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Abstract
Brain-derived neurotrophic factor (BDNF) and its receptor tyrosine kinase B (TrkB) may
influence brain reserve, the ability of the brain to tolerate pathological changes without significant
decline in function. Here, we explore whether a specifically vulnerable population of human
neurons shows a compensatory response to the neuropathological changes of Alzheimer disease
(AD) and whether that response depends on an upregulation of the BDNF pathway. We observed
increased neuronal TrkB expression associated with early AD pathology (Braak and Braak stages
I–II) in hippocampal CA1 region samples from cognitively intact Framingham Heart Study
subjects (n = 5) when compared to cognitively intact individuals with no neurofibrillary tangles (n
= 4). Because BDNF/TrkB signaling affects memory formation and retention through
modification of the actin cytoskeleton, we examined the expression of actin capping protein β2
(Capzb2), a marker of actin cytoskeleton reorganization. Capzb2 expression was also significantly
increased in CA1 hippocampal neurons of cognitively intact subjects with early AD pathology.
Our data suggest that increased expression of TrkB and Capzb2 accompanies adequate brain
reserve in the initial stages of AD pathology. In subsequent stages of AD, the higher levels of
TrkB and Capzb2 expression achieved may not be sufficient to prevent cognitive decline.
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INTRODUCTION
One in 5 persons who are currently 65 years old will develop clinical Alzheimer dementia in
their lifetime. Postponing the onset of clinical disease by as little as 5 years could halve
individual risk and population burden of disease (1, 2). The onset of clinical dementia is
determined not only by the pace of pathological changes but also by brain reserve—the
ability of the brain to tolerate the pathological changes found in Alzheimer disease (AD)
without manifesting clinical signs and symptoms (3). Neurotrophic factors, most notably
brain-derived neurotrophic factor (BDNF) and its receptor tyrosine kinase B (TrkB) regulate
synaptic plasticity and functional efficiency in adulthood (4–6), and thus may influence
brain reserve.

In aged rodents and non-human primates, as well as in models of familial AD and entorhinal
injury, BDNF gene delivery restores learning and memory (3). The underlying mechanisms
might include reversing synapse loss, improving cell signaling independently of amyloid
burden, and preventing lesion-induced neuronal death (3). Effective administration of BDNF
therapy in AD requires an understanding of the dynamics of BDNF and TrkB expression
during the progression of AD in human brains. In 1991, Phillips et al used in situ
hybridization to study the abundance of neurotrophic factors in hippocampi of patients
diagnosed with AD (4). BDNF mRNA in persons with AD was found to be decreased in
comparison to controls although there was no information on the pathological (Braak and
Braak staging) or clinical (dementia rating) staging of individual AD samples examined (4).
A similar study found increased TrkB receptor mRNA and protein expression in AD (5). In
2010, Fujimura et al studied the expression of BDNF and TrkB in AD and control
hippocampal neurons using quantitative polymerase chain reaction (qPCR) and reported
lower expression of both in advanced AD (6). We recently observed that the expression of
TrkB in hippocampal CA1 pyramidal neurons was upregulated during mid-stage non-
familial AD (Braak and Braak stage III–IV, BBIII–IV), in comparison to neurons from a
brain containing no neurofibrillary tangles (NFTs) (7).

