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ABSTRACT: In this review, we summarize key observations supporting the idea of immunosenescence in the
CNS. We provide a discussion of senescent changes that affect microglial cells and emphasize differences
between laboratory rodents and humans. Microglial immunosenescence may explain why humans but not

rodents develop neurofibrillary degeneration.
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In the space of approximately fifteen years (1985-
2000), neuroimmunological thinking went from
viewing the CNS as a sheltered place, ie. an
immunologically privileged organ, to believing that
the CNS has its own immune system which is
dangerous and produces detrimental
neuroinflammation that causes neurodegeneration, in
other words, that there is hardly any privilege at all.
Even for those with a progressive mindset this kind of
conceptual shift must be nothing short of astounding.
However, the radical shift in opinions may be
explained simply by the fact that both of these
extreme views became dogmatic before they were
thoroughly scrutinized. We now know that the brain’s
immune privilege is not complete, i.e. it exists only in
the sense that immunological reactions occur a bit
slower and with lower intensity than they do in the
periphery, and we are beginning to realize that
neuroinflammation is not an autodestructive process,
but occurs as a reparative tissue response to neuronal
injury and disease. It is clear furthermore, with some
hindsight, that a key event contributing to this
paradigm shift in neuroimmunology was the
rediscovery of microglial cells during the 1980’s and
90’s, a development that was discussed in some detail
just recently [1].

Notwithstanding these caveats, we believe it is not
only reasonable but also accurate to view microglia as
the brain’s immune system. Clearly, something
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special had to occur, evolutionarily speaking, to
endow a vulnerable organ with limited regenerative
capacity, such as the CNS, with immunological
surveillance while at the same time protecting it from
the detrimental side effects of potentially fulminant
immune reactions. Nature’s answer to this
predicament is microglia, cells that function as both
neuroprotective glia and immunologically competent
cells at the same time. One might say that nature has
struck a compromise to all-out immune surveillance
via blood-borne leukocytes by colonizing the CNS
early in development with a special population of cells
that in a functional sense represent a hybrid between
leukocytes and neuroprotective glia, and naturally, it
is a job well done. However, it is normal for all living
things to age, and just like immunological defenses
decline with aging in the periphery the brain’s
immune system also is subject to aging. We are only
beginning to grasp this latter notion and while the
consequences of CNS immunosenescence are far from
clear, in this paper we will summarize what is known
about microglial aging, reiterating and expanding
upon the microglial dysfunction hypothesis, a theory
first posited some time ago in the context of
Alzheimer’s disease (AD) and which claims that the
neurofibrillary degeneration of AD is largely the result
of declining microglial cell function and viability [2].
Thus, while immunosenescence in the periphery
accounts for increased susceptibility of the elderly to
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infections and cancer, the sequelac of CNS
immunosenescence may be related primarily to
waning microglial neuroprotection resulting in aging-
related neurodegenerative changes. There is only one
assumption that has to be made in order for the
microglial dysfunction theory to stand, and that is the
belief that microglia are entirely beneficial and
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supportive in terms of maintaining CNS homeostasis
and ensuring neuronal stability and viability.

Observations that support a neuroprotective role of
microglia have previously been reviewed and the
interested reader is referred to these earlier papers and
references therein [3-7].

Figure 1. Morphological comparison of microglial cells in the young (A) and old (B) rat brain. Microglia
(fluorescently immunolabeled by antibody Ibal in green, arrow head), along with neurons (arrows) in the aged rat
brain accumulate lipofuscin which is autofluorescent (red). 28 day-old (A) and 39 month-old rat cerebral cortex

with DAPI counterstaining (blue).

