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Abstract
Background—Endocytic dysfunction and neurotrophin signaling deficits may underlie the
selective vulnerability of hippocampal neurons during the progression of Alzheimer’s disease
(AD), although there is little direct in vivo and biochemical evidence to support this hypothesis.

Methods—Microarray analysis of hippocampal CA1 pyramidal neurons acquired via laser
capture microdissection (LCM) was performed using postmortem brain tissue. Validation was
achieved using real-time quantitative PCR (qPCR) and immunoblot analysis. Mechanistic studies
were performed using human fibroblasts subjected to overexpression with viral vectors or
knockdown via siRNA.

Results—Expression levels of genes regulating early endosomes (rab5) and late endosomes
(rab7) are selectively up regulated in homogeneous populations of CA1 neurons from individuals
with mild cognitive impairment (MCI) and AD. The levels of these genes are selectively increased
as antemortem measures of cognition decline during AD progression. Hippocampal qPCR and
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immunoblot analyses confirmed increased levels of these transcripts and their respective protein
products. Elevation of select rab GTPases regulating endocytosis paralleled the down regulation of
genes encoding the neurotrophin receptors TrkB and TrkC. Overexpression of rab5 in cells
suppressed TrkB expression, whereas knockdown of TrkB expression did not alter rab5 levels,
suggesting that TrkB down regulation is a consequence of endosomal dysfunction associated with
elevated rab5 levels in early AD.

Conclusions—These data support the hypothesis that neuronal endosomal dysfunction is
associated with preclinical AD. Increased endocytic pathway activity, driven by elevated rab
GTPase expression, may result in long term deficits in hippocampal neurotrophic signaling and
represent a key pathogenic mechanism underlying AD progression.

Keywords
laser capture microdissection; mild cognitive impairment; RNA amplification; qPCR; rab5; rab7;
siRNA; TrkB

Introduction
Hippocampal disconnection along with amyloid and neurofibrillary tangle (NFT) deposition
and synaptic loss (1,2) are pathological hallmarks of Alzheimer’s disease (AD). Although
hippocampal CA1 pyramidal neurons are particularly vulnerable to neurodegeneration
during the early stages of AD (3,4), the mechanisms underlying their degeneration are
poorly understood.

Endosomal-lysosomal system dysfunction is one of the earliest disturbances that occur in
AD and may be a potential mechanism underlying neurodegeneration. Specifically,
enlargement of rab5-positive endosomes precedes NFT formation, amyloid deposition, and
is selective for AD (5,6). Endosomes are integral mediators of cellular communication and
metabolism through signaling and trafficking functions. Functional interrelationships exist
between endosomal trafficking and neurotrophin signaling via high affinity Trk receptors.
Proper synthesis, binding, internalization, and retrograde transport of Trks are critical for
cell survival and neuroplasticity (7,8). Signaling endosomes contain specific rab GTPases as
well as neurotrophin receptor signaling complexes (9–11). Specific rab GTPases, including
rab5 and rab7, have been implicated in the regulation of nerve growth factor (NGF)
signaling in vitro (9,11–13). However, systematic evaluation of the rab GTPase family of
genes in relation to neurotrophin signaling within selectively vulnerable human neuronal
populations is lacking, particularly within the context of cognitive decline during AD
progression.

Due to the degeneration of selectively vulnerable neurons, expression profiles obtained from
single cells or homogeneous populations of cells, is likely to be more informative than
regional mosaics in AD (14–16). We hypothesize that abnormal acceleration of endocytosis
and endosome recycling, including up regulation of select rab GTPase genes and other
endocytosis-related transcripts occurs in vulnerable neurons at the earliest stage of AD,
which, in part, promotes neurodegeneration by impairing neurotrophin receptor signaling.
Herein, endosomal-lysosomal markers and Trk receptors were assessed in hippocampal CA1
neurons harvested from subjects who died with a clinical diagnosis of no cognitive
impairment (NCI), mild cognitive impairment (MCI), or AD using laser capture
microdissection (LCM) and custom-designed microarray analysis. To determine potential
mechanistic interactions between specific rab GTPases and Trk receptors, overexpression
and small interference RNA (siRNA) studies were subsequently performed in vitro.
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Methods and Materials
Brain tissue and clinical pathological assessment