Increased expression of endogenous BDNF after injury has been observed in rat
hippocampal neurons (8), although increases are less prominent in aged than in young
animals (9). BDNF/TrkB signaling may govern regeneration following neuronal injury (10,
11) and affect neurite length by modifying the neuronal cytoskeleton (12, 13). There is
growing evidence that cytoskeletal abnormalities may be critically involved in the
pathogenesis of neurodegeneration. For example, apolipoprotein E ε4 isoform (apoE4), the
well-documented genetic risk factor for the common sporadic late-onset AD (14), inhibits
neurite outgrowth in cultured neuronal cells (15) and correlates with the simplification of
dendritic branching patterns in the brains of AD patients (16). Actin capping protein β2
subunit (Capzb2) knockdown in cultured hippocampal neurons results in short, poorly
branched neurites similar to those seen in AD brains (17). Besides capping F-actin, Capzb2
also directly binds βIII-tubulin (17). The interaction between actin capping protein (CapZ)
and β-tubulin has been uncovered in a mass spectrometry screen of alterations in protein-
target binding in vivo in response to spatial learning (18), a process that requires BDNF
(19). Moreover, in a rat model of dementia there is activity-dependent, synapse-specific
regulation of CapZ redistribution, which may be important in both maintenance and
remodeling of synaptic connections receiving spatial and temporal patterns of inputs (20).
Thus, the expression of Capzb2 may represent one of the likely down-stream read-outs for
BDNF-TrkB signaling in CA1 hippocampal pyramidal neurons in AD patients. In line with
the previously documented increased cytoskeletal reorganization including dendritic
proliferation and sprouting in neurons of AD patients (21–23), we recently demonstrated
increased expression of Capzb2 and TrkB in mid-stages AD pathology (7). BDNF has been
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shown to promote growth of undifferentiated dendrites and axons in cultured hippocampal
pyramidal neurons (24), a process that requires Capzb2 (17).

Differences in the criteria for defining controls and in categorizing the neuropathological
stage of the disease have made it difficult to integrate the findings from the various human
studies cited earlier. The present study represents a first attempt to correlate the expression
of established modulators of synaptic plasticity and actin cytoskeletal reorganization,
including BDNF, TrkB, and Capzb2, with a clinical dementia rating (CDR) score, a reliable
indicator of human cognitive performance level in a sample of persons with varying degrees
of neurodegenerative changes (25). We analyzed laser-dissected CA1 pyramidal neurons
rather than whole brain homogenates because of specific vulnerability of hippocampal
neurons in early AD (26), We compared expression of BDNF, TrkB and Capzb2 in samples
of neuropathologically `normal' and cognitively intact subjects (controls), with samples of
persons with AD-related pathological changes who were cognitively intact prior to death
(CDR0), and samples of persons with AD-related pathological changes as well as early
clinical dementia (CDR0.5–1). This approach was possible due to the existence of a unique
sample of Framingham Heart Study (FHS) participants who had undergone repeated ante-
mortem cognitive testing and brain imaging.

MATERIALS AND METHODS
We examined human hippocampal CA1 region available from FHS participants harvested
by the Brain Bank of the Boston University Alzheimer Disease Center (NIA P30 AG13846;
BVAX cases), Massachusetts Alzheimer Disease Research Center (NIA P50 AG05134;
MADRC case) and autopsy service at Boston Medical Center cases 1–4 (BM1–4) (Table).
The tissues were used in accordance with the policies of Boston University Medical Center's
Institutional Review Board.

FHS Specimens
All FHS participants in the FHS had undergone screening cognitive tests (a mini-mental
state examination) once in 2 years and also had a more detailed cognitive assessment
examining multiple cognitive domains once in 1974–1975, once in 1999–2004 and at least
twice thereafter. The presence or absence of dementia in all FHS participants is defined
using DSM-IV criteria that require impairment in memory and in at least 1 other area of
cognitive function, as well as documented functional disability. AD is defined using
NINCDS-ADRDA criteria for definite, probable or possible AD (27). A dementia-free
inception cohort was identified in 1975 (28). Since then, this cohort has been under
surveillance for the development of incident dementia through biennial mini-mental status
examinations, annual telephone interviews, linkage with participant's primary care providers
and records. All participants are invited to become brain donors and the nearly 700 persons
who have accepted this invitation undergo additional periodic brain MRI and a detailed
neuropsychological assessment at least once every 2 years beyond age 75 years. In addition,
twice in the past 10 years, all consenting participants regardless of whether or not they were
prospective brain donors were administered a neuropsychological test battery using standard
administration protocols and trained examiners. Details of the tests administered and
normative values have been previously published (28, 29). These tests cover all major
cognitive domains, including most tests from the Alzheimer Disease Center's Uniform Data
Set (30, 31), and are comprised of multiple tests measuring related cognitive domains of
premorbid vocabulary, verbal memory, visuospatial memory, new learning, abstraction,
attention and executive function, and language. Persons who screen positive or are otherwise
referred (by self, family or treating physicians) undergo detailed neurological and
neuropsychological assessment, informant interview (with a physician-administered CDR)
and a review of hospital records, nursing home notes, brain imaging and laboratory tests.
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Brain imaging is available in >90% of participants. A structured family interview (including
Blessed Dementia and Hachinski scales) (32, 33) is conducted with the next-of-kin based on
which a retrospective CDR score is assigned after the participant dies. The retrospective
CDR is very similar to the retrospective collateral dementia interview validated by Davis et
al (34). We combined this information with all ante-mortem medical records and lifelong
FHS records, including at least 2 brain MRI exams and multiple cognitive batteries
administered over decades. The sensitivity (77%) and specificity (92%) of our clinical
diagnosis have been described (35). A final clinical decision regarding the presence or
absence of dementia, diagnosis of dementia type and date of onset/diagnosis is made by a
clinical consensus panel including behavioral neurologists and neuropsychologists who
review all available records including records at the time of death. All deaths are reviewed
to assign a cause of death and to determine if dementia was present or absent at the time of
death.