Features of microglial senescence in rodents

There are a number of aspects to microglial
senescence, and these include cell morphology,
replication, biochemistry, and function. The first
detailed study undertaken in this regard was by
Vaughan and Peters, who described the evolution of
ultrastructural differences in microglia from rats that
were aged between 3 and 30 months [8]. The authors
observed that microglia, much more so than astrocytes
and  oligodendrocytes, show a remarkable
accumulation of membrane —bound inclusion material
that bears resemblance to lipofuscin. They also noted
changes in cell shape and in cell number, that is, with
advancing age microglial cells were transformed from
multipolar (ramified) to more elongated and/or
spherical forms, and their total numbers increased by
65% over the 27-month period examined. While the
authors pointed out similarities between these aging-
related changes and those that had been described to
be characteristic of activated microglia after acute
CNS lesions, they also discussed differences, such as
the composition and appearance of inclusion bodies
which was indicative of slow accumulation and
condensation. Because they were unable to observe
any pathological changes in neurons the authors came
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to the final conclusion that morphological and
numerical changes in microglia were a normal
response to aging. These initial observations by
Vaughan and Peters in the rat were corroborated a
couple of years later by Samorajski in the human brain
stating that, “ Among the neuroglial cells, the
microglia undergo the most significant changes with
age.” [9].

Observations on microglial morphology and cell
numbers in the rat were confirmed and extended by
Perry et al. [10] who provided a first account of the
changes occurring in microglial immunophenotype
with aging. Using antibodies directed against various
immune system antigens, Perry and colleagues
showed that a number of antigens, most notably those
of the major histocompatibility complex (MHC),
become increasingly expressed on microglia with
aging. They concluded that with aging microglia
assume more of a phagocyte-like phenotype marked
by upregulation of macrophage and other
immunologically important surface antigens. Their
findings are consistent with the aforementioned
ultrastructural studies showing accumulation of
intracytoplasmic inclusion bodies, and they have been
corroborated by others [11,12]. Our own work in the
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aged rat brain has also shown both microglial
hypertrophy and lipofuscin accumulation (Figure 1),
suggesting that aging-related hypertrophy of the

microglial cytoplasm is due to aging-related
accumulation of lipofuscin. Thus, even though
senescent microglia may resemble the brain

macrophages that appear at any age during an acute
neuroinflammatory response, there is a fundamental
difference between the two microglial phenotypes:
senescent cells are enlarged because they accumulate
nondegraded waste material gradually during their
life-long “careers” as scavengers, whereas microglia-
derived macrophages appearing acutely in response to
a lesion are enlarged because they ingest large
amounts of tissue debris in a very short period of time.
Another difference is that acquisition of the
phagocyte-like phenotype during aging seems to
affect many, although not all, microglial cells more or
less uniformly across different CNS regions, whereas
injury-associated brain macrophages are, of course,
limited to the immediate vicinity of a lesion. The
important corollary of all of this is that aging-related
changes are to be distinguished from inflammatory
changes, which arise in response to injury. Normal
brain aging is accompanied by little, if any apparent
injury to neurons or other cells and thus aging-
associated morphological, immunophenotypical, and
biochemical changes occurring in microglia should
not be designated as neuroinflammation or microglial
activation. Paradoxically, if with aging the strength of
peripheral immune defenses declines, why at the same
time would immunological responsiveness increase
within the CNS?