This study was performed under the auspices of the Rush University Medical Center and
Nathan Kline Institute/New York University Institutional Review Boards. Table I
summarizes the cases included in the microarray studies. Independent cases employed in the
qPCR and immunoblot studies are presented in Tables S1 and S2 respectively (see
Supplement), with the exception of 2 NCI and 2 AD cases used for qPCR analysis that were
also part of the microarray study. Clinical and demographic characteristics {age, educational
level, global cognitive score (GCS), Mini-mental state exam (MMSE), and postmortem
interval (PMI)} were compared using one-way analysis of variance (ANOVA) or Kruskal-
Wallis test, with Bonferroni correction for post-hoc comparisons when appropriate (17–19).
Gender and ApoE allele were assessed across clinical conditions using Fisher’s exact test.
Neuropathologic classifications (NIA-Reagan, CERAD, and Braak scoring) were compared
among clinical diagnostic groups by Kruskal-Wallis test (17,18). The level of statistical
significance was set at 0.05 (two-sided).

Single cell microaspiration and Terminal Continuation (TC) RNA amplification
Immunocytochemistry to identify CA1 neurons for LCM (16,20) and TC RNA amplification
procedures (Fig 1A) have been described in detail previously (21–24) (see Supplement for
additional Methods). Individual CA1 pyramidal neurons were microaspirated using LCM
instrumentation (Arcturus PixCell IIe, MDS, Sunnyvale, CA) (Fig. 1B, C). Fifty cells were
captured for population cell analysis (20,23). A total of 1–8 microarrays (containing 50
LCM-captured CA1 neurons each) were performed per human brain, with a median of 3–4
microarrays per case.

Custom-designed cDNA array platforms and array hybridization
Array platforms consisted of 1 mg of linearized cDNA purified from plasmid preparations
adhered to high-density nitrocellulose (Hybond XL, GE Healthcare, Piscataway, NJ). Each
cDNA and/or expressed sequence-tagged cDNA (EST) was verified by sequence analysis
and restriction digestion. Human and some mouse clones were employed on the custom-
designed array. Notably, all of the rab GTPases, neurotrophins, and neurotrophin receptors
were derived from human sequences. Approximately 576 cDNAs/ESTs were utilized on the
current array platform. Array hybridization is presented in Supplemental Methods (see
Supplement).

Data collection and statistical analysis for custom-designed microarrays
Microarray analysis was performed on hippocampal tissue obtained from 11 NCI, 15 MCI,
and 7 mild/moderate AD Religious Orders Study cases (Table I). Microarray data was also
available from an additional 5 end-stage AD cases (Table S3 in the Supplement). Relative
changes in total hybridization signal intensity and percentage of cDNA clones above
negative control were analyzed by mixed models analysis for repeated measures, with
random intercept, fixed effect for diagnosis, or other clinical/neuropathological
characteristics of interest, Kenward-Roger denominator degrees of freedom, unequal
variance assumption as warranted, and unstructured covariance structure (17,19,25). Since
multiple cells were measured in each subject, between-subjects versus within-subject
(between-cell) variation in gene expression levels were assessed by variance component
analysis and intraclass correlation coefficient (17). The level of statistical significance was
set at the more conservative 0.01 (two-sided) to account for the large number of analyses
performed.
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qPCR
qPCR was performed on frozen tissue micropunches containing the hippocampal CA1
region obtained from 11 NCI, 6 MCI, and 6 mild/moderate AD cases from the Religious
Orders Study (Supplement: Table S1 and Methods). Samples were assayed on a real-time
PCR cycler (7900HT, Applied Biosystems) in 96-well optical plates as described previously
(17, 23, 24). The ddCT method was employed to determine relative gene level differences
with Gapdh qPCR products used as a control (23, 26, 27). Variance component analyses
revealed relatively low levels of within-case variability, and the average value of the
triplicate qPCR products from each case was used in subsequent analyses. Alterations in
PCR product synthesis were analyzed by Kruskal-Wallis test with Bonferroni correction for
post-hoc comparison. The level of statistical significance was set at 0.05 (two-sided).