The neuropathological assessment is conducted without any knowledge of the subject's age
or clinical history and includes a detailed assessment of Alzheimer, vascular and other
pathologies. Neuropathological evaluation of all autopsied brains is performed by a single
neuropathologist (A.C.M.) who is blinded to all demographic and clinical information.
Briefly, the brains are received fresh and the gross neuropathological findings are recorded.
One hemisphere is snap frozen at −80°C. The other hemisphere is fixed in 4%
periodatelysine-paraformaldehyde at 4°C for at least 2 weeks. Ten-μ-thick paraffin-
embedded sections from 30 brain regions were evaluated. The density of NFTs was rated
semiquantitatively in 14 regions using AT8-immunostained and Bielschowsky silver
impregnated sections. The neuropathological report is generated prior to a final clinico-
pathological conference during which the clinical diagnoses and pathological findings are
discussed.

MADRC Specimens
Brain tissue from the selected autopsies performed at Massachusetts General Hospital is
accompanied by the reports generated by the Neuropathology Core of the MADRC. These
reports include neuropathology diagnosis of AD-associated changes and descriptive clinical
information on the severity of neurological signs and symptoms of AD-associated cognitive
decline.

Laser Capture Microdissection
In preparation for laser capture microdissection (LCM), frozen blocks of the hippocampal
tissue (level of the lateral geniculate) were oriented and affixed to cryotome chucks with
optimal cutting temperature embedding compound (Sakura Finetek, Torrance, CA). Ten-
μm-thick cryosections were stained to visualize cells. We found that approximately 2,000
CA1 pyramidal neurons yielded enough cDNA for qPCR of 4 genes (our genes of interest -
BDNF, Capzb2, TrkB, and, as control, a housekeeping gene 18S rRNA). A Veritas LCM
system (Arcturus Veritas, Mountain View, CA) was used to collect CA1 pyramidal neurons
onto optically clear collecting caps that contain a thin plastic film impregnated with a laser
sensitive dye. Caps were placed over the area of interest and illuminated with a
monochromatic IR laser pulse. The pulse selectively heats the plastic/dye combination at a
set size (diameter range: 4–50 μm) and collects precisely microdissected underlying tissue
when the cap is lifted. The isolated material was viewed to verify its integrity before RNA
extraction. For the visualization of neurons, each section was lightly fixed in 70 % ethanol,
rinsed with RNase-free dH2O, incubated in HistoGene stain solution (Applied Biosystems,
Foster City, CA), and dehydrated in ethanol solutions and xylene. After neurons were
collected, RNA was prepared using the Arcturus picopure RNA isolation system (Applied
Biosystems). Briefly, plastic LCM collecting caps with captured neurons were incubated at
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42°C for 30 minutes in 25 μl of guanidinium thiocyanate-containing extraction buffer. After
brief centrifugation, tubes containing the extraction buffer were frozen at −80°C. Samples
are thawed and pooled prior to purification on Picopure RNA columns (Applied
Biosystems). The RNAs from the cell homogenate were attached to the column filter. After
DNase (Qiagen Sciences, Gaithersburg, MD) treatment to remove genomic DNA, total
cellular RNA from each column was eluted in 12 μl of elution buffer. RNA was converted
into cDNA using a 20-μl total reaction volume via the Standard Superscript III (Invitrogen,
Carlsbad, CA) protocol for qPCR analysis.