How can one explain the documented increase in
microglial cell numbers with aging? Microglia differ
from other mature glial cells in that they retain a
remarkable capacity to undergo mitosis in adult
mammals, and their replicative potential has been
demonstrated in numerous in vivo DNA labeling
studies [13-17]. While a burst of proliferative activity
occurs during microglial activation following a CNS
lesion, it is likely that steady- state mitosis of
microglia occurs continuously and throughout life
within the CNS at rather low levels. Lawson et al. [16]
found that endogenous microglial proliferation occurs
randomly and sporadically throughout the normal
mouse CNS  not showing predilection for any
particular region, and these authors and others [15]
concluded that replenishment of microglia in the
normal CNS occurs via mitosis of resident microglia
as well as through immigration of blood borne
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precursor cells. Based on their observation that
microglia had a lower DNA labeling index than most
resident macrophage populations in other organs,
Lawson et al. concluded further that microglia form an
extremely stable and long-lived cell population. Our
own DNA labeling studies in the normal rodent CNS
have confirmed presence of BrdU-labeled microglia in
the subventricular and hippocampal neurogenic niches
showing that new microglial cells are being generated
in adult animals (unpublished). Assuming that such
endogenous microgliogenesis continues over a
lifetime and that it exceeds the level of microglial cell
death, it could lead to an accumulation of aged
microglial cells and thus offer an explanation for the
higher numbers of microglia encountered in the aged
rodent brain. Our studies of microgliosis following
acute injury of motoneurons in aged rats support this
idea by showing that the rate of microglial
proliferation is greater than the rate of microglial
programmed cell death [13]. In the same study, we
also found that the acute proliferative burst of
microglia after motoneuron axotomy is greater in aged
than in young animals, which at first glance and with
regard to expectations regarding cell senescence
seemed counterintuitive. However, this unexpected
finding may have an explanation in the possibility that
enhanced microglial proliferation after acute injury in
aged animals is necessary to compensate for a
presumptive aging-associated decline in the vigor of
individual cells. Thus, in order for activated microglia
to still be able to aid in the regeneration of axotomized
motoneurons in aged animals, greater numbers of
microglia may be required than in young animals
where microglia have a higher level of vitality. In
other words, an enhanced proliferative response in
aged animals may well be a reflection of cell
senescence.

Although the proliferative potential of microglia is
clearly advantageous in terms of the cells’ renewal
potential, this replicative ability of microglial cells
may come at a price if they are forced to divide
repeatedly, namely, that microglia are subject to
replicative senescence. Replicative senescence is also
known as the Hayflick limit; in 1961 Hayflick and
Moorhead [18] discovered that diploid cells
maintained in vitro were not immortal and that there
exists a finite limit to the cultivation period of diploid
cells. They found that cells gradually lose mitotic
potential and  degenerate  after about 50
subcultivations, and they formulated the hypothesis
that this phenomenon was due to intrinsic factors
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which are expressed as senescence at the cellular
level. Later on it was discovered that cell senescence
is accompanied by telomere shortening, a process by
which the non-coding ends of chromosomes become
shortened progressively with each cell cycle
ultimately resulting in cell death [19], unless they are
re-elongated by telomerase enzyme [20]. As it turns
out, microglial cells maintained in vitro proliferate
spontaneously, but when their proliferation rate is
accelerated through addition of growth factors (e.g.
GM-CSF) forcing them to rapidly go through many
cell cycles they will undergo significant telomere
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shortening and become senescent [21]. Interestingly,
this is not the case for cultured astrocytes, likely
because astrocytes are better able to re-extend
shortened telomeres through upregulating telomerase
activity. As an aside, it is interesting to speculate that
an increased ability of astrocytes to generate
telomerase activity could explain the fact that most
brain tumors are astrocytomas, whereas microgliomas
represent an exceedingly rare and rather controversial
neuropathological entity commonly grouped under
primary CNS lymphomas [22].

‘_
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Figure 2. Microglial cytorrhexis is apparent in the cerebral
cortex of a human with Alzheimer’s disease. Subject was an 87
year-old male with Alzheimer’s disease, Braak stage V. Ibal

immunohistochemistry.