Immunoblot analysis
Frozen microdissected hippocampal tissue samples obtained from 15 NCI, 8 MCI, and 17
AD cases from the Religious Orders Study and other sources (see Table S2 in the
Supplement) were homogenized and centrifuged (16, 28) (see Supplement: Methods).
Nitrocellulose membranes were blocked in blocking buffer (LiCor, Lincoln, NE) for 1 hour
at 4 °C prior to being incubated with antibodies directed against rab5 (rab5A; rabbit
polyclonal sc-309; Santa Cruz Biotechnology, Santa Cruz, CA; 1:1,000 dilution), rab7
(rabbit polyclonal sc-10767; Santa Cruz Biotechnology 1:1,000 dilution), or b-tubulin
(TUBB; monoclonal antibody; Sigma, 1:1,000 dilution) in blocking buffer overnight at 4°C.
Signal intensity of immunoreactive bands was normalized to TUBB immunoreactivity for
each assay. Immunoreactive band intensity was compared across clinical diagnostic groups
by Kruskal-Wallis test, with Bonferroni correction for post-hoc comparisons. The
association between immunoreactive band intensity and Braak staging was assessed by
Spearman rank correlation (28). The level of statistical significance was set at 0.05 (two-
sided).

rab5 overexpression by infection of human skin fibroblasts
Human forearm skin fibroblasts from normal control subjects (Coriell Cell Repositories,
Camden, NJ) were grown as described previously (27,29). Briefly, herpes simplex virus type
1 (HSV1) amplicons expressing myc-tagged human wild-type rab5 (rab5wt), dominant-
positive GTPase-deficient (rab5Q79L), dominant-negative (rab5S34N), or control (LacZ)
were generated as previously described (30) (Supplement: Methods). Immunoblot analysis
was performed and quantified as above using antibodies directed against TrkB {both full
length TrkB (TrkB-FL) and truncated TrkB (TrkB-T1) were detected and quantified;
monoclonal antibody 610102; BD Biosciences, San Jose, CA; 1:1,000 dilution}, epidermal
growth factor receptor (EGFR; sheep polyclonal; Millipore; 1:1,000 dilution), and TUBB
(monoclonal antibody; Sigma, 1:1,000 dilution). A total of 3–4 samples per rab5 viral vector
construct were run in duplicate for immunoblot assessments. Immunoreactive band
intensities were analyzed by one-way ANOVA with Neumann-Keuls test for post-hoc
analysis. qPCR assessment was performed on total RNA extracted from fibroblasts 48 hours
after infection using Trizol reagent (Invitrogen). qPCR was performed using primers for
TrkA, TrkB, TrkC, and Gapdh (see Supplement: Methods). The ddCT method was employed
on a total of 4 samples per viral infection in triplicate, and analyzed by one-way ANOVA
with Neumann-Keuls test for post-hoc analysis as described previously (23,27). The level of
statistical significance was set at 0.05 (two-sided).

Knockdown of TrkB using siRNA
Predesigned TrkB siRNA constructs were purchased from Applied Biosystems (Silencer
TrkB 753 and TrkB 754) (31) and used as described in the Supplemental Methods (see
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Supplement). Immunoblot analysis was performed and quantified as above using antibodies
directed against rab5, TrkB, TUBB, and GAPDH (rabbit polyclonal sc-25778; Santa Cruz
Biotechnology; 1:1,000 dilution). A total of 4 samples per condition (TrkB siRNA and
vector transfected) were analyzed by one-way ANOVA with Neumann-Keuls test for post-
hoc analysis. The level of statistical significance was set at 0.05 (two-sided). Total RNA
from siRNA and vector treated cells was extracted 48 hours after transfection and prepared
for qPCR as above using previously identified TrkB, rab5, and Gapdh primers.

Results
Microarray analysis identifies selectively altered rab GTPases and Trk receptor expression
in early AD

Clinical and neuropathological characteristics of the 33 cases (11 NCI, 15 MCI, 7 mild/
moderate AD) included in the microarray analysis are summarized in Table I. No significant
differences were observed for age, gender, educational level, and PMI across the 3 groups.
The ApoE4 allele was more frequent in AD compared to NCI and MCI cases. Distribution
of Braak scores was significantly different across clinical conditions, with NCI cases having
lower Braak staging than MCI and AD. NCI cases were classified as Braak stages I–II
(45.5%) and III–IV (54.5%). None of the NCI cases were classified as Braak stages V–VI.
The MCI cohort displayed Braak stages I–II (6.6%), III–IV (66.7%), and V–VI (26.7%). AD
cases were classified as Braak stages I–II (14.3%), III–IV (14.3%), and V–VI (71.4%),
respectively (Table I). NIA-Reagan and CERAD criteria significantly differentiated NCI
subjects from MCI and AD cases.