RNA Quality Control
We examined the RNA quality of the hippocampal blocks used for LCM and subsequent
qPCR analysis by the commonly accepted quantitative digital analysis of Agilent 2100
Bioanalyzer (Agilent Technologies, Böblingen, Germany) generated electropherograms. The
resulting RNA integrity number (RIN) of 1 (poor) to 10 (best) is obtained based on the
presence and ratio of the 5S, 18S and 28S ribosomal RNA peaks in a sample of total cellular
RNA. We found that even partially degraded RNA with a RIN value of 3.1 shows fairly
well-preserved mRNA profile (unpublished data). The hippocampi used for qPCR displayed
RIN values from 4.5 to 7.4, and thus within international tissue banks human brain mRNA
integrity standards (36).

Primer Design and qPCR Analysis
PCR primers were designed using Primer3 software (http://fokker.wi.mit.edu/primer3/) and
synthesized by Invitrogen. All the primers were tested using standard cDNA from normal
human brain as template provided by Advanced Tissue Resource Center Reagent Bank. The
Bank also provided primers for PCR of 18S rRNA, a housekeeping gene often used as an
internal control. The PCR products obtained with these primers were checked on an Agilent
Bioanalzyer using the DNA 1000 assay. The Capzb2 primers (forward:
gcaaatcgagaaaaacctca; reverse: ctccaagggagggtcatact), BDNF primers (forward:
cagctgccttgatggttact; reverse: ccaatgatgtcaagcctctt) and TrkB primers (forward:
ggacgtgtacagcactgact; reverse: tgccataggtgaaaatctcc) were used for qPCR analysis. qPCR
analysis of the cDNA from each dissected tissue was carried out on a Bio-Rad iCycler.
qPCR was performed using 1 μl of input cDNA in full-strength and dilutions of 1:2 and 1:4.
Each experiment was run in duplicate. Cycle threshold (CT) values for the duplicates were
averaged. The averages of CT values for 18S were subtracted from TrkB, BDNF, and
Capzb2 CTs to obtain a value of change in CT (ΔCT). Three ΔCT values (from 3 cDNA
concentrations) for each gene were obtained and then averaged.

Statistical Analysis
Student t-test was performed in statistical analysis where 2 groups/samples were compared;
oneway ANOVA analysis was performed in multiple group comparisons together with
Student t-test (Prism5, GraphPad, La Jolla, CA). Non-parametric tests, although less
sensitive than Student t-test, are designed to evaluate statistical significance under
circumstances of low sample sizes, and thus we submitted our ΔCT values to Wilcoxon test
(MS Excel plug-in) (Table, Supplemental Digital Content 1,
http://links.lww.com/NEN/A348). This test assesses significance based on ordinal ranking
rather than raw sample values (Table, Supplemental Digital Content 1,
http://links.lww.com/NEN/A348).

Immunohistochemistry
Hippocampal blocks were fixed in 4% paraformaldehyde and embedded in paraffin. For
detection of Capzb2 and BDNF signal in hippocampal CA1 neurons, 5-μm sections were