In order to demonstrate and measure microglial
replicative senescence in vivo, we devised an injury
paradigm that triggers repeated rounds of microglial
cell division. The paradigm involves repeated
axotomy of the facial nerve and our findings obtained
thus far have shown that the number of cells
incorporating BrdU after four axotomies s
significantly lower than the number of BrdU-positive
cells after just one axotomy [23], thus lending further
credence to the idea that declining mitotic capacity is
part of the cellular senescence affecting microglial
cells. We have not yet studied biochemical changes
that may be associated with altered microglial biology
in this repeated injury paradigm, such as cytokine and
growth factor production, but studies of cultured or
acutely isolated cells have shown that cytokine
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production in microglia changes significantly with
chronological aging [24-28]. While these studies vary
in their results with regard to differential upregulation
of pro- and anti-inflammatory cytokines, a consistent
finding across the board is the increased expression of
interleukin-6 at both mRNA and protein levels [29].
Interleukin-6 has long been known as a growth factor
for B cells and early bone marrow hematopoietic stem
cells [30], but its role within the CNS is not entirely
clear since it appears that various cell types can
express it, including astrocytes, neurons, and
microglia [29,31]. However, with reference to the
aforementioned  aging-associated  increase  in
microglial cell numbers an interesting possibility is
that 1L-6 serves as a microglial growth factor and
mitogen. Thus, a possible reason why IL-6 increases

257



W.J. Streit and Q.S. Xue

with aging could be that it represents a mechanism by
which the system is trying to compensate for
microglial senescence by generating new and viable
microglia via proliferation of resident cells. Several
independent lines of evidence support this idea: a) IL-
6 mRNA undergoes dramatic upregulation shortly
after neuronal injury and precedes the proliferative
burst of microglia [32]; b) IL-6 stimulates microglial
mitosis in vitro [31]; c¢) IL-6 knockout mice show
decreased microglial proliferation after neuronal
injury [33]; d) IL-6 overexpressing mice show an
increase in ramified microglial cells [34]; e) viral
vector-mediated overexpression of IL-6 in APP mice
produces robust microgliosis concomitant with a
reduction in AP deposition [35]. It appears therefore
that continued studies on IL-6 expression could
provide new insights into how the microglial
population is maintained naturally during aging, and
how IL-6 mimetic drugs could perhaps be used to
further facilitate, or ameliorate this process if it
becomes defective.

Features of microglial senescence in humans

Since experimentation in humans is obviously limited,
most of what we know regarding microglial
senescence is  derived from  post-mortem
histopathological studies or from the analysis of
bodily fluids, i.e. CSF and blood. However, it is clear
and quite important to realize that aging-related
changes in microglia present differently in humans
than they do in aged laboratory rats and mice. There is
direct histopathological evidence in human brain for
microglial senescence found in aging-related
morphological changes. These structural changes have
been termed microglial dystrophy and they are
characterized by some rather unique alterations of the
microglial cytoplasm and its processes [36]. Some of
these morphological changes are quite subtle while
others are striking and unambiguous, and clearly
indicative of degeneration. Of particular interest is
microglial cytorrhexis, fragmentation of the microglial
cytoplasm, which probably represents the most
advanced stage of microglial dystrophy (senescence)
and likely coincides with microglial cell death (Figure
2). In AD and in Down’s syndrome brain we have
found fragmented microglia to be co-localized very
consistently and in great abundance with neurons

undergoing  neurofibrillary  degeneration  [37].
Together with the additional observation that
microglial cytorrhexis precedes the onset of

neurofibrillary degeneration in humans, these findings
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offer strong support for the idea that aging-related
neurodegeneration is due in large part to microglial
deterioration and associated loss of microglial
neuroprotection. A very intriguing aspect of
microglial cytorrhexis is that it does not occur in
normally aged wild type rodents, and so it comes
perhaps as no surprise that aged rodents do not
develop neurofibrillary degeneration and dementia.
Indeed, one might say that this absence of fully
developed microglial degeneration in conjunction with
an absence of neurofibrillary degeneration in wild
type rodents strongly supports the microglial
dysfunction  hypothesis.  Interestingly,  inbred
senescence-accelerated mice (SAMP-10) do develop
more extensive microglial pathology than controls
(SAMR1), but even these animals do not develop
widespread microglial cytorrhexis and, perhaps
consequentially, no neurofibrillary degeneration [38]
However, SAMP-10 mice do exhibit some neuronal
loss and atrophy [39]. Microglial degeneration also
has not been reported to occur in transgenic mouse
models of Alzheimer’s, which do not develop
neurofibrillary  degeneration. It is somewhat
unfortunate that most research on AD pathogenesis
over the past twenty years has been disproportionately
focused on an alleged key role of amyloid-beta protein
(AP) as the main cause of neurofibrillary degeneration
rather than on aging-related brain changes. It is
troubling to see that these efforts on the perceived
central pathogenic role of AP continue with seemingly
undiminished zeal despite the fact that Ap-
overexpressing mice fail to develop neurofibrillary
degeneration and dementia, findings that essentially
refute the amyloid cascade hypothesis. In light of such
major differences in brain pathology between mice
and humans it makes sense that much of the
transgenic mouse work is untranslatable to humans
[40].