Expression profiling was performed on a total of 136 custom-designed microarrays (50 CA1
neurons were analyzed per microarray) following the TC RNA amplification protocol (Fig.
1A). Quantitative analysis revealed differential regulation of several rab GTPases (Fig. 2),
including a highly statistically significant up regulation of early endosome effectors rab4 (p
< 0.0007; AD>MCI & NCI) and rab5 (p < 0.0003; AD>MCI>NCI), late endosome
constituent rab7 (p < 0.0005; AD & MCI>NCI), and the trafficking molecule rab24 (p <
0.003; AD>MCI & NCI). Based on the comparison of expression level differences between
MCI and AD cases, alterations in rab5 and rab7 were considered ‘early’ changes, i.e., up
regulation was observed in MCI and AD, whereas up regulation of rab4 and rab24 was
considered a ‘later’ alteration, as significant changes were found in AD, but not MCI.
Significant down regulation of the synaptic-related marker rab3 (p < 0.003; AD<MCI &
NCI) was also observed, and considered a ‘later’ alteration occurring in AD. Factor analysis
using promax rotation was performed to assess the inter-correlation among these 8 rab
GTPase genes. Results identified three subgroups: Group #1 (rab4, rab5, rab7, and rab24;
all significantly up regulated genes), Group #2 (rab10 and rab27; no differential regulation
of either gene), and Group #3 (rab1 and rab3; this subgroup was somewhat unexpected
since rab3 is selectively down regulated and rab1 expression does not differ across the
cohort). Furthermore, up regulation of rab4, rab5, rab7, and rab24 was also observed in the
end-stage AD subjects (n = 5; Table S3 in the Supplement), consistent with the gene
expression changes seen in the mild/moderate AD cases (Fig. 2).

Additional endosomal-lysosomal markers displaying significant differential regulation
including an up regulation of cathepsin D (Ctsd; p < 0.0001; AD & MCI>NCI), early
endosome antigen 1 (Eea1), an early endosomal marker (p < 0.007; AD & MCI>NCI,
extracellular signal-regulated kinase 1 (p44) (Erk1; p < 0.0001; AD>MCI & NCI),
lysosomal-associated membrane protein 1 (Lamp1; p < 0.0001; AD>MCI & NCI), and
dynein cytoplasmic light chain 1 (Dnclc1; p < 0.003; AD>NCI & MCI). Significant down
regulation was observed for the calpain inhibitor calpastatin (Cast; p < 0.0001; AD &
MCI<NCI), late endosomal/lysosomal marker Niemann-Pick disease type C1 (Npc1; p <
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0.0001; AD & MCI<NCI), and the vacuolar proton pump homolog 1 (Vpp1; p < 0.0001; AD
& MCI<NCI). No differential regulation was observed for other genes including several
cathespsins (Ctsb, Ctsc, Ctse, Ctsg, Ctsh, Ctsl, Ctsz), cystatin B (Cstb), cystatin C (Cstc),
Erk2, Lamp2, mannose-6-phosphate receptors Cimpr (cation independent) and Cdmpr
(cation dependent), Npc2, and several rab GTPases that are not regulators of endosomes
(rab1, rab2, rab6, rab10, and rab27). Moreover, we did not observe significant regulation of
more traditional AD-related genes across the clinical groups examined. For example, within
CA1 pyramidal neurons, no expression level changes were found for amyloid-b precursor
protein (App), amyloid-b precursor-like protein 1 (Aplp1), amyloid-b precursor-like protein
2 (Aplp2), beta-site APP-cleaving enzyme 1 (Bace1), presenilin 1 (Psen1), presenilin 2
(Psen2), low density lipoprotein-related protein 1 (Lrp1), high density lipoprotein binding
protein (Hdlbp), alpha-2-macroglobulin (A2m), and beta-2-microglobulin (B2m), among
other AD-related genes.

In contrast to the significant up regulation of select rab GTPase genes, marked down
regulation of specific high-affinity neurotrophin receptors was found within CA1 neurons
including a significant down regulation of the high affinity brain derived neurotrophic factor
(BDNF) receptor TrkB (p < 0.0001; AD & MCI<NCI), considered an ‘early’ gene
expression alteration (Fig. 2), and a down regulation of the high affinity neurotrophin-3
receptor TrkC (p < 0.006; AD<MCI & NCI), considered a ‘later’ alteration based on the lack
of differential expression levels in MCI. We also observed a trend for a down regulation of
the high affinity NGF receptor TrkA (p < 0.02; AD<NCI; MCI did not differ significantly
from AD or NCI). No significant alterations were found for gene expression of the low-
affinity pan NGF receptor p75NTR across the three groups. Evaluation of additional classes
of transcripts within hippocampal CA1 neurons will comprise a separate report due to the
extensive amount of data.