Kao et al. Page 5

J Neuropathol Exp Neurol. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://fokker.wi.mit.edu/primer3/
http://links.lww.com/NEN/A348
http://links.lww.com/NEN/A348


incubated with monoclonal anti-Capzb2 antibody produced in mouse (Developmental
Studies Hybridoma Bank, Iowa City, IA, 1:100) and polyclonal rabbit anti-BDNF (Santa
Cruz Biotechnology, Santa Cruz, CA, 1:100) for 3 hours at room temperature, washed in
Tris-buffered saline, pH 7.4, incubated with a secondary antibody (universal cocktail of
horseradish peroxidase-labeled goat anti-mouse and goat anti-rabbit antibodies) and
visualized with diaminobenzidine ([DAB], Sigma, St. Louis, MO). For the detection of
TrkB, sections were incubated with a rabbit polyclonal anti-TrkB antibody (Santa Cruz
Biotechnology, 1:100) overnight at 4°C and processed as above. Immunohistochemical
staining with each antibody was performed with the same antibody solution for all of the
cases to assure identical staining conditions. Images of 50 CA1 neurons per representative
case were analyzed using ImageJ 1.42q to obtain mean signal intensities for TrkB, BDNF,
and Capzb2. For the detection of neurofibrillary changes, paraffin sections were incubated
with anti-tau antibody (rabbit polyclonal, Dako, Glostrup, Denmark, 1: 1000) overnight at
4°C, washed with Tris-buffered saline, incubated with a secondary antibody (Super
Sensitive Link Label IHC Detection Systems kit, Biogenex, San Ramon, CA) and visualized
with DAB. Slides were counterstained with hematoxylin and dehydrated with ethanol and
xylene. Images were taken from the CA1 region under 10× magnification.

RESULTS
TrkB and Capzb2 mRNAs Are Significantly Upregulated in CA1 Hippocampal Neurons in
Initial Stages of AD Pathology (Braak and Braak Stage I-II)

We examined the relationship between NFT formation and the expression of modulators of
neuronal cytoskeleton important for synaptic plasticity, BDNF, TrkB, and Capzb2. To
generate cDNA for qPCR analysis, we obtained RNA from approximately 2000 CA1
pyramidal neurons from FHS specimens with Braak and Braak stage I-II (BVAX1–5) and
from neuropathology-absent controls (BM1–4). All specimens had satisfactory RNA
integrity numbers (Table). The PCR quantification curves for control, the housekeeping
gene 18S rRNA, and for TrkB, BDNF, and Capzb2 were generated from cDNA of each
LCM dissectate. ΔCT between each gene of interest and the house keeping gene 18S rRNA
was calculated. Three cDNA concentrations (full-strength,1:2 dilution, and 1:4 dilution)
were used to calculate ΔCT in order to confirm that the obtained ΔCT values were
consistent with the cDNA concentrations. Because duplicate samples were run, the average
CT value for each gene of interest was subtracted from the average CT value for 18S rRNA,
giving the average ΔCT value. The cDNAs in BBI-II group show lower ΔCT for TrkB and
Capzb2 than cDNAs from control group, indicating significantly higher expression of TrkB
(5.4-fold increase) and Capzb2 (7.7-fold increase) in neurons from the BBI-II group (Fig.
1A, C, D; Table, Supplemental Digital Content 1, http://links.lww.com/NEN/A348).
Because amplicons are doubled each cycle, the fold change was calculated using the
equation 2×, where × is the difference between the average ΔCT of BBI-II and the average
ΔCT of controls (Fig. 1D). ΔCT for BDNF was similar in BBI-II and control groups,
indicating unchanged levels of BDNF mRNA in CA1 hippocampal neurons at the onset of
AD pathology (Fig. 1B; Table, Supplemental Digital Content 1,
http://links.lww.com/NEN/A348).

TrkB and Capzb2 mRNAs Are Significantly Upregulated in Cognitively Intact FHS Subjects
(CDR0) with Initial AD Pathology (BBI-II)

We next examined the mRNA expression of BDNF, TrkB, and Capzb2 in individuals who
were cognitively intact despite having early AD pathology. FHS subjects BVAX1–3 had
BBI and BVAX4 had BBII stage of NFT formation although they all were cognitively intact
(CDR score 0). On average, their CA1 hippocampal neurons showed significantly lower
ΔCT value, i.e. higher mRNA expression for TrkB (5.7-fold increase) and Capzb2 (9.4-fold
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increase) than control neurons from cognitively intact individuals with no NFTs (BM1–4, all
BB0) (Fig. 2A, C, D; Table, Supplemental Digital Content 1,
http://links.lww.com/NEN/A348). BDNF mRNA was, again, similarly expressed in neurons
of both groups (Fig. 2B; Table, Supplemental Digital Content 1,
http://links.lww.com/NEN/A348).

