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Microglia have been studied extensively in aging-related neurodegenerative 

diseases, but to a lesser extent in the normally aged central nervous system (CNS), and 

little is known about how aging affects the ability of microglia to respond to neuronal 

injury.  Microglial activation in response to facial nerve injury is distinguished by 

proliferation in conjunction with morphological and immunophenotypic changes, 

followed by turnover to return the microglial cell population to homeostatic levels as the 

acute phase of the injury subsides.  The main goal of this study was to elucidate what 

changes, if any, occur in the microglial activation program with aging.   

We found that proliferation of microglia in old (30 m.o.) rats remained significantly 

higher than in young (3 m.o.) rats 4 days after axotomy, demonstrating that the 

downregulation of microglial activation is attenuated with aging.  We found no aging-

related change in microglial cell death as part of post-mitotic turnover of microglia to 

balance the prolonged period of proliferation.  Because evidence suggests that neuronal-
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microglial signaling is fundamental in modulating the extent and course of microglial 

activation, including the downregulation of microglial activation after the acute phase of 

the injury, we investigated the effect of aging on the putative neuronal-microglial 

regulatory signal fractalkine as a possible source of the aging-related decline in regulation 

of microglial proliferation.  There was no evidence of an aging-related change in the 

mRNA expression of fractalkine and its microglial receptor CX3CR1; however, this does 

not dismiss possible aging-related changes at other steps in the signaling pathway.  We 

found that microglia in old animals exhibited hypertrophy of their somata with dense 

perinuclear lectin staining, indicative of an accumulation of heterogeneous material, and 

upon activation the dense perinuclear lectin staining was accompanied by fragmented 

staining of their somewhat truncated processes.  Taken together, the changes in regulation 

of microglial activation and morphology may be indicative of aging-related changes in 

neuronal signaling and/or microglial senescence; such changes have the potential to 

disrupt CNS homeostasis and may play a role in the aging-associated susceptibility to 

neurodegenerative diseases.  These studies provide an impetus for further investigation 

into aging-related changes in neuronal-microglial communication and microglial 

senescence.   
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CHAPTER 1 
INTRODUCTION AND LITERATURE REVIEW 

Microglia: An Overview 

Introduction 

Microglia are unique glial cells of the central nervous system (CNS) parenchyma 

capable of both neurosupportive and immunocompetent functions.  Microglia are one of 

3 major types of glial cells in the CNS, the others being astrocytes and oligodendrocytes, 

and represent approximately 5-20% of the total glial cell population (Lawson et al., 1990; 

Streit, 1995).  Microglia exhibit great morphological and immunophenotypic plasticity in 

accordance with their variety of supportive and protective functions.  

The embryonic tissue origin of microglia was debated for many years, with some 

proposing a neuroectodermal origin (Fedoroff and Hao, 1991; Fedoroff et al., 1997; Hao 

et al., 1991; Kitamura et al., 1984; Miyake et al., 1984; Oehmichen et al., 1979), and 

others a mesodermal origin in common with blood monocytes (Cuadros and Navascues, 

1998; Ling and Wong, 1993; Perry and Gordon, 1991; Streit, 2001; Streit et al., 1988).  

Accumulating evidence, particularly the expression of cell surface markers also found on 

monocytes, has now made it clear that microglia originate from the embryonic mesoderm 

and colonize the CNS early in development (Ling and Wong, 1993).  However, the fact 

that primitive, ameboid microglia are detectable in the developing CNS earlier than the 

origin of blood monocytes (Alliot et al., 1999; Hurley and Streit, 1996) suggests that the 

ameboid microglia are not derived directly from monocytes, but instead from a common 

progenitor cell, the fetal macrophage (Streit, 2001).  Microglial precursors primarily enter 

1 
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the developing CNS via the meninges by transversing the pial surface (Navascues et al., 

2000), then cluster in the white matter tracks of the supraventricular corpus callosum 

before migrating to other areas of the CNS and differentiating into adult, ramified 

microglia (Del Rio-Hortega, 1932; Streit, 2001).  During the course of differentiation, the 

morphological change is accompanied by a change in immunophenotype, so that the 

resting, ramified microglia of the normal rat brain are no longer expressing major 

histocompatibility complex (MHC) or ED1 antigens by postnatal day 21 (Domaradzka-

Pytel et al., 1999).  Down-regulation of their immunophenotype under physiological 

conditions is probably important to their adaptation to the specialized microenvironment 

of the CNS (Kreutzberg, 1996).   

The adult parenchymal microglia population undergoes steady-state turnover, but 

there has been debate as to how the population is renewed.  The process of renewal of 

adult microglia is presumably different from the establishment of the microglia 

population during development (Navascues et al., 2000), and understanding the 

mechanisms of renewal may be important in understanding how aging affects microglia.  

