,
Burlingame, CA) with diaminobenzidine (Sigma-Aldrich) as substrate. All sections were
treated identically using the same batches and concentrations of antibodies, incubation, and
staining times. Only cases that showed clear immunoreactivity in the hippocampus with all 3
antibodies were used in the study.

In Situ Hybridization

Digoxigenin-labeled cRNA probes (anti-sense and sense probes) were prepared by in vitro
transcription using the human MAP2 exon 8 and 1-265 cDNAs subcloned into
pGEM-3Zf(+) vectors (Promega, Madison, WI) as templates in the presence of digoxigenin-
labeled deoxyuridine triphosphate. MAP2 exon 8 is specific for MAP2a (21-23), and 1-265
is common for all the MAP2 isoforms, including MAP2a, b, and ¢ (24). There is no unique
DNA sequence for MAP2b, and that MAP2c is too short to be used as a probe. In situ
hybridization was performed as described previously (25, 26). Sections (40 pm) were
postfixed for 20 minutes in 4% formaldehyde, followed by a 5-minute wash in 0.1 mol/L of
phosphate buffer, pH 7.2. Sections were treated with 0.001% proteinase-K (Promega) in 50
mM Tris-HCI, pH 7.2, 5 mM EDTA for 10 minutes, and subsequently for another 10
minutes with 0.1 mol/L of triethanolamine and 0.225% acetic acid anhydrous solution. After
washing with 0.1 mol/L of phosphate buffer, sections were dehydrated through a series of
increasing concentrations of ethanol and were air-dried. The sections were prehybridized for
30 minutes at 65°C in hybridization buffer (10% sodium dextran sulfate, 20 mmol/L of Tris-
HCI, pH 8.0, 0.3 mol/L of NaCl, 0.2% sarcosine, 0.02% heat-denatured salmon sperm DNA,
1x Denhardt solution, 50% formamide) and then hybridized overnight at 65°C in
hybridization solution with 500 ng/mL of cRNA probes. After rinsing in 5x standard saline
citrate (0.75 mol/L of NaCl, 75 mmol/L of sodium citrate) at 60°C for 30 minutes, the
sections were washed with 50% formamide/2x standard saline citrate (0.3 mol/L of NaCl, 30
mmol/L of sodium citrate) at 60°C for 30 minutes (high stringency wash). The sections were
then subjected to 30 minutes RNase digestion at 37°C with 1 pg/mL of RNase A (Roche,
Indianapolis, IN) in 10 mmol/L of Tris-HCI, pH 7.5, 1 mmol/L of ethylenediamine
tetraacetic acid, 0.5 mol/L of NaCl, and then washed at high stringency. For detection of
digoxigenin-labeled cRNA probes, the sections were treated with anti-digoxigenin
conjugated to alkaline phosphatase (Roche) at a dilution of 1:500, and color was developed
by incubation with 4-nitro blue tetrazolium chloride and 5-bromo-4 chloro-3
indolylphosphate solution (Roche).

Image Analysis

Levels of immunoreactivity and hybridization in AD and control dentate gyrus were
assessed using a Zeiss Axiophot Microscope (Carl Zeiss, Thornwood, NY) with a 4x
objective and 1.25 intermediate lens, yielding a spatial resolution of 5,525 pixels per
millimeter. The National Institutes of Health Image J program, version 1.32j
(http://rsb.info.nih.gov/ij/), was used to measure optical density (OD) of the images. All
sections were examined under the same light intensity, brightness, and contrast settings. For
each section, the OD was measured with reference to a gray scale from 0 to 255 pixels. In
detail, each pixel of the image can take any gray scale value from completely black (0) to
completely white (255). A fixed OD value was set as a positive threshold in each kind of

J Neuropathol Exp Neurol. Author manuscript; available in PMC 2011 October 12.


http://rsb.info.nih.gov/ij/

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lietal.