Another difference between rodents and humans is
the heterogeneity of microglial morphology that is
apparent in the human but not so much in the rodent
brain, and this difference is most likely due to the vast
difference in lifespan between mice and men. In
humans, assuming that there is indeed some level of
microglial turnover, renewal, and death occurring over
a lifetime, the most plausible explanation for
microglial heterogeneity is a difference in the ages of
individual cells. Thus, one could anthropomorphically
liken a healthy microglial cell population to a
normally distributed human population comprised of
some very young and some very old individuals with
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the majority of individuals being distributed over a
bell curve in between. What appears to happen to the
microglial cell population during AD development is
that, due to aging and possibly other yet unknown
factors, the bell curve becomes skewed towards the
right resulting in a disproportionate increase in
“elderly” microglia. Thus major challenges for
future research in AD pathogenesis would be to
develop a system by which one could quantify
old microglia through further refinements in
phenotypic characterization, and to identify
potential risk factors that accelerate microglial
aging.

In addition to the direct histopathological evidence
for microglial senescence, there are a number of other,
more indirect lines of evidence derived from blood
and CSF analyses that are consistent with the idea that
microglial functional deterioration and degeneration is
an important component of AD. Ineffective
phagocytosis of amyloid-beta protein has been shown
in monocytes derived from AD blood samples [41].
These authors found that compared to monocytes
derived from age-matched control patients, which
internalized and degraded AP, the monocytes of AD
patients showed only surface uptake of AP and were
prone to undergo cell death clearly pointing towards a
malfunction in macrophage linage cells that can be
associated with AD. These findings in human subjects
seem to be consistent with in vitro studies using
rodent microglia which show that there is an age-
related decrease in the ability of microglia to
internalize AP [27,42]. Further evidence in favor of
the idea that AD may be associated with generalized
immune dysfunction and/or immunosenescence comes
from studies showing that there is significant telomere
shortening occurring in peripheral blood mononuclear
cells in AD versus control subjects [43], and that
antimicroglial antibodies can be found in the CSF of
AD subjects [44]. This latter study is of special
interest because the extent to which such
antimicroglial antibodies are present in the CSF
apparently correlates well with disease severity, a
finding that matches with histopathological
observations, i.e. presence of degenerating microglia
increases with more advanced Braak stages [37].
Thus, the extent of neurodegeneration can be directly
correlated with the extent of microglial degeneration,
exactly as predicted by the microglial dysfunction
hypothesis.
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Conclusions

We may have reached a turning point in terms of our
understanding of the neuroimmunology of AD, and
perhaps other neurodegenerative diseases, by realizing
that neurodegeneration is not the result of an
overactive immune response, but rather occurs
because of a decline in immunological functions.
Because in the CNS microglia are both immunological
defenders and neuroprotective glia, the consequences
of microglial senescence include both increased
susceptibility to brain infections, as well as an
increased susceptibility to neurodegeneration. The
challenge is to identify factors or conditions that
exacerbate normal microglial aging and then devise
appropriate interventions. The hope is that this
strategy may facilitate healthy aging for a larger
percentage of the human population thereby helping to
curb the ever increasing incidence  of
neurodegenerative diseases.
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