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Abstract
The fate of the fragmented DNA (fDNA) observed in neuronal nuclei in Alzheimer brain is
unknown. However, its fate is suggested as fDNA is found in the cytoplasm of adjacent activated
microglia. After a brief incubation with fDNA, approximately 70% of microglia had fDNA in
their cytoplasm, were activated, and overexpressed interleukin-1β. Microglial activation enhanced
uptake whereas blocking scavenger receptors suppressed this uptake. These results suggest that the
brain rids itself of fDNA from dying neurons through microglial uptake, activation, and
overexpression of IL-1. Such overexpression of IL-1 in Alzheimer brain has been linked to
Alzheimer pathogenesis.
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1. Introduction
Neuronal cell dysfunction and loss in specific brain regions is one of the major features
underlying the cognitive decline of Alzheimer’s disease (AD). Increasing data suggest that
such neurons, undergoing cell death either by a form of apoptosis or necrosis, manifest
significant DNA fragmentation (Anderson et al., 1996; Sheng et al., 1998b; Smale et al.,
1995; Velez-Pardo et al., 2001). The number of neurons having fragmented DNA (fDNA)
correlates with the formation of neurofibrillary tangles in those neurons (Sheng et al.,
1998b). Moreover, the number of DNA-damaged neurons found within or very near plaques
increases as plaques mature from simple diffuse Aβ deposits to the more complex neuritic
plaques, which are diagnostic of AD. Interestingly, there are virtually no neurons, with or
without fDNA, associated with nonimmunogenic dense-core nonneuritic plaques (Sheng et
al., 1998a). Such DNA-damaged neurons are also found in an experimental model of AD
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(Sheng et al., 2001). Although a variety of initiating factors of cell death have been
extensively studied, very little is known regarding either the mechanisms by which the brain
rids itself of fDNA from dying neurons, or regarding potential cascades triggered by these
mechanisms.

Resident resting microglia are activated in response to either natural or induced neuronal cell
death (Egensperger et al., 1996; Thanos, 1991), suggesting that activated microglia play an
essential role in ridding the brain of such debris. Multiple scavenger microglial receptors are
proposed mediators of such clearance as they promote microglial adhesion to fibrillar Aβ-
containing surfaces (El Khoury et al., 1996) and ingestion of Aβ (Paresce et al., 1996).

Here we provide evidence of microglial involvement in the clearance of fDNA in AD. To
address questions concerning the disposition of fDNA in AD, we demonstrated that
microglia most often contain fDNA in their cytoplasm, rather than their nuclei, in Alzheimer
brain and further verified that microglia in culture are activated with over-expression of
interleukin-1β (IL-1β) as they internalize fDNA via specific identifiable processes.

2. Materials and methods
2.1. Tissue processing

Ten patients with postmortem neuropathological confirmation of Alzheimer’s disease
according to the Consortium to Establish a Registry for Alzheimer’s Disease (CERAD)
criteria (Mirra et al., 1991) and five neurologically normal controls of similar ages were
used in this study. The right hippocampus and adjacent mesial temporal cortex at the level of
lateral geniculate nucleus were processed as previously described (Sheng et al., 1998b) for
Tdt-mediated dUTP nick end labeling (TUNEL) and immunohistochemical studies.

2.2. Cell cultures
Primary cultures of rat microglia were generated from the cortical tissues of neonatal (0—3
days) Sprague—Dawley rats, as previously described (Barger and Basile, 2001). The N9
mouse microglial cell line (Corradin et al., 1993) was maintained as previously described (Li
et al., 2001). Microglial cells were seeded on culture dishes (Ф, 35 or 60 mm) for RNA
assays, or grown on chambered slides (Nunc, Naperville, IL) for fluorescence microscopy.

