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ABSTRACT

Advanced age and presence of intracerebral amyloid deposits are known to be major risk fac-
tors for development of neurodegeneration in Alzheimer’s disease (AD), and both have been
associated with microglial activation. However, the specific role of activated microglia in AD
pathogenesis remains unresolved. Here we report that microglial cells exhibit significant telo-
mere shortening and reduction of telomerase activity with normal aging in rats, and that in
humans there is a tendency toward telomere shortening with presence of dementia. Human
brains containing high amyloid loads demonstrate a significantly higher degree of microglial
dystrophy than nondemented, amyloid-free control subjects. Collectively, these findings show
that microglial cell senescence associated with telomere shortening and normal aging is ex-
acerbated by the presence of amyloid. They suggest that degeneration of microglia is a fac-
tor in the pathogenesis of AD.
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INTRODUCTION

MICROGLIA REPRESENT A MAJOR glial cell pop-
ulation within the central nervous sys-

tem (CNS) constituting the brain’s endogenous
system of immunocompetent cells.1,2 Micro-
glial cells are activated quickly in acute CNS
injury situations when they undergo mitosis to
increase their numbers.3,4 This acute neuroin-
flammatory response, which correlates well
with the postaxotomy recovery of motoneu-
rons and subsequent axonal regeneration, sup-
ports the view that microglia are constitutively
neuroprotective cells.5,6 On the other hand, po-
tentially detrimental, chronic microglial neu-

roinflammation and neurotoxicity have often
been discussed as factors in the pathogenesis of
neurodegenerative disorders, particularly Alz-
heimer’s disease (AD) where intracerebral
amyloid deposits are thought to induce and
sustain prolonged microglial activation accom-
panied by the production of microglial neuro-
toxins.7–11 However, postmortem observations
have produced evidence showing that some of
the ostensibly activated microglia in aged and
diseased human brain also exhibit signs of cell
death and cytoplasmic degeneration,12–16 the
latter having been termed microglial dystro-
phy.12 These observations document that mi-
croglia themselves are subject to structural de-
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terioration, and they raise the possibility that
microglial degeneration may precede neuro-
degeneration and therefore contribute to it
through diminishing neuroprotection.

Telomeres, the physical ends of eukaryotic
chromosomes, naturally shorten during each
cell division because of the inability of DNA
polymerase to completely replicate linear DNA
molecules.17 Certain cells can maintain their
telomeres utilizing telomerase, an enzyme ca-
pable of relengthening telomeres.18 However,
in somatic cells, telomeres continually shorten
with age and division,19 and cells eventually
exhaust their replicative potential, become in-
capable of further division,20 and ultimately en-
ter replicative senescence, which is a nondi-
viding state characterized by critically short
telomeres,21 and substantial changes in cell
function and gene expression.22,23 The shortest
telomere length, not the average, is thought to
be responsible for maintaining chromosome
stability, cell viability, and determining when
a cell will enter senescence.21 Recent work from
this laboratory examining rat microglia telom-
eres and telomerase activity has shown that
telomere shortening occurs over time in vitro
and that mechanisms of telomere maintenance
are active during microglial activation and pro-
liferation in vivo24,25 supporting the idea that
microglia, as the only mature cell type in the
CNS capable of significant cell division, are
subject to replicative senescence.26,27 In the cur-
rent study, we have sought more direct evi-
dence in support of microglial cell senescence
focusing to incorporate the role of amyloid pro-
tein in this process. The findings reported here
provide strong support for a novel view on AD
pathogenesis that takes into account both ag-
ing and amyloid as important factors in a com-
mon pathway that involves progressive dam-
age to the brain’s immune system.

MATERIALS AND METHODS

FACS isolation of rat microglia

Male Fisher-344 Brown Norway hybrid rats
were exsanguinated while they were under
deep sodium pentobarbital anesthesia (50
mg/kg body weight) using ice-cold phosphate-

buffered saline (PBS). The brains were removed
and placed in PBS on ice. Dissection and isola-
tion of cerebral cortex from the chilled brains
was performed immediately after removal.
Cortex tissue was collected from 3- and 30-
month-old rats (three animals per group). Tis-
sue was processed according to established iso-
lation protocols.28 Fluorescence-activated cell
sort (FACS) analysis was performed with a
FACSVantage SE cell sorter and CellQuest soft-
ware (BD Biosciences/Becton Dickinson, San
Jose, CA). Monoclonal antibodies used to iso-
late microglia during FACS analysis were flu-
orescein isothiocyanate (FITC)-conjugated anti-
rat CD45 (leukocyte common antigen), and
PE-conjugated anti-rat CD11b/c (CR3 comple-
ment; BD Biosciences/Pharmingen, San Diego,
CA), with microglia being identified as the
CD11b/c-high and CD45-low cell popula-
tion.28,29