Consistent with comparisons across the three clinical diagnostic groups, postmortem
expression profiling of the key endosome-associated rab GTPases obtained from CA1
pyramidal neurons correlated with antemortem cognitive measures obtained from the same
cases. A strong negative correlation was found between cognitive scores (MMSE and GCS)
and rab4, rab5, rab7, and rab24 CA1 neuron expression levels (Fig. 3A–D). On the other
hand, there was a strong positive correlation between cognitive scores and rab3, TrkB, and
TrkC CA1 expression levels (Fig. 3E–G). Differentially regulated rab GTPases (notably
rab7, and to a lesser degree, rab4, rab5, rab24, and rab3) and the neurotrophin receptor
TrkB were also associated with neuropathological indices including Braak staging, NIA-
Reagan diagnosis, and CERAD diagnosis (Table S4 in the Supplement).

qPCR validation
Based upon our custom-designed microarray analysis of CA1 pyramidal neurons, select rab
GTPase and neurotrophin receptor gene expression levels were assessed via qPCR using
micropunches of hippocampal CA1 tissue harvested from NCI, MCI, and AD cases. The
ddCT method was employed to determine relative rab GTPase and neurotrophin receptor
gene level differences using Gapdh qPCR products as a control (22–24). No differences in
Gapdh expression levels were found between NCI, MCI, and AD subjects, consistent with
previously published observations using brain tissues from the Religious Orders Study (17).
qPCR experiments using TaqMan primers revealed no cross reactivity between individual
rab GTPases or Trk receptors. qPCR analysis independently validated our microarray
observations (Figure S1 in the Supplement), including a significant up regulation of rab4,
rab5, rab7, and rab24 within the hippocampal CA1 region. Specifically, we observed an
‘early’ alteration (AD & MCI>NCI) in rab4, rab7, and rab24, and an ‘early’ stepwise
alteration in rab5 expression (AD>MCI>NCI). A non-significant trend for down regulation
of rab3 PCR products was also observed in AD. qPCR analysis for the neurotrophin

Ginsberg et al. Page 6

Biol Psychiatry. Author manuscript; available in PMC 2011 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



receptors within the CA1 sector of the hippocampus demonstrated a significant down
regulation of TrkB (AD & MCI<NCI, indicative of an ‘early’ alteration) and TrkC
(AD<MCI<NCI, suggesting a ‘step down’ alteration; Figure S1 in the Supplement). No
differences were found in TrkA (which was expressed at low levels in the CA1
micropunches, making qPCR quantitation difficult), p75NTR, and rab27 qPCR products. In
summary, the majority of single population cell microarray findings (e.g., rab4, rab5, rab7,
rab24, rab27, TrkB, TrkC, and p75NTR) were validated via qPCR on independent
micropunched hippocampal CA1 samples, including the evaluation of ‘early’ and ‘later’
changes in differential regulation (e.g., rab5, rab7, TrkB, and TrkC) across the progression
of dementia.

Up regulation of rab5 and rab7 protein levels parallel cognitive decline in MCI and AD
Protein-based assessment of rab5 and rab7 expression was performed via immunoblotting
using well-established antibodies combined with frozen human hippocampal CA1 punches.
Immunoblotting identified an ~27 kDa band and an ~25 kDa band using rab5 and rab7
antibodies, respectively. Quantitative analysis demonstrated a significant up regulation of
rab5 (p < 0.0001; AD & MCI>NCI), indicative of an ‘early’ alteration and rab7 expression
(p < 0.01; AD>MCI>NCI, indicative of an ‘early’ alteration that was a ‘step-down’ between
MCI and AD (Figure S2 in the Supplement). Up regulation of hippocampal rab5 and rab7
expression also correlated with Braak staging in this cohort (rab5, r = 0.70; rab7, r = 0.47),
indicating a high correspondence between select rab GTPase gene expression levels found in
CA1 neurons and microdissected CA1 tissue, protein levels in the hippocampus, and
neuropathologic criteria during the progression of AD.