TrkB and Capzb2 mRNAs Remain Upregulated in Demented Subjects
Importantly, we wanted to establish the relationship between the level of expression of
BDNF, TrkB, and Capzb2 in hippocampal neurons and presence of dementia. We compared
neuronal populations from subjects with no dementia (CDR0) that included FHS BBI
(BVAX1–3) and BBII (BVAX4) cases to neuronal populations from patients with dementia
(CDR0.5–1, mild to moderate dementia): BBII (BVAX5) and BBIV (BVAX6 and 7 and
MADRC1) (Table). Interestingly, whereas the expression of TrkB mRNA continues the
increasing trend observed in CDR0 cases, the average expression in cases with dementia
was not significantly different from that of controls (BM1–4) (Fig. 3A; Table, Supplemental
Digital Content 1, http://links.lww.com/NEN/A348). BDNF mRNA expression levels in
BBI-II and BB II-IV cases were similar to those in the controls (Fig. 3B; Table,
Supplemental Digital Content 1, http://links.lww.com/NEN/A348). Capzb2 mRNA
expression in dementia cases (BBII-IV) was significantly increased in comparison to
controls (Fig. 3C, D; Table, Supplemental Digital Content 1,
http://links.lww.com/NEN/A348). Thus, as neuropathological changes progress, Capzb2
mRNA expression levels remain significantly elevated, likely reflecting cytoskeletal
reorganization underlying degenerative and regenerative morphological changes as earlier
suggested (7).

TrkB, BDNF, and Capzb2 Protein Immunoreactivities in CA1 Neurons Correlate with mRNA
Expression

We performed immunohistochemistry for TrkB, BDNF, Capzb2, and tau on all of the
patient specimens (Table). CA1 region sections of a representative case from each of the 3
groups studied were analyzed for the presence/intensity of signals for TrkB, BDNF, Capzb2,
and for the evidence of neurofibrillary changes. In accordance with mRNA analysis, CA1
pyramidal neurons of CDR0/BBI and CDR1/BBIV cases showed significant upregulation of
TrkB and Capzb2 protein expression in comparison to control (Fig. 4A–C, G–I, M, O); all 3
had similarly intense BDNF immunoreactivity (Fig. 4D–F, N). Tau immunohistochemistry
highlighted rare neurofibrillary changes in CDR0/BBI case and substantial neurofibrillary
pathology in CDR1/BBIV case whereas control cases were free of any tau signal (Fig. 4J–
L).

DISCUSSION
In this study, we found greater expression of TrkB and Capzb2 in CA1 hippocampal neurons
of individuals with preserved cognitive status and initial NFT formation than in cognitively
intact individuals without any NFTs. In contrast, BDNF expression remained unchanged,
raising the possibility that the upregulated TrkB expression in CDR0 individuals is
responsible for the increase in BDNF/TrkB signaling tapping the brain reserve. In the group
of individuals with more advanced tangle formation and dementia (CDR0.5–1), the increase
in TrkB expression and the unchanged expression of BDNF might have been insufficient to
provide adequate brain reserve. In light of the reported restoration of learning and memory
functions in AD animal models upon BDNF gene delivery (3), exogenous intervention to
boost BDNF/TrkB signaling would appear to be a compelling therapy in early AD.
However, the experiments by Frank et al suggested that the exposure of developing and
adult rodent hippocampal neurons to BDNF in vitro and in vivo results in long-term
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functional desensitization to BDNF and downregulation of TrkB mRNA (37). It is possible
that BDNF/TrkB signaling is regulated differently in healthy vs. diseased hippocampal
neurons. Nevertheless, the reported increase in TrkB mRNA expression in astrocytes
occasionally associated with senile plaques in hippocampi of AD brains raises concerns that
the administration of neurotrophic factors could promote gliosis and plaque formation (5).
Importantly, if the observed increase in TrkB expression in cognitively intact FHS subjects
with initial formation of NFTs constitutes brain reserve, downregulation of TrkB might
represent a potentially harmful side effect of exogenous BDNF delivery.