Culturing of rat microglia

Microglia were isolated from newborn
Sprague-Dawley rat brains. The cerebral cor-
tices of neonatal rats (�3 days) were stripped
of meninges and minced with a sterile scalpel
blade in a 35 � 10 mm dish containing filter-
sterilized 37°C solution D (0.137 M NaCl, 0.2 M
NaH2PO4, 0.2 M KH2PO4, 5.4 mM KCl, 5 mM
dextrose [glucose], 58.5 mM sucrose, 0.25
�g/mL Fungizone [Gibco, Carlsbad, CA], and
1 � 106 U penicillin/streptomycin in sterile
water). The tissue fragments/cell suspension
were incubated in 37°C solution D containing
1.0% trypsin (Invitrogen, Carlsbad, CA) for 30
minutes at 37°C on a bidirectional tilting plat-
form. An equal volume of Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal
bovine serum (FBS; Gibco) and 1% peni-
cillin/streptomycin (complete medium) was
added to quench the trypsin reaction. The
mixed brain cell suspension was then passed
through a 130 �m Nitex filter (Tetko, Briarcliff
Manor, NY) and centrifuged (4000 rpm
[2,900g], 10 minutes). The resulting pellet was
resuspended in 10 mL of complete medium,
passed through a 40-�m Nitex filter, and plated
on poly-L-lysine (0.01 g/L) (Sigma-Aldrich, St.
Louis, MO) coated, solution D-rinsed, 175 cm2

flasks at a density of 1.5 brains per flask. The
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cultures were incubated in complete medium
at 37°C under 5% CO2. After 4 days, the
medium was changed and incubation was con-
tinued for an additional 3 days. Microglia were
harvested from the whole brain cultures by
shaking the flasks on an orbital shaker (100
rpm) for 1 hour (which detached the loosely
adherent microglia), and then collecting the
medium containing the free-floating microglia.
The cells were then pelleted from the medium
by centrifugation (4000 rpm [2900g], 10 min-
utes), resuspended in fresh complete medium,
and immediately plated (day 0) in cell culture
dishes at the appropriate cell concentrations as
follows: 9.5 cm2 plates (1.0 � 106 cells per well),
3.8 cm2 plates (4.0 � 105 cells per well), or 0.32
cm2 plates (3.4 � 104 cells per well). The opti-
mal initial cell plating density was empirically
determined in previous experiments. Cells
were allowed to settle for 1 hour in a 5% CO2,
37°C incubator, and then the culture medium
was changed to remove any contaminating
nonadherent cells. Microglia were then treated
with the appropriate concentration of a partic-
ular treatment regimen.

Isolation of human microglia

Microglia were isolated from rapid autopsies
of human brains as previously described.30

Briefly, brain tissue (approximately 50 g) for
culture was taken from the superior frontal
gyrus/frontal pole region. Tissue was minced
with razor blades into small fragments and di-
gested at 37°C with 0.15% trypsin (Invitrogen)
in Hanks balanced salt solution and 1.0 mM
ethylenediaminetetraacetic acid (EDTA). After
30 minutes of incubation, the tissue was tritu-
rated to break up fragments and DNAse was
added to final concentration of 50 �g/mL. Af-
ter an additional 30-minute incubation, brain
tissue was filtered through 100-�m nylon mesh
and the digested material was spun at 800g for
10 minutes. Brain extracts were resuspended in
serum-free DMEM and mixed with 90% (iso-
tonic) Percoll (final concentration 30%). Ex-
tracts were centrifuged at 15,000g for 30 min-
utes. The top layer (myelin) was discarded and
the Percoll layer was collected down to (not in-
cluding) the red blood cell layer. Cells collected
within this layer were washed twice in DMEM.

The final cell pellet was resuspended in DMEM
containing 10% FBS and cell number/viability
was estimated using trypan blue staining. Cells
were plated at a density of 50 million cells per
T75 flask. Microglia attach rapidly to uncoated
plastic while other cells in this suspension (i.e.,
oligodendrocytes and astrocytes) do not. Fol-
lowing a 12-hour incubation at 37°C, the non-
adherent cells were removed and the adherent
cells rinsed and resuspended with DMEM con-
taining 10% FBS. Microglia were cultured for
10 to 14 days without media change. Approxi-
mately 500,000 microglia per case were col-
lected from the culture surface using 0.25%
trypsin per 1.0 mM EDTA, centrifuged to a pel-
let, and stored at �80°C.