2.3. Cell treatments
To examine whether microglia are capable of internalizing fDNA, we extracted genomic
DNA mice (C57BL/6SJL) or rats (Sprague-Dawley) using a DNA Mini kit (Qiagen,
Valencia, CA). The genomic DNA was sonicated in a Sonic Dismembrator (Fisher Model
60) and the fDNA was fluorescein-labeled using Fluorescein High-Prime labeling kit
(Boehringer-Mannheim Biochemica, Indianapolis, IN) according to the manufacturer’s
instruction. The labeled fDNA was purified using QIAquick Nucleotide removal kit
(Qiagen). For cell sorting experiments, microglial cell cultures were incubated with
fluorescein-labeled fDNA for 2 h (FCS assay and fluorescence microscopy), or up to 24 h
(cytokine expression assay). Some experiments were performed in the presence of
interferon-γ (IFNγ; Pepro-Tech, Rocky Hill, NJ; 10 ng/ml), fucoidan (40 ng/ml; Sigma), or
antiscavenger receptor antibody (2F8; Serotec, Raleigh, NC; 1 µg/ml). In preparation for
direct fluorescence microscopy or TUNEL detection to verify microglial phagocytosis of
unlabelled fDNA, cultures on chamber slides were treated with either fluorescein-labeled
fDNA or unlabeled fDNA, fixed for 30 min in 4% paraformaldehyde, and rinsed three times
with phosphate-buffered saline (PBS).
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2.4. Fluorescence-activated cell sorting (FACS) for analysis of fDNA phagocytosis
A total of 5 × 104 N9 microglia in 1 ml of DMEM were incubated with 1 µg of fluorescein-
labeled fDNA for 2 h either alone or in the presence of fucoidan, IFN-γ, or IL-1β in a 5%
CO2/95% air atmosphere. The cells were then washed twice with PBS and resuspended in
0.5 ml of PBS for FACS.

2.5. TUNEL labeling
TUNEL was performed as previously described (Sheng et al., 1998b) using an in situ Cell
Death Detection Kit-POD (Boehringer-Mannheim Biochemica), and either directly
examined using fluorescence microscopy or indirectly assayed by incubating with anti-
fluorescein-POD for 30 min and visualizing with metal-enhanced diaminobenzidine
substrate by light microscopical analysis.

2.6. Fluorescence microscopy and confocal microscopy
For fluorescence microscopy and digital image collection, a Nikon fluorescence microscope
equipped with a charge-coupled device (CCD) camera was used. Laser confocal microscopy
was employed to define the localization of fluorescein-labeled fDNA in the microglia.

2.7. Reverse transcription polymerase chain reaction (RT-PCR)
Total RNA was extracted from cultured cells using TriReagent™ RNA (Molecular Research
Center, Cincinnati, OH). RT-PCR was performed as previously described (Li et al., 2000,
2001). The primer sequences for rat IL-1β were as follows: upstream, 5’ TGA CTC GTG
GGA TGA TGA CG 3’; downstream, 5’ CTG GAG ACT GCC CAT TCT CG 3’. Equal
volumes of reaction mixture from each sample were loaded onto 1.5% agarose gels, and
fluorescent images were digitally captured for analysis of intensity with NIH Image
software. Levels of IL-1β mRNA were normalized relative to G3PDH mRNA in the same
sample.

2.8. Statistical analysis
Data were analyzed using an unpaired t test, and values were considered significantly
different when the two-tailed p value was <0.05. Results are expressed as mean± S.E.M.

3. Results
3.1. TUNEL positivity is preferentially distributed to the cytoplasm, not nuclei, of microglia
in Alzheimer brains

Consistent with previous reports on tissue sections from Alzheimer patients (Sheng et al.,
1998a,b), the majority of TUNEL positivity is in the nuclei of neurons. We found that in
addition to neuronal TUNEL, microglial cells exhibited TUNEL positivity. Some microglia
were TUNEL-positive in both cytoplasm and nuclei, but in most, TUNEL positivity was
restricted to the cytoplasm (Fig. 1A and B). These microglia were usually found either
adjacent to neurons with TUNEL-positive nuclei or to Aβ plaques. Such views suggest that
the DNA fragments in microglial cytoplasm were from nuclei of nearby dying neurons. The
total number of TUNEL-positive microglia was significantly less in control than in AD
(20.3 ± 5.53 vs. 3.75 ± 2.88 microglia/ mm2; p < 0.05).