Because of its implication in neuroprotection, BDNF has been studied as a possible
candidate gene conferring risk of AD (38–40). BDNF Val66Met polymorphism carriers
have been previously reported to have smaller hippocampal volumes and reduced gray
matter in the frontal cortex (41). Consistent with the evidence that Val66Met polymorphism
may affect activity-dependent secretion of BDNF and hippocampal functioning, Antal et al
observed differences in plasticity induction between Val66Val and Val66Met carriers (42).
N-methyl-D-aspartate receptor activation, a crucial step towards synaptic plasticity, was
recently shown to derepress BDNF promoters 1- and 4-mediated transcription (43). In
parallel, each of these BDNF promoter regions exhibited reduced occupancy by histone
deacetylase 1 and methyl cytosine binding protein 2 in cultured hippocampal neurons (43).
This epigenetic regulation of BDNF expression was further corroborated by the involvement
of RACK1, a scaffolding protein important for regulation of signaling pathways, in
derepression of BDNF exon 4 transcription via chromatin remodeling upon cAMP pathway
activation (44). Thus, while the relationships between BDNF gene polymorphisms and AD
are not yet fully understood, there is compelling evidence that epigenetic regulation, i.e.
chromatin remodeling, connects BDNF with the molecular processes involved in learning
and memory. In vivo studies in rodents confirm the data obtained in vitro. Docosahexaenoic
acid dietary supplementation increased levels of pro-BDNF and mature BDNF, further
boosted by exercise (45). Exercise also restored TrkB in ApoE ε4 mice to the level observed
in ε3 mice and increased synaptophysin, a marker of synaptic function, in ε4 mice.
Hippocampal BDNF levels were similarly increased in both ε3 and ε4 mice after exercise
(46). Exposure to an enriched environment for 3 to 4 weeks also caused dramatic increase in
BDNF mRNA in mouse hippocampus (47). Human data corroborate these experimental
paradigms, i.e. exercise (48) and leisure activities (49), may reduce the risk for clinical
dementia in the elderly. Our data suggest that designing strategies to enhance BDNF/TrkB
signaling epigenetically in persons with early cognitive changes associated with AD
pathology (mild cognitive impairment, MCI, due to AD pathology) (50), and in persons with
no clinical symptoms but with biomarker evidence of AD pathology (so-called preMCI due
to AD pathology) (51), may be beneficial in delaying the onset of clinical dementia.
Chromatin remodeling via histone acetylation in aging mice (52) and in a mouse model of
neurodegeneration (53) appears critical for the regulation of learning and memory. We plan
further assessment of epigenetic modification of the BDNF pathway in FHS brains.