Human brain samples

All tissue specimens used in this study were
obtained from the brain bank at the Sun Health
Research Institute, Sun City, Arizona. Tissue
samples of frontal and temporal cortical re-
gions that had been fixed in 4% paraformal-
dahyde solution for 48 hours were shipped in
glycol storage solution and processed for im-
munohistochemistry.

Determination of telomerase activity by 
TRAP assay

Telomerase activity was measured using the
telomere repeat amplification protocol (TRAP).
Total protein was isolated from (1) FACS-iso-
lated rat microglia, (2) isolated human mi-
croglia, and (3) cultured rat microglia using 200
�L CHAPS lysis buffer (5.0 mM �-mercap-
toethanol, 1.0 mM ethyleneglycoltetraacetic
acid [EGTA], 1.0 mM MgCl2, 0.1 mM phenyl-
methylsulfonyl fluoride, 10 mM Tris, 0.5%
CHAPS, 10% glycerol). The protein extract so-
lution was collected in RNAse-free tubes, in-
cubated on ice for 30 minutes, and centrifuged
at 12,000g (14,000 rpm) for 20 minutes at 4°C to
sediment residual cell debris, if present. Pro-
tein extracts were then aliquoted into RNAse-
free tubes and stored at �80°C. Immediately
prior to TRAP analysis, total protein concen-
tration was measured using the BCA protein
assay reagent (Pierce, Rockford, IL) according
to the manufacturer’s recommended protocol.
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For TRAP analysis, each sample set included
normal protein extracts, a telomerase-negative
control (CHAPS lysis buffer, and/or RNAse-
treated extracts: 10 mg/mL RNAse:sample
(1:1) incubated for 20 minutes at room temper-
ature), and a telomerase-positive control (500
ng protein extract of a rat glioblastoma cell line
RG-2). Each 50 �L reaction initially contained
5.0 �L 10� TRAP buffer (10 mM EGTA, 500
mM KCl, 15 mM MgCl2, 100 mM Tris, 1.0
mg/mL bovine serum albumin [BSA], 0.05%
Tween-20), 200 �M dNTP (Roche, Indianapo-
lis, IN), 100 ng telomerase substrate (TS) primer
(5�-AAT-CCG-TCG-AGC-AGA-GTT-3�), 500 ng
protein extract, and RNAse-free water up to 
48 �L. This mixture was incubated for 20 min-
utes at room temperature to allow telomerase,
if present and active, to add hexanucleotide
telomeric repeats (i.e., TTAGGG) onto the 3�
end of the TS primer, which is a substrate 
oligonucleotide and served as an artificial
telomere. Following telomeric extension, 100
ng CX primer (5�-CCC-TTA-CCC-TTA-CCC-
TTA-CCC-TAA-3�) and 5 units Taq polymerase
(Fisher Scientific, Pittsburgh, PA) were added.
Telomere repeats were amplified by the poly-
merase chain reaction (PCR) using the TS (for-
ward) and CX (reverse) primers, which gener-
ate a ladder of products (generated by
telomerase) containing 6-base increments be-
ginning at 40 base pairs in telomerase-positive
lanes. Both an increased quantity and intensity
of bands present within the ladder of products
correspond to an increased level of telomerase
activity. If telomerase activity was absent, no
product ladder was formed. PCR was carried
out as follows: Initial denaturation at 94°C for
2 minutes to inactivate telomerase, then 33 to-
tal cycles of the following: 94°C for 30 seconds,
55°C for 30 seconds, 72°C for 45 seconds. Fol-
lowing PCR, 5 �L filter-sterilized gel loading
dye (0.25% xylene cyanol, 0.25% bromophenol
blue, 50% glycerol, 50 mM EDTA) was added
to each sample. The samples were then loaded
onto a vertical 20 cm 12.5% nondenaturing
polyacrylamide gel, and electrophoresed at 87
volts at room temperature in 0.5� TBE buffer
until the bromophenol blue band ran off the gel
and the xylene cyanol band reached 95% the
length of the gel (approximately 21 hours). The
telomerase products were visualized by stain-

ing the gel with a 0.01% solution of SYBR Green
(Molecular Probes, Eugene, OR) for 40 minutes
in the dark with gentle agitation, and then pho-
tographing the gel under ultraviolet light us-
ing an electronic gel documentation system
(Gel Doc 2000, BioRad, Hercules, CA). Quanti-
tation of telomerase activity (i.e., the ladder of
products formed in each lane) was performed
using the densitometry computer program
Quantity One (version 4.3.1) (BioRad).