3.2. Microglial uptake of fDNA is via scavenger receptor
The cytoplasm of 72% of N9 microglia took up fDNA, following a 2-h incubation with
fluorescein-labeled fDNA (1 µg/ml). Some N9 cells showed punctate fluorescence labeling
first associated with the membrane and then within the cytoplasm (Fig. 1C). This
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phagocytosis was independent of fluorescein labeling as shown by TUNEL
immunoreactivity following incubation with unlabeled fDNA (Fig. 1D). Untreated sister
cultures, or those treated with intact DNA, showed neither fluorescence nor TUNEL
positivity (data not shown). Microglia pretreated with either IL-1β (10 ng/ml) or interferon-γ
(10 ng/ml), before incubation with fDNA, markedly enhanced the uptake capacity of
microglia, suggesting that microglial activation state influences fDNA uptake (data not
shown). Conversely, pretreatment with either antiscavenger receptor A antibody or fucoidan,
a general inhibitor of scavenger receptors, decreased the uptake of fDNA. As shown by FAC
analysis (Fig. 2), 72% of the fDNA-treated N9 microglia internalized the DNA fragments.
Fucoidan (fDNA/Fu) completely blocked (Fig. 2C)—and antibody against class A type
scavenger receptors partially blocked (data not shown)—this phagocytosis. This suggests
that microglial uptake of fDNA was mediated by multiple scavenger receptor types.

3.3. Microglia are activated by internalization of fragmented DNA
Treatment of primary microglia with fluorescein-labeled fDNA fragments resulted in
significant uptake; 75% of cells were fluorescence-labeled after a 2-h incubation compared
to untreated sister cultures (Fig. 3A). Such uptake of fDNA resulted in activation as shown
by increased expression of IL-1β mRNA (5.3-fold) (Fig. 3B). Non-fDNA did not alter
microglial IL-1β production (data not shown).

4. Discussion
The data presented here show fragmented DNA in the cytoplasm, not nucleus, of activated
microglia located adjacent to neurons with nuclear fDNA and to Aβ plaques in AD brain,
suggesting that microglia take up DNA fragments from nearby damaged or dying neurons.
Our in vitro experiments identify mechanisms involved in microglial internalization of
fDNA. This uptake was via multiple scavenger receptor classes, concomitantly activating
microglia and inducing excessive expression of IL-1, a cytokine known to regulate several
neurodegenerative cascades, including phosphorylation of tau, decreased production of
synaptophysin (Li et al., 2003), and alterations in neurotransmitter systems and cell survival
(Barger and Basile, 2001; Giulian et al., 1995; Li et al., 2000). Each of these IL-1-driven
events is important in Alzheimer pathogenesis (Griffin and Mrak, 2002).