In conclusion, our study of CA1 hippocampal neurons in FHS participant brain donors adds
to the emerging evidence that the BDNF/TrkB pathway may be involved in the
compensatory response to early AD pathology, i.e. it may underlie the biology of cognitive
reserve. We predict that the prevention of clinical AD will require a multi-dimensional
approach and that modulation of the BDNF/TrkB pathway, calibrated to each individual's
needs, might be one facet of this multi-dimensional approach.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
TrkB and Capzb2 mRNAs are significantly upregulated in CA1 hippocampal neurons of
brains with initial Alzheimer disease (AD) pathology (Braak and Braak [BB] stages I–II) in
comparison to neuropathology-absent brains. (A–C) BBI–II brains (BVAX1–5) show
increased mRNA expression (lower ΔCT values) for TrkB (A) and Capzb2 (C) vs. control
brains (BM1–4). Calculations for ΔCT were made by subtracting the average CT for
housekeeping gene 18SrRNA from average CT from gene of interest; *p < 0.05, Student t
test (error bars indicate SEM). Brain-derived neurotrophic factor (BDNF) mRNA expression
is similar in both groups (B). (D) Fold changes of mean mRNA expression of TrkB (5.4-fold
increase) and Capzb2 (7.7-fold increase) between the 2 groups. CT = cycle threshold.
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Figure 2.
TrkB and Capzb2 mRNAs are significantly upregulated in cognitively intact Framingham
Heart Study (FHS) subjects clinical dementia rating score 0 (CDR0) with initial Alzheimer
disease (AD) pathology (Braak and Braak [BB] stages I–II)) in comparison to individuals
with no cognitive abnormalities and no neurofibrillary tangles (controls). (A–C) CDR0/BBI
brains (BVAX1–3) and a BBII brain (BVAX4) show lower ΔCT (meaning higher mRNA
expression) for TrkB (A) and Capzb2 (C) vs. control brains (BM1–4); *p < 0.05, Student t
test (error bars indicate SEM). Brain-derived neurotrophic factor (BDNF) mRNA expression
is similar in both groups (B). Calculations for ΔCT were made by subtracting the average
CT for housekeeping gene 18SrRNA from average CT from gene of interest. (D) Fold
changes of mean mRNA expression of TrkB (5.7-fold increase) and Capzb2 (9.4-fold
increase) between the 2 groups. CT = cycle threshold.
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Figure 3.
TrkB and Capzb2 mRNAs remain upregulated in dementia. (A–C) In dementia cases
((Braak and Braak [BB] stages II–IV), as opposed to subjects with no dementia (BBI–II),
the average TrkB mRNA expression is not significantly increased when compared to
controls (BB0); however, there is a trend towards upregulation (lower ΔCT values) (A).
Brain-derived neurotrophic factor (BDNF) mRNA expression in cases BBI–II (no dementia)
and BBII–IV (dementia) is similar to BB0 subjects (controls) (B). Both BBI–II subjects with
no dementia (1–4) and BBII–IV dementia cases (BVAX5–7; MADRC1) show significantly
increased mRNA expression (lower ΔCT values) for Capzb2 compared to control subjects
(BM1–4); *p < 0.05, One-Way ANOVA (C). Calculations for ΔCT were made by
subtracting the average CT for housekeeping gene 18SrRNA from average CT from gene of
interest. (D) Fold-increases of mean mRNA expression of TrkB (5.7-fold increase in No
Dementia / BBI–II group, and 5.6-fold increase in Dementia / BBII–IV group) and Capzb2
(9.4-fold increase in No Dementia / BBI–II group, and 7.5-fold increase in Dementia /
BBII–IV group) vs. controls. CT = cycle threshold.
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Figure 4.
Immunohistochemistry for TrkB, brain-derived neurotrophic factor (BDNF), and Capzb2 in
representative cases from control, clinical dementia rating score 0 (CDR0), and CDR score 1
(CDR1) group. (A–C, M) TrkB signal in CA1 pyramidal neurons of a CDR0 Framingham
Heart Study (FHS) subject (Braak and Braak [BB] stage I) (B) and of a CDR1 FHS subject
(BBIV) (C) is stronger than that in a control (BB0) (A), p ≤ 0.0001; One-way ANOVA
followed by Tukey multiple comparison test. Fold-change increase of TrkB in CDR0 and
CDR1 FHS cases are 3.08 and 2.25, respectively (M). (D–F, N) In these same hippocampi,
BDNF signal in CA1 pyramidal neurons of CDR0 (E) and CDR1 individual (F) is
comparable to the signal in a control (D, N). (G–I, O) Capzb2 signal in CA1 neurons of the
CDR0 subject (H) and of the CDR1 subject (I) is stronger than that of the control (G) p ≤
0.0001; One-way ANOVA followed by Tukey multiple comparison test. Fold-change
increase of Capzb2 in CDR0 and CDR1 FHS cases are 3.55 and 2.49, respectively (O). (J–
L) Immunohistochemistry for tau highlights intensity of neurofibrillary changes in the
CDR0 BBI subject (K) and in the CDR1 BBIV subject (L); the control is free of tau
immunostaining (J). Signals were blindly quantified in 50 CA1 neurons per experimental
condition using Image J 1.42q.
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