Determination of telomere length by flow-FISH

Telomere length was measured using flow
cytometry fluorescent in situ hybridization
(flow-FISH). Briefly, 5 � 105 cells were washed
in PBS and resuspended in hybridization mix-
ture (70% deionized formamide, 20 mM Tris
[pH 7.0], 0.1% BSA, 0.3 �g/mL telomere-spe-
cific FITC-conjugated [C3TA2]3 peptide nucleic
acid [PNA] probe; Applied Biosystems, Foster
City, CA; catalog # EX-030325-PP). For nega-
tive controls, cells were resuspended in hy-
bridization mixture without the PNA probe.
Samples were heat-denatured at 80°C for 10
minutes, followed by incubation in dark at
room temperature for 90 minutes with gentle
agitation. Samples were centrifuged and
washed in 500 �L wash buffer I (70% for-
mamide, 10 mM Tris, 0.1% BSA) for 2 � 5 min-
utes at room temperature, followed by 500 �L
wash buffer II (5.0% glucose, 10 mM HEPES,
1.0% BSA, 1.0% Tween-20) for 1 � 5 minutes at
room temperature. Cells were resuspended at
a density of 1 � 105 cells per 100 �L in PBS con-
taining 0.1% BSA and 10 �g/mL RNAse A.
Flow cytometric analysis was performed using
a FACSort flow cytometer (BD Biosciences, San
Jose, CA) and CellQuest software (version 3.3).
Measured fluorescent intensity was converted
using the quantum 26 premixed quantitative
standards kit (Bangs Laboratories, Fishers, IN;
catalog # 826-P) to determine molecules of
equivalent soluble fluorochrome (MESF) units.

Tissue processing and immunohistochemical
staining

Tissue blocks were embedded in agarose
and sections were cut on a vibratome at 50
�M thickness. The sections were incubated in
blocking buffer consisting of PBS, pH 7.4, and
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10% normal goat serum (NGS) for 1 hour at
room temperature. Primary mouse monoclo-
nal antibodies, LN-3 (MP Biomedicals, Irvine,
CA) against human HLA-DR and 6F/3D
(Dako, Carpinteria, CA) against human amy-
loid beta protein (A�8–17) were diluted 1:500
and 1:100, respectively, in PBS containing 5%
NGS and sections were incubated overnight
at 4°C. Sections were then rinsed three times
with PBS, followed by incubation with bio-
tinylated goat anti-mouse antibody (Vector
Laboratories, Burlingame, CA) diluted 1:500
in PBS and 5% NGS for 1 hour at room tem-
perature. Sections were rinsed three times in
PBS, and binding sites were visualized using
horseradish peroxidase (HRP)-avidin D (Vec-
tor Laboratories) at 1:500 for 30 minutes fol-
lowed by diaminobenzidine-H2O2 substrate
medium. Sections were dehydrated through
ascending ethanols, cleared in xylene, and
coverslipped with Permount (Fisher Scien-
tific). Selected sections were counterstained
using cresyl violet. All preparations were
viewed and photographed in a Zeiss Axio-
plan photomicroscope.

Morphometric quantitation

Qualitative screening of LN-3–stained prepa-
rations identified six categories of microglial
abnormalities: Clusters of cells, cytoplasmic
fragmentations, deramifications, spheroids, at-
rophy, and beading. A quantitative measure of
the incidences (count/mm2) of dystrophic mi-
croglia was performed using Image Pro Plus
image analysis software (Media Cybernetics,
Silver Spring, MD), Spot camera and Spot Ad-
vanced software, and a Zeiss Axioskop 2 Plus
with a 40� objective. Manual counts of mi-
croglial abnormalities were conducted by a
blinded observer on 20 randomly selected
fields of view (225 � 300 �M) of cortical gray
matter for each case. One-way analysis of vari-
ance (ANOVA) followed by Tukey analyses
(when appropriate) were conducted for all cell
morphologies examined.

Statistical analysis of data

All data were analyzed using the software
program InStat version 3.06 (GraphPad, San
Diego, CA).