RESULTS

Page 4

staining. For each microscopic field examined, the threshold value was subtracted from the
reading. The corrected gray values of all pixels belonging to the region of interest were used
to calculate the mean OD value for that region (27). The OD values obtained were analyzed
by 2-tailed t-test.

To investigate the effect of the changed trophic environment in AD hippocampus on
neuronal development, we studied the expression of the mature HMW-MAP?2 in the dentate
gyrus of 14 AD and 15 control cases (Table). Using monoclonal antibody (mAb) AP20,
which specifically labels MAP2a, MAP2b, but not the immature isoform MAP2c (Fig. 1),
we found that this antibody only minimally stained the dentate gyrus in all 14 AD cases
(Fig. 2A, B), whereas it robustly labeled the CA regions. In contrast, in 11 of 15 control
cases, neurons in most hippocampal areas, including the dentate gyrus, were strongly labeled
by this antibody. In 4 of 15 control cases (i.e. Cases C2, C8, C14, and C15), the staining
pattern of the dentate gyrus was equal to that of the AD cases. These findings were
confirmed with mAb SMI52, another mAb to MAP2a and MAP2b (Fig. 2A). In contrast to
these 2 antibodies, HM2, which recognizes all 3 isoforms, MAP2a, MAP2b, and MAP2c
(Fig. 1), stained most areas of the hippocampal formation, including the dentate gyrus, in
both AD and controls, regardless of whether they were immunonegative or immunopositive
with MAP2a and b antibodies (Fig. 2A, B). Quantitation of the immunostaining revealed
that AD dentate gyrus had less than 1% of the MAP2a and b and approximately 60% of the
MAP2a to ¢ levels of the corresponding signals in age-matched control cases (Fig. 2C).
These results suggest that MAP2c is predominantly expressed in the dentate gyrus in AD.

To assess the mRNA expression of the mature neuronal marker MAP2a in dentate gyrus, in
situ hybridization histochemistry using cRNA probes of MAP2 exon 8 was performed on 10
control and 8 AD cases. The controls included C8, C14, and C15, which had been found to
be immunohistochemically negative for HMW-MAP2 isoforms (C2 could not be studied
because of unavailability of sections). cRNA probe of exon 8 was chosen because it is
specific to MAP2a (21-23). In rat brain, MAP2a expression coincides with the time of
synaptic formation and has been observed only in mature neurons (15). The first 265 bases
(1-265) are common to all the MAP2 isoforms, including MAP2a to ¢ (24), and the cRNA
probe of MAP2 1 to 265 was used as a general MAP2 marker (Fig. 3A). For this analysis,
we studied 7 controls (including C8, C14, and C15) and 6 AD cases. The level of MAP2a
(exon 8) mRNA in the dentate gyrus was remarkably decreased in all AD cases compared
with control cases (52%; p < 0.01), whereas the level of MAP2a to ¢ (1-265) mRNA in the
dentate gyrus was only approximately 17% (p < 0.05) decreased (Fig. 3B-D), indicating that
it is the level of MAP2a mRNA that is mostly decreased, but that the level of MAP2c
mRNA is minimally affected in AD dentate gyrus as compared with the controls. In 4 of 10
control cases studied, the expression of MAP2 exon 8 mMRNA in dentate gyrus was as low as
that of AD cases. Of these 4 cases, 3 (C8, C14, and C15) were also negative for MAP2a and
b in immunohistochemistry, whereas C6 was immunohistochemically positive.

No difference was observed between AD and control cases in the expression of MAP2a to ¢
(1-265) mRNA in cerebellum that served as an internal tissue control (Fig. 3E). This result
suggests that the total MAP2 expression is not decreased in the nonaffected areas of the
brain in AD. Furthermore, no hybridization signals were detected in the control experiments
when sense RNA probes were used to indicate the specificity of the 2 anti-sense probes (data
not shown).
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DISCUSSION

Neurogenesis occurs throughout adult human life, especially in the dentate gyrus of the
hippocampal formation (4). The hippocampus is one of the most affected areas in age-
associated neurodegeneration and is critical for learning and memory (28, 29). The balance
between neurogenesis and neurodegeneration in the hippocampus is critical for the
maintenance of normal learning and memory (6). These cognitive abilities, however, require
not only the birth of new neurons to replace the lost cells in the hippocampus but also the
differentiation of these newborn cells into functional neurons. The present study
demonstrates for the first time that this latter requirement, that is, differentiation of newly
born cells into mature neurons, is compromised in AD.