Elevated rab5 levels down regulate TrkB expression
A potential mechanistic interaction between rab5 up regulation and TrkB down regulation
was investigated using fibroblasts infected with rab5 constructs. Human fibroblast
preparations have been used previously by our group in concert with the well-established
rab5 overexpression vectors to assess endocytic perturbations relevant to cell biological
processes underlying AD and Down syndrome (DS) (27,29). Viral infection of primary
neurons using HSV1 vectors is also possible. However, HSV1 infection of neurons has been
shown to cause intracellular Ab accumulation as well as phosphorylation of several serine/
threonine sites on tau and glycogen synthase kinase 3b/protein kinase A activation (32,33),
and was not pursued in this study.

In the present experiments, lysates obtained from homogenized fibroblasts were
immunoblotted for TrkB-FL, TrkB-T1, and EGFR. Infected cells were also collected and
RNA extracted for TrkB qPCR. Quantitative analysis revealed a highly significant down
regulation of TrkB-FL and TrkB-T1 in fibroblasts infected with HSV1 vectors encoding
rab5wt and the constitutively active rab5 construct rab5Q79L compared to mock infected
(sucrose) and control (LacZ) infected cells (Fig. 4A). Moreover, TrkB-FL and TrkB-T1
were down regulated in cells infected with HSV expressing rab5wt and rabQ79L compared
to the level in cells infected with HSV expressing dominant negative construct rab5S34N
(Fig. 4A). No significant differences were observed in TrkB-FL and TrkB-T1 expression
between cells infected with rab5S34N, LacZ control virus, or mock infected cells.

qPCR using RNA harvested from infected cells revealed significant down regulation of
TrkB in rab5wt and rabQ79L constructs compared to control (LacZ) infected cells as well as
to the dominant negative rab5S34N construct, which tracked with protein expression levels
(Fig. 4A). These coordinated immunoblotting and qPCR data suggest that regulation of
TrkB via rab5 overexpression occurs at the transcriptional level. qPCR studies also
demonstrated down regulation of TrkA and TrkC expression following rab5wt
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overexpression (data not shown). In contrast to differential TrkB expression levels, no
significant differences in related tyrosine kinase receptor EGFR expression were observed
with any of the fibroblasts expressing rab5 constructs compared to controls (Fig. 4A),
supporting a selective negative drive of rab5 on TrkB expression levels.

TrkB siRNA and rab GTPase regulation
To determine whether regulation of TrkB expression effects rab GTPase levels, siRNA
experiments were carried out in human fibroblasts using a TrkB siRNA construct (31).
Following transfection of normal human fibroblasts, qPCR and immunoblot analysis for
TrkB was performed to verify knockdown at the mRNA and protein levels, respectively.
qPCR revealed that TrkB expression was knocked down to approximately 35% of control
levels (vector transfected cells) with a concomitant decrease in TrkB protein to
approximately 55% of control levels (Fig. 4B, C). qPCR assessment of other select rab
GTPases demonstrated no significant difference between fibroblasts treated with TrkB
siRNA and vector treated cells (Fig. 4B). Immunoblot analysis using an antibody directed
against rab5 confirmed a lack of differential regulation following TrkB siRNA
administration (Fig 4C), indicating no reciprocal regulation of TrkB on rab4, rab5, and rab7
expression. These observations suggest that expression of rab5 is as an upstream regulator of
TrkB levels.

Discussion
CA1 pyramidal neuron expression profiling combined with hippocampal qPCR and
immunoblotting demonstrate significant up regulation of select endosomal-lysosomal
markers along with a marked down regulation of Trk receptors within these selectively
vulnerable neurons in MCI and early AD. These data suggest a reciprocal change in
expression of genes regulating endocytosis and neurotrophin signaling at incipient stages of
the disease. Importantly, in vitro experiments demonstrated a functional interelationship
between increased endocytic drive and decreased neurotrophin receptor expression.
Specifically, wild type and constitutively active rab5 down regulated TrkB at the
transcriptional level, but knockdown of TrkB does not feedback onto rab GTPase
expression, providing a mechanistic molecular pathologic link between endosomal-
lysosomal dysfunction and neurotrophin signaling deficiencies (Fig. 5). These findings
suggest that that alterations of select early and late endocytic rab GTPases contribute to CA1
neurodegeneration, in part, by impairing neurotrophin receptor signaling, and that these
genes are early molecular markers for the development of AD.