RESULTS

Telomere length shortens in rat microglia with 
age in vivo

As a first step in our investigation, we
acutely isolated microglia from both young (3-
month-old) and aged (30-month-old) rat corti-
cal tissue using flow cytometric sorting. Iso-
lated cells were then analyzed for telomere
length and telomerase activity using telomere
flow-FISH and telomere repeat amplification
protocol (TRAP), respectively. Telomere flow-
FISH analysis of specific intervals within the to-
tal distribution curve (Fig. 1A) revealed that
aged rats possessed significantly shorter mi-
croglia telomeres in all instances compared to
young animals (Fig. 1B), despite only having a
small number of total samples to analyze. The
telomeres in the M2 population of microglia
from three MO rats were significantly longer,
and represent a significantly higher number of
total flow events, compared to 30 MO microglia
(Fig. 1B and 1C).

A concomitant significant decrease (p �
0.038) in telomerase activity was also evident
in aged rats compared to young animals (Fig.
1D). Collectively, these findings provide in vivo
confirmation of prior in vitro studies25 that
demonstrated that rat microglial cells undergo
telomere shortening with normal aging, and
are thus subject to replicative senescence.

Telomere length analysis in human microglia 
in vivo with progression of AD

To address the subject of microglia telomere
length and telomerase activity in human age-
related neurodegenerative disease, microglial
cells were isolated and cultured from the cere-
bral cortices of four individuals with significant
AD dementia (Braak stage III or greater) and
one nondemented individual (Table 1). DNA
and protein were extracted from frozen cell
pellets and subjected to telomere length and
telomerase activity analyses using telomere
flow-FISH and TRAP assay, respectively. The
longest telomeres were found in the nonde-
mented subject while all four individuals with
AD pathology possessed shorter microglia
telomeres (Fig. 2A and 2B), as evidenced by
quantification of FACS analysis profiles and as-
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FIG. 1. Telomere length significantly shortens in rat microglia with age in vivo. Microglia were acutely isolated via
fluorescence-activated cell sorting (FACS) from 3- or 30-month-old (MO) rat cortical tissue. Telomere length (i.e.,
MESF: molecules of equivalent soluble fluorochrome) was measured in FACS-isolated microglia using flow cytome-
try. Representative telomere length distributions from a 3- or 30-month-old rat, and the two subpopulations of lengths
examined therein (i.e., M1, M2), in FACS-isolated microglia from 3- or 30-month-old rats (A). Microglia from 30 MO
rats had significantly shorter telomere lengths (mean � standard deviation [SD]), as shown by: a left-shifted curve
(A), which indicates shorter telomeres, and graphically (B) in each of two separate areas examined. Three MO rats
had a separate, smaller subpopulation of microglia (M2) that possessed very long telomeres that were absent in mi-
croglia from 30 MO rats (A). The telomeres in the M2 population of microglia from 3 MO rats were significantly
longer (mean � SD), and represent a significantly higher number of total flow events (mean � SD) (i.e., total cells),
compared to 30 MO microglia (B, C). Statistics were performed on all samples (n � 3) using a two-tailed, unpaired t
test. Telomerase activity significantly declined in rat microglia with age in vivo. Telomerase activity was measured
using the telomere repeat amplification protocol (TRAP) assay. Representative telomerase activity distributions in
FACS-isolated microglia from 3- or 30-month-old rats (D). Microglia from 30 MO rats had significantly less telomer-
ase activity (mean � SD). Neg, telomerase-negative control; Pos, telomerase-positive control. Statistics were performed
on all samples (n � 3) using a one-tailed, unpaired t test.



sessment of the 95% confidence level of the dis-
tribution for the four AD cases (i.e., the non-
demented case is greater than 2 standard devi-
ations away from the mean of the four AD
cases). In addition, short telomeres (i.e., fluo-
rescent intensity values under approximately
8.0) were virtually absent in the nondemented
individual, whereas all four AD cases clearly
exhibited a higher quantity of short telomeres,
as well as a smaller quantity of longer telom-
eres. Telomeres were longer than expected in
the most advanced case (number 5; Braak stage
VI), however this was also the youngest sub-
ject studied. A clear delineation between telo-
mere length and progression of AD was not
distinguishable in this group of subjects. Col-
lectively, AD individuals had a larger quantity
short telomeres compared to the nondemented
(ND) individual, as evidenced by the fact that
the percent total events of the shortest telom-
eres (M1 population) of microglia from the ND
individual were more than two standard devi-
ations away from those of the AD group (Fig.
2C). Telomerase activity remained relatively
unchanged among subjects studied (Fig. 2D),
and does not provide independent evidence
supporting the current hypothesis.