Using immunohistochemistry, we found that the expression of the mature neuronal marker
HMW-MAP?2 is dramatically decreased in the dentate gyrus in AD. In addition, in situ
hybridization demonstrated that MAP2a mRNA is only minimally expressed, whereas that
of total MAP2, including the immature neuronal marker MAP2c, is decreased only slightly.
Taken together, these findings suggest that the levels of the immature neuronal marker
MAP2c are probably unchanged or increased in the dentate gyrus in AD. Thus, the newly
generated neurons apparently do not mature into fully functional neurons. These findings are
consistent with previous reports that have shown an increase in levels of the immature
neuronal markers double-cortin, polysialylated nerve cell adhesion molecule, neurogenic
differentiation factor, and TUC-4 in the hippocampus (11) and a decrease in the length and
branching of dendrites and spine density of the dentate gyrus in AD (30).

Particularly in the hippocampus in AD brain, a marked imbalance of neurotrophic factors,
including increased level of FGF-2, has been reported (9, 10). Previously, we have also
shown that elevated levels of FGF-2 increase cell division and the level of nestin but
decrease the levels of the neuronal lineage markers Tuj1 and MAP2a and b in adult
hippocampal progenitor cells in culture (19, 20), indicating that an elevated level of FGF-2
drives the adult hippocampal progenitor cells toward an undifferentiated, actively dividing
developmental stage. The marked decrease in the expression of MAP2a and b, but not
MAP2c, in AD dentate gyrus found in this study is consistent with these reports.

The hippocampal formation, and especially the entorhinal cortex, CA1, and subiculum, are
among the areas that are affected first and most severely in AD, whereas the granular layer
of the dentate gyrus has generally been found to be spared (28, 31). The dramatic and
specific decrease of the HMW-MAP?2 isoforms in the AD dentate gyrus is, therefore, of
great interest but difficult to explain. It is unlikely that the present findings are due to poor
tissue viability because there was no loss of the MAP2c expression. Furthermore, the rest of
the hippocampus was robustly stained by all antibodies, including those to the HMW-MAP2
isoforms. A review of the summaries of the clinical histories and neuropathology reports
also did not reveal any condition besides plaques and tangles that might have been different
between the AD and control groups. Although most AD cases had vascular or microvascular
abnormalities that might have also affected the hippocampus, these findings were also seen
in most of the age-matched controls. There was also no difference between AD and controls
with respect to the occurrence of chronic congestive heart disease or liver failure. On the
other hand, a connection to plaque and tangle pathology seems quite unlikely because 4 of
the 15 control cases also exhibited an AD-like lack of the adult MAP2 isoforms. Thus, the
decrease in HMW-MAP2 in the AD dentate gyrus is probably mainly attributable to an
arrest in maturation of the developmentally immature granule cells in reaction to changes in
the microenvironment and the AD-like control cases might represent presymptomatic AD.

J Neuropathol Exp Neurol. Author manuscript; available in PMC 2011 October 12.
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In conclusion, using immunohistochemistry and in situ hybridization, we have determined
that expression of the mature neuronal marker HMW-MAP2 is dramatically decreased in the
dentate gyrus in AD, whereas the total MAP2, including expression of the immature
neuronal marker MAP2c, is minimally decreased. These findings suggest that newly
generated neurons in AD dentate gyrus do not fully mature, although neuroproliferation is
increased. Promotion of the differentiation of immature neurons in the dentate gyrus into
mature neurons might help improve cognition in AD patients.
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FIGURE 1.