Prior to the present findings, there was virtually no data of multiple rab GTPase expression
at the genomic level in postmortem human brain during the progression of AD. CA1 gene
expression assessment demonstrates simultaneous dysregulation of several rab GTPases
within discrete endosomal, lysosomal, synaptic, and trafficking compartments as dementia
occurs in humans. These observations extend the concept that endosomal abnormalities
reflect an over activation of the endocytic pathway in sporadic AD and in DS (29). In the
latter, accelerated endocytosis is mediated, in part, by elevated rab5 protein levels (29).
Microarray analysis also identified dysregulation of several genes associated with increased
endocytic drive and lysosomal activation. Up regulation of Ctsd, a lysosomal protease, is
consistent with our previous assessments within NFT-bearing CA1 neurons and cholinergic
basal forebrain (CBF) neurons in AD (16,34,35). Although our data support an up regulation
of endocytosis, this does not exclude the possibility that downstream impairments of
endosomal maturation may also contribute to endocytic pathway dysfunction (36,37).
Collectively, the present data highlights the importance of endosomal transcripts in the
pathogenesis of AD, and is supported by emerging evidence implicating genes influencing
endocytosis as risk factors for AD (38–41).
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The mechanistic link between rab5 overexpression and TrkB down regulation is highly
significant as it potentially uncovers a regulatory pathway between a well-established
endosomal effector and a neurotrophin signal transduction receptor pathway, which is
enriched in vulnerable forebrain neurons. An interaction between TrkB and rab GTPases is
intriguing in light of the findings that BDNF levels are significantly reduced in the brains of
people with MCI (42) and TrkB polymorphisms have been implicated as susceptibility
genes contributing to AD pathology (43–45). rab5 overexpression appears to be relatively
specific for TrkB, as EGFR expression levels were not perturbed. This may indicate that
EGFR and TrkB are being processed, sequestered, and/or degraded through different
pathways (46–48). Intriguingly, accelerated rab5-mediated endocytosis has been associated
with increased production of neurotoxic A (49,50). Ab has been shown to down regulate
TrkB signaling and BDNF retrograde trafficking (51,52), whereas BDNF is neuroprotective
against Ab-induced cellular damage (53,54). This relationship between Ab and neurotrophin
receptor levels suggests that rab5-positive endosomal trafficking acts as a critical factor
regulating cell survival. Taken together, the present results strongly implicate deregulation
of early endosomal function as a causative factor for TrkB down regulation, suggesting a
novel site for pharmacotherapeutic interventions via small molecule activators and/or TrkB
transactivation (55–59).