Dystrophic microglia increase in AD individuals

To further address the issue of pathogenesis
in a manner that takes into account the pres-
ence of amyloid, we decided to use the inci-
dence of microglial dystrophy as a different
measure of cell senescence and perform histo-
morphometric studies. We previously reported
an increased incidence of dystrophic microglia
in human brain with normal aging in amyloid-

free subjects,12 and were thus interested in de-
termining whether the presence of amyloid
could be correlated with an escalation of mi-
croglial dystrophy. Brain sections were ana-
lyzed from the superior frontal and temporal
gyri of subjects classified into three categories
based on mental status exam and on post-
mortem histopathology (Table 2). They were:
(1) ND and amyloid-free individuals, (2) non-
demented individuals with a high amyloid
burden, designated as high pathology controls
(HPC), and (3) demented individuals exhibit-
ing classic Alzheimer-type pathology (AD)
with high amyloid load. Dystrophic microglia
were defined as cells clustered at sites of amy-
loid deposition, as well as cells displaying cy-
toplasmic abnormalities, such as bulbous
spheroids, loss of fine processes (deramifica-
tion), beading, and fragmentation of processes.
Microglia were visualized immunohistochem-
ically using LN-3 antibody directed at human
HLA-DR antigens31; amyloid was detected im-
munohistochemically in adjacent sections. Mi-
croscopic comparisons of adjacent sections
stained for microglia and for amyloid � (A�)
revealed a conspicuous presence of dystrophic
microglia in AD and HPC subjects (even at low
magnification), while cells in ND subjects dis-
played a more normal, ramified phenotype
characteristic of so-called resting microglia
(Fig. 3A–3F). The presence of dystrophic mi-
croglia was not limited to sites of amyloid de-
position, as the cells were found singly and
seemingly at random amongst all HLA-
DR–positive cells. In many instances, several of
the dystrophic changes were seen to occur si-
multaneously in the same microglial cell (Fig.
4A–4D). For example, some deramified pro-
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TABLE 1. DATA OF HUMAN SUBJECTS USED FOR MICROGLIAL ISOLATION

Postmortem Neuritic plaque
Number Age Gender interval (PMI) density Braak stage Diagnosis

1 86 M 1.8 hrs. Moderate III ND
2 89 M 2.0 hrs. Moderate III AD
3 87 F 2.5 hrs. Moderate III AD
4 86 M 2.2 hrs. Frequent IV AD
5 82 M 3.5 hrs. Frequent VI AD

Subjects were classified into categories based on mental status exam and post-mortem histopathology.
ND, nondemented; AD, Alzheimer’s disease.
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cesses also showed spheroids and/or beading,
and some of the atrophic cytoplasmic processes
showed swellings that could have been classi-
fied as either beads or spheroids. Morphomet-
ric quantification revealed a significant in-
crease in the average incidence of dystrophic
microglia per group in both HPC (p � 0.038)
and AD (p � 0.046) individuals, relative to ND
subjects (Fig. 4E), as well as in HPC plus AD
compared to ND (p � 0.031; Fig. 4F). Interest-
ingly, the average incidence was slightly higher
in HPC individuals, a finding that supports the
observation that there is no consistent direct
correlation between the number of senile
plaques and the severity of AD dementia.

DISCUSSION

Using acutely isolated microglia from rats,
we have established that telomere shortening
in microglia occurs during normal brain aging.
The results support our hypothesis that mi-

croglia are subject to replicative senescence. In-
terestingly, microglia isolated from 3-month-
old rats, but not 30-month-old rats, exhibited a
separate subpopulation of microglia with very
long telomeres. The absence of this cell popu-
lation in aged animals suggests that these cells
have undergone rapid cell division, resulting
in their concomitant telomere shortening and
the subsequent disappearance. While it is un-
known what the function of this subpopulation
of cells is, they could represent a small group
of progenitor cells involved in reconstituting
the microglial population in the young CNS.
Future studies may examine additional age
groups to identify a specific age range during
which this cell population completely disap-
pears, as well as perform functional studies of
isolated cells within this population.

The current study is the first to report mea-
surement of telomere length and telomerase ac-
tivity in isolated human microglia. The results
obtained from the human microglia telomere
length studies provide an interesting glimpse
into the realm of telomere biology and AD
pathogenesis. Interestingly, short telomeres
were virtually absent in the one nondemented
subject, while all four AD cases clearly exhib-
ited a higher quantity of short telomeres. Col-
lectively, AD individuals not only had shorter
overall telomere lengths compared to the ND
individual, but they also had a larger quantity
of short telomeres compared to the ND indi-
vidual. Because senescence is triggered once
any telomere in a cell reaches a critically-short
length,21 these data suggest that microglia
within AD individuals underwent replicative
senescence earlier compared to the microglia
within the age-matched nondemented individ-
ual. As microglia in AD individuals underwent
telomere shortening and entered senescence,
they may have been less able, or unable, to (1)
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TABLE 2. DATA OF HUMAN SUBJECTS USED FOR