Our finding of activated microglia containing cytoplasmic fDNA close to damaged neurons
or within amyloid plaques suggests that these cells are beneficial in that they clear cellular
debris, but may also be deleterious in that overexpression of cytokines during this clearance
contributes to neurodegenerative cascades and thus further neuronal degeneration,
exacerbating an already existing problem. This suggestion is supported by our previous in
vitro studies (Barger and Harmon, 1997; Li et al., 2000, 2001) and our previous studies in
AD where the number of activated microglia, overexpressing IL-1, dramatically increases
with both the accumulation of neurofibrillary tangles in neurons (Sheng et al., 1997) and the
progression of plaques from nonneuritic diffuse Aβ deposits to neuritic Aβ plaques
diagnostic of Alzheimer’s disease (Griffin et al., 1995). In view of the progressive neuronal
dysfunction and loss, together with the progressive accumulation of neuritic Aβ plaques in
AD, it is clear that the plethora of activated microglia available to clear away this debris is
insufficient to counterbalance either the degenerative changes in neurons or the over-
production and deposition of Aβ. We propose that failure of microglia to stem the tide of
neuronal degeneration and Aβ deposition in AD is the result of the concomitant
overexpression of cytokines, such as IL-1, which not only set in motion neurodegenerative
cascades but also induce further microglial activation. The inability of microglia to
sufficiently clear debris in AD, including fDNA as shown here, may be responsible, at least
in part, for the apparently continuous activation of microglia, overexpressing IL-1, in AD,
thus ensuring a constant source of cytokines and other factors that foster neurodegeneration
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(Barger and Harmon, 1997; Giulian et al., 1995; Li et al., 2000; Meda et al., 1995; Paresce et
al., 1996). Our finding that some microglia had TUNEL-positive cytoplasm as well as
TUNEL positive-nuclei suggests that activation of microglia, together with the act of taking
up fDNA, leads to the death of microglia. This observation supports the finding that
microglial activation and apoptosis are correlated (Lee et al., 2001).

Our in vitro results, demonstrating that microglia take up fDNA via scavenger receptors,
may explain why there is elevated expression of scavenger receptors on activated microglia
in the vicinity of senile plaques in AD (Christie et al., 1996). Our finding that IFNγ
enhances microglial uptake of fDNA may be due to IFNγ-induced over-expression of
scavenger receptors on microglia (Grewal et al., 1997), or to activation of a potential IFNγ-
binding site in the scavenger receptor A promoter (Grewal et al., 2001). Both scavenger
receptors classes A and B are present on microglia, but not on astrocytes or neurons. Since
we show that fucoidan, a nonselective scavenger receptor inhibitor, completely blocks
microglial uptake of fDNA while an antibody against class A scavenger receptor alone only
partially blocks this uptake, several receptors are likely participants in fDNA uptake by
microglia.

In summary, our findings are consistent with the idea that accumulation of debris results in
microglial activation in Alzheimer brain. Such activation is at once potentially beneficial, on
one hand, in clearing neurotoxic substances and, on the other hand, detrimental, for
example, by triggering excessive synthesis and release of microglia-derived neurotoxic
factors and cytokines, such as IL-1, which is known to have neurodegenerative
consequences that contribute to neuronal dysfunction and loss. Such neuronal dysfunction
and loss promote further microglial activation, which, if unchecked, will over time create a
self-amplifying cycle of neurodegenerative events that have been linked to Alzheimer
pathogenesis (Griffin and Mrak, 2002).
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Fig. 1.
Microglia take up DNA fragments in Alzheimer brain and in vitro. (A and B) TUNEL
positivity in cytoplasm (arrow), but not nucleus, in microglia, and in nuclei (asterisk), but
not cytoplasm, of neurons in Alzheimer temporal lobe. (A) and (B) are from the same field
at different magnifications (A, bar = 25 µm; B, bar= 10 µm). (C) Confocal microscopy
demonstrates fluorescein-labeled fDNA within the cytoplasm of N9 microglia. (D) TUNEL-
positive fDNA was seen in N9 microglia exposed to unlabeled fDNA, confirming microglial
phagocytosis of fDNA.
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Fig. 2.
Microglial uptake of DNA fragments is mediated by a scavenger receptor. (A) Untreated
sister microglial cultures. (B) fDNA treatment of N9 microglia. (C) fDNA treatment of N9
in the presence of fucoidan (Fu), a general inhibitor of scavenger receptors analyzed by flow
cytometry.
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Fig. 3.
Microglia are activated by internalization of DNA fragments. Fluorescein-labeled fDNA
uptake (A) significantly increases IL-1β mRNA expression in primary rat microglia (B).
Values are expressed as mean ± S.E.M. of four samples (*p< 0.05).
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