In summary, the present work defines significant changes within vulnerable CA1 neurons
and brings to light potential mechanistic interactions between endosomal-lysosomal
trafficking components and neurotrophin signaling cascades early in the progression of AD
(Fig. 5). Select rab GTPase overexpression supports evidence that APP-dependent
endosome pathology developing early in AD involves abnormal acceleration of endocytosis
and endosome recycling, which may promote neurodegeneration at least in part by impairing
neurotrophin receptor signaling. Our data suggest that strategies to improve TrkB signaling
(possibly via small molecule activators or transactivating compounds) as well as modulating
rab5 (or possibly rab4, rab7, and rab24) levels may prove beneficial to deter the progression
of AD.
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Figure 1.
TC RNA amplification procedure and LCM of CA1 hippocampal neurons.
A. Schematic overview of the TC RNA amplification procedure. mRNA extracted from
LCM captured cells (green line) and the TC primer serve as templates for the first strand
synthesis with poly d(T) acting as a primer. First strand cDNA consists of three portions, the
5′ end comprised of the poly d(T), the mRNA complementary portion in the middle (purple
line), and the 3′ end is comprised of the TC primer complementary to the cDNA (denoted as
TC′). The TC′ portion hybridizes with the TC primer present in the reaction and forms a
double stranded region which provides a functional RNA synthesis promoter for in vitro
transcription and robust RNA amplification.
B. Neurofilament-immunoreactive CA1 neurons in the hippocampal pyramidal cell layer
from a subject with AD prior to LCM. Tissue sections were dehydrated but not coverslipped
to enable proper execution of the LCM process. Scale bar: 50 mm.
C. Slightly larger image in B following LCM of an individual CA1 neuron. Scale bar: 50
mm.
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Figure 2.
Differential regulation of select rab GTPases and neurotrophin receptors during the
progression of AD.
Boxplots (NCI, green; MCI, blue; AD, red) indicating relative expression levels of select rab
GTPases and neurotrophin receptors. Significant up regulation of rab4, rab5, and rab7 is
depicted along with significant down regulation of rab3, TrkB, and TrkC.
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Figure 3.
Association between select rab GTPase and neurotrophin receptor gene expression levels
within CA1 neurons and antemortem cognitive measures in the same subjects. Scatterplots
illustrate the relationship of gene expression levels and MMSE (left panel) and GCS scores
(right panel) from individuals classified as NCI (green squares), MCI (blue triangles), and
AD (red circles).
A. A highly significant negative association exists with rab4 and MMSE (p < 0.0001) and
GCS performance (p < 0.0002).
B. A highly significant negative association exists with rab5 and MMSE (p < 0.001) and
GCS performance (p < 0.001).
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C. A significant negative association exists with rab7 and MMSE (p < 0.01) and GCS
performance (p < 0.001).
D. rab24 expression levels are inversely correlated with MMSE (p < 0.0004) and GCS (p <
0.0002) scores.
E. A significant association between rab3 gene expression down regulation and poor MMSE
(p < 0.002) and GCS (p < 0.005) performance was observed.
F. Down regulation of TrkB expression correlated with MMSE (p < 0.02) and GCS (p <
0.0001) performance.
G. Down regulation of TrkC expression correlated with MMSE (p < 0.003) and GCS (p <
0.0004) performance.
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Figure 4.
Histograms showing expression of TrkB and EGFR levels in fibroblasts infected with rab5
viral vector constructs and expression of select rab GTPases following TrkB siRNA in
cultured human fibroblasts.
A. Upper left panel; down regulation of TrkB-FL is observed in fibroblasts infected with
rab5wt (single asterisk denotes p < 0.005) and the constitutively active construct rab5Q79L
(asterisk) compared to mock transfected (sucrose) control (LacZ) transfected cells. TrkB-FL
down regulation was also found in the rab5wt and rabQ79L constructs compared to the
dominant negative construct rab5S34N (double asterisk denotes p < 0.01). Upper right
panel; down regulation of TrkB-T1 is seen in fibroblasts infected with rab5wt (single
asterisk denotes p < 0.007) and the constitutively active construct rab5Q79L (asterisk)
compared to mock transfected (sucrose) control (LacZ) transfected cells. Similar to TrkB-
FL, TrkB-T1 down regulation was observed in the rab5wt and rabQ79L constructs
compared to rab5S34N (double asterisk denotes p < 0.02). Lower left panel; down
regulation of TrkB is observed via qPCR in fibroblasts infected with rab5wt and rab5Q79L
(single asterisk denotes p < 0.001) compared to control (LacZ) infected cells and to the
dominant negative rab5S34N construct (double asterisk denotes p < 0.04), suggesting that
rab5 overexpression regulates TrkB at the transcriptional level. Lower right panel; in
contrast to differential TrkB expression levels, no significant differences in related EGFR
expression were observed with any of the fibroblasts infected with rab5 constructs or
controls. TrkB and EGFR levels were normalized to TUBB ± SD for quantitative
immunoblot analysis.
B. qPCR analysis following TrkB siRNA (Silencer 753) indicated significant knockdown of
TrkB expression {34.4% ± 0.9 (SEM); p < 0.001; asterisk} compared to vector treated cells.
In contrast, no significant regulation of Gapdh (118.8% ± 7.8), rab4 (86.4% ± 7.8), rab5
(98.5% ± 11.5), or rab7 (114.9% ± 9.3) levels was observed following TrkB siRNA. C.
Upper panel; immunoblot analysis demonstrated significant knockdown of TrkB expression
(56.4% ± 4.1 (SEM); p < 0.005; asterisk), but not rab5 expression (95.0% ± 3.0), following
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TrkB siRNA. Lower panel; representative immunoblots demonstrating knockdown of TrkB
expression with no significant alterations in rab5 or GAPDH expression.
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Figure 5.
Schematic diagram illustrating gene expression level changes within components of the
endosomal-lysosomal system and neurotrophins at the cell surface and within signaling
endosomes of vulnerable CA1 pyramidal neurons in MCI and AD. Genes demonstrating up
regulation are denoted with a plus sign (one plus sign for ‘late’ changes observed only in
AD and two plus signs indicating ‘early’ up regulation seen in MCI and AD). Genes
demonstrating down regulation are denoted with a minus sign (one minus sign for ‘late’
changes observed only in AD and two minus signs indicating ‘early’ up regulation seen in
MCI and AD).
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