MICROGLIAL MORPHOMETRIC ANALYSIS

Case Postmortem
number Age Gender interval (PMI) Diagnosis

1 68 M 2.0 hrs. ND
2 85 M 3.2 hrs. ND
3 86 F 2.5 hrs. ND
4 86 M 2.5 hrs. ND
5 84 M 3.0 hrs. HPC
6 89 F 3.7 hrs. HPC
7 90 M 2.5 hrs. HPC
8 73 F 2.0 hrs. AD
9 74 M 2.8 hrs. AD
10 89 F 2.3 hrs. AD
11 92 F 2.3 hrs. AD

ND, nondemented; AD, Alzheimer’s disease; HPC,
high pathology control.

FIG. 2. Telomere length shortens in human microglia in vivo with progression of Alzheimer’s disease (AD). Mi-
croglia were isolated from cortical tissue of rapid human autopsies (Table 1). Telomere length was measured in hu-
man microglia using flow cytometry (A). Human microglia had shorter telomere lengths occurring with presence of
AD, as evidenced by quantification of fluorescence-activated cell sorting (FACS) analysis profiles (entire curve) and
assessment of the confidence distribution of the four AD cases (B). Collectively, AD individuals had a larger quan-
tity of short telomeres compared to the nondemented (ND) individual, as evidenced by the fact that the percent to-
tal events of the shortest telomeres (M1 population) of microglia from the ND individual were more than two stan-
dard deviations away from those of the AD group (mean � standard deviation [SD]) (C). Telomerase activity remained
variable in human microglia with presence of AD (D). Neg, telomerase-negative control; Pos, telomerase-positive con-
trol.



maintain neuronal health and (2) effectively
phagocytose amyloid plaques. However, in ad-
dition to the confounding effects of aging, the
human studies are associated with other
caveats, namely, concerns regarding the main-
tenance of isolated cells for 10–14 days in vitro
prior to telomere length and telomerase activ-
ity analyses. Culturing of human microglia fol-
lowing postmortem isolation is a necessary and
unavoidable part of the harvesting process.
While these human data do not support defin-
itive conclusions regarding a link between mi-
croglial replicative senescence and neurode-
generation, they are (despite having a small
number of total samples) nonetheless consis-
tent with the hypotheses that microglia telo-
mere shortening accelerates with progression
of AD, and that the resultant senescent mi-
croglia may play a role in AD pathogenesis.
However, measured telomerase activity in hu-
man microglia does not provide independent
evidence supporting the current hypothesis.

The only prior study32 to examine telomere
dynamics directly within the context of AD

found significant telomere shortening and de-
creased telomerase activity in peripheral blood
mononuclear cells in AD patients relative to
controls, and that telomere length of T cells cor-
related with AD disease status, suggesting that
AD directly/indirectly affects peripheral im-
mune system cells. The data from the current
study provide an interesting parallel in that
telomere length in endogenous immune cells of
the CNS is also shorter in AD individuals, and
that this may be caused by amyloid plaque-in-
duced proliferation.

The in situ evidence of microglial dystrophy
in human brain provides additional support for
a detrimental action of amyloid on microglia.
Overall, the morphometric findings strongly
support the hypothesis that presence of intrac-
erebral amyloid adversely affects microglial cy-
toplasmic integrity, which may aggravate on-
going aging-related deterioration of the cells.
In fact, prior studies conducted in vitro have
shown that when cultured rat microglia are ex-
posed to A� peptides, the cells show morpho-
logic evidence of degeneration, such as bead-
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FIG. 3. Comparison of adjacent
sections stained with LN-3 for mi-
croglia (A, C, E) and with 6F/3D an-
tibody for �-amyloid protein (B, D,
F). In Alzheimer’s disease (AD) (A,
B) and high pathology controls
(HPC) brain (C, D) amyloid de-
posits are abundant and most mi-
croglial cells show varying degrees
of dystrophic changes evident pri-
marily as beaded processes bearing
spheroidal swellings. A large clus-
ter of aggregated microglia is evi-
dent in high pathology control
(HPC) brain (C). An ND subject (E,
F) showed a complete lack of A�
immunoreactivity (F). Note that the
adjacent section of LN-3–stained
microglia (E) reveals the normal,
ramified appearance of these cells.
Magnification 220� in all fields.



ing of cytoplasmic processes and shrinkage of
the cell body33; changes that closely resemble
the present observations in human brain.