Western blots showing the specificity of the microtubule-associated protein (MAP)2
antibodies used. Cultured adult rat hippocampal progenitor (AHP) lysate (10 ug) and BH
(2.5 ng) were electrophoresed on 7.5% sodium dodecyl sulfate—polyacrylamide gel under
reducing conditions, and the Western blots were developed with mAb SMI152 and AP20 to
MAP2a, b, and mAb HM2 to MAP2a to c. All 3 antibodies were of high specificity toward
the MAP2 isoforms and did not cross-react with other brain proteins such as tau. In AHPs,
the immature isoform MAP2c was the predominant MAP2, whereas in the adult brain, the
high molecular weight (HMW)-MAPs were predominant, and MAP2c¢ was not detectable. In
both samples, MAP2a and MAP2b were expressed at similar ratios. BH, rat brain
homogenate.
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FIGURE 2.

Immunoreactivity of microtubule-associated protein (MAP)2a,b (mAb AP20, mAb SMI52)
and MAP2a,b,c (mAb HM2) in dentate gyrus of control and Alzheimer disease (AD) brains.
(A) All 3 antibodies strongly stained control dentate gyrus (upper 3 images), whereas the
AD dentate gyrus was clearly labeled only by the antibody that also recognhized MAP2c
(lower right image) but not by the 2 antibodies specific to the mature MAP2 isoforms (lower
left and middle images). Sections counterstained with hematoxylin. Scale bar = 50 um. (B)
Low-magnification images of an AD and a control case show the extent to which MAP2a
and b in AD dentate gyrus is affected (lower left image); the granular layer (GL) (arrow) is
immunonegative, and the molecular layer (ML) is weakly stained for MAP2a and b, whereas
the CA1 area of the hippocampus is robustly stained. In contrast, in the control (upper left),
the dentate gyrus is strongly immunopositive. The antibody to all MAP2 isoforms, including
MAP2c, robustly stained both AD and control dentate gyri (lower and upper right images;
scale bar = 300 um). (C) Immunoreactivity of MAP2a, b (mAb AP20), and MAP2a to ¢
(mAb HM2) in dentate gyrus (DG) of control and AD brains was quantitated by using
ImageJ software. Mean + SEM of quantitated intensity relative to control. Differences
between AD and control cases were analyzed statistically by 2-tailed t-test (*, p < 0.01).
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FIGURE 3.

(A) Schematic representation of the human microtubule-associated protein (MAP)2 gene.
The exons are shown as boxes separated by the introns (solid lines). Under bars show the
location of the probes and some of the important regions of the MAP2 gene. (B, C)
Representative images of expressions of MAP2 exon 8 and MAP2 1 to 265 mRNAs in
Alzheimer disease (AD) and control dentate gyri (AD4 and C11) as determined by
digoxigenin-labeled in situ hybridization. (B) In the control, MAP2 exon 8 and MAP2 1 to
265 mRNAs (upper left and right images, respectively) were robustly expressed in the
cytoplasm of the granular cell layer, whereas in AD, mostly exon 8 mMRNA expression was
reduced (lower left and right images). High magnification, scale bar = 50 um. (C) Low
magnification, scale bar = 500 um. (D) Microtubule-associated protein 2 exon 8 and MAP2
1 to 265 mRNA signals from AD and control dentate gyrus (DG) were quantitated using
ImageJ software. Mean + SEM of quantitated intensity relative to control. Differences
between AD and control cases were analyzed statistically by 2-tailed t-test (*, p < 0.05; T, p
< 0.01). (E) Microtubule-associated protein 2 1 to 265 mRNA signals from AD and control

J Neuropathol Exp Neurol. Author manuscript; available in PMC 2011 October 12.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lietal.

Page 11

cerebella. MTBD, microtubule binding domain; UTR, untranslated region; HMW, high
molecular weight.
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