Given that both aging and presence of amy-
loid are known to be major risk factors for de-
velopment of AD, our findings bring to light a
common denominator in these factors insofar
as both may act as promoters of microglial de-
generation. Because microglia are essential for
maintaining neurons in the normal and, par-
ticularly, the injured/diseased CNS, and are

also involved in the clearance of amyloid de-
posits,10 a deterioration of microglial cell func-
tion over a human lifetime could contribute to
the development of neurofibrillary degenera-
tion through waning glial neuroprotection, and
to the formation of amyloid deposits through
impaired clearance.34 This idea that aging and
amyloid act synergistically to produce degen-
erative changes in the CNS is supported by
studies showing that amyloid-mediated neu-
rotoxicity is greater in aged than in young mon-
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FIG. 4. Dystrophic microglia increase in high pathology controls (HPC) and Alzheimer’s disease (AD) individuals.
Shown are examples of dystrophic microglia from nondemented (ND) (A), HPC (B, C), and AD (D) subjects, as re-
vealed by LN-3 immunohistochemical staining. A normal, ramified microglial cell (long arrow) is seen next to a dy-
strophic, deramified cell (short arrow) which has lost its fine cytoplasmic extensions (A). Microglial cells with multi-
ple spheroidal swellings (B), severely atrophied cell with only few deramified, beaded cytoplasmic extensions (C),
and fragmented, beaded processes (D) are evident. Magnification 250� (A), 500� (B–D). Average dystrophic mi-
croglia present per group (mean � standard deviation [SD]) increased in HPC and AD individuals (E–F). Statistics
were performed using a one-tailed unpaired t test.
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keys.35 Our findings confirm and extend prior
clues that insoluble amyloid aggregates ad-
versely affect microglial cell function and struc-
tural integrity33,36,37 by providing a mechanism
that involves microglial replicative senescence
and dystrophy. As the only mature cell of the
CNS with significant mitotic ability,3 the
replicative potential of microglia may become
exhausted with aging, and the decline in mi-
croglial renewal capacity may be further di-
minished by, and contribute to, the presence of
amyloid, which may accelerate the process of
telomere shortening. This finding has direct
relevance for therapeutic strategies geared to-
wards promoting microglial amyloid clear-
ance,37–39 in that the success of vaccination-
based therapies in aged humans may be limited
by microglial cell senescence. The current find-
ings do not support a direct connection be-
tween microglial degeneration and neurofib-
rillary degeneration, the factor most closely
linked to dementia. The possibility remains
that neurofibrillary degeneration may develop
through an amyloid-independent mechanism.

Because microglia are capable of producing
both neuroprotective and neurotoxic mole-
cules, depending on the type of signals re-
ceived from neurons40 any impairment in mi-
croglial function due to cellular senescence (or
otherwise) could have profound consequences
for neuronal activity and cognitive function in
the normal aging brain. Over time, microglia
may enter senescence and be less able, or un-
able, to (1) maintain neuronal health and (2) ef-
fectively phagocytose amyloid plaques. As a
result, when sufficient quantities of microglia
have begun to senesce, the neurons they once
supported may begin to degenerate, enter
senescence, and ultimately die, due to dimin-
ished glial support and maintenance. Neuronal
cell death leads to loss of communication and
synapses between neighboring neurons, which
ultimately is the cause of memory loss evident
with age and in AD. Thus, neurodegenerative
changes may occur because microglia are be-
coming senescent and dysfunctional, which
may inadvertently contribute to neurodegen-
eration (e.g., via decreased neuronal mainte-
nance and plaque clearance) due to impaired
glial support. Decreased plaque clearance
would lead to an increase in amyloid plaques

and, if plaques are mitogenic in vivo, may ac-
celerate microglia telomere shortening due to
their increased division. Neuronal cell death is
a hallmark characteristic of AD and may be
linked to an impairment of microglial cell func-
tion. A better understanding of the molecular
mechanisms of microglial telomere biology,
how and why telomere shortening triggers cel-
lular senescence, and how declining microglial
function leads to age-related deterioration of
neuronal function would provide an innova-
tive perspective to further understand the nor-
mal aging process in microglia as well as the
origins of CNS pathogenesis. A demonstration
of microglial senescence with age would sug-
gest that slow and progressive neurodegener-
ation and associated neuronal cell death, which
are ultimately responsible for memory loss and
dementia, may result from diminished or im-
paired microglial cell function. Strategies de-
signed to enhance microglial cell function
and/or to slow or prevent microglia telomere
shortening may provide novel approaches to-
ward AD prevention and treatment.41
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