Traditionally, it was held that renewal of the population was exclusively via proliferation 

of resident microglial cells (Barron, 1995; Kreutzberg, 1996) and that monocytes do not 

differentiate into microglia in the mature CNS (Graeber et al., 1988; Schelper and Adrian, 

1986; Streit et al., 1988).  However, Lawson and colleagues (1992) provided evidence 

that the steady-state turnover of parenchymal microglia occurred by both local division 

and recruitment from the circulating monocyte pool.  It has more recently been 

demonstrated using bone marrow chimeras that bone marrow-derived precursors do have 

a low but noteworthy ability to infiltrate the adult CNS and become part of the highly 
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differentiated parenchymal microglia population after a simple, non-blood-brain barrier 

disrupting facial nerve lesion, and this infiltration is increased in animals concurrently 

undergoing experimental autoimmune encephalitis (Flugel et al., 2001).  Differentiated 

parenchymal microglia were also shown to arise from bone marrow stem cells in 

irradiated mice transplanted with GFP-expressing stem cells (Bechmann et al., 2005; 

Simard and Rivest, 2004), and exogenous microglia were purported to have greater 

antigen presenting potential than resident microglia (Simard and Rivest, 2004).  The 

transformation of bone marrow progenitors into parenchymal microglia lend further 

support to a mesodermal origin of microglia.  Furthermore, if exogenously recruited 

microglia in the adult CNS do indeed have a somewhat more immunogenic phenotype 

than resident microglia, this could have serious implications in situations where the 

infiltration of exogenous precursors is increased.   

The Functional Plasticity of Microglia 

The CNS differs from other systems in that the presence of the blood-brain barrier 

(BBB) largely excludes the peripheral immune system from exerting its influence in the 

delicate CNS environment.  In the absence of peripheral leukocytes, microglia fulfill the 

protective role in the CNS by acting as the resident immunocompetent cells (Streit, 2002; 

Streit et al., 1999).  However, microglia are much more than CNS versions of their 

monocyte cousins.  In addition to immunosurveillance and mediation, microglia maintain 

overall tissue homeostasis in the CNS by removing potentially harmful debris, protecting 

neurons from excitotoxicity, and secreting growth factors to provide neuronal support 

(Kreutzberg, 1996).  In the adult CNS, microglia exhibit diverse morphologies which are 

associated with their functional state within the local microenvironment (Streit et al., 

1988; Streit et al., 1999).  Microglia have a ubiquitous but heterogenous distribution 
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throughout the CNS, with widely varying densities and morphologies consistent with 

architecturally and functionally distinct areas of the CNS (Lawson et al., 1990).  

Microglial surveillance.  In the normal adult CNS, microglia are in a highly 

ramified “resting state,” but it should be emphasized that “resting” microglia are not 

dormant, but are actively and sensitively surveying their environment for signs of even 

the most subtle of changes (Kreutzberg, 1996).  Microglia are able to detect and respond 

to disturbances in CNS homeostasis, and they display plasticity in their response 

depending on the nature of the disturbance.  Microglial morphology ranges from cells 

with long, ramified processes associated with the “resting state” (a structure conducive to 

surveillance of the microenvironment), to cells with shortened, hypertrophied processes, 

to cells with an amoeboid form (conducive to phagocytosis).  Microglial 

immunophenotype ranges from low constitutive expression of molecules such as 

complement receptor-3 (CR3) and cluster of differentiation-4 (CD4) to activation-

induced upregulated expression of their constitutive markers along with expression of 

immunogenic markers such as MHC antigens and ED1 macrophage marker (Kreutzberg 

et al., 1989; Kreutzberg, 1990; Streit, 1995). 

Microglia respond to pathogenic invaders or neuronal injury by rapidly initiating 

their activation program, including proliferation, motility, and upregulation of the 

immunophenotypic repertoire that they share in common with their monocyte relatives 

(Streit, 2002).  Activated microglia have been shown to express toll-like receptors (Bsibsi 

et al., 2002; Nguyen et al., 2002), CD14 (Peterson et al., 1995), and mannose receptors 

(Marzolo et al., 1999), which are associated with recognition of pathogen-associated 

molecular patterns (Rock et al., 2004).  In line with their change in immunophenotype, 
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activated microglia are also capable of acting as antigen presenting cells (APCs) (Frei et 

al., 1987; Hetier et al., 1988; Hickey and Kimura, 1988), although they are not as strong 

APCs as other cells with this function in peripheral organs (Carson et al., 1998; Flugel et 

al., 1999; Ford et al., 1995).  This limited immune competence of microglia is nature’s 

way of providing some protection to the CNS against disease while protecting it from the 

ravages of a full-fledged immune response (Streit, 2002).  

Microglia are neurosupportive.  Though all types of neuronal injury elicit 

microglial activation, the degree and nature of activation differ depending on whether the 

neuron has the potential for recovery or is destined for degeneration (Kreutzberg, 1990).  

Many studies have demonstrated that microglia are capable of secreting growth factors 

that may aid in neuronal development, support, and survival, including transforming 

growth factor beta (TGF-β) (Kreutzberg, 1996), interleukin-1 beta (IL-1β) (Giulian et al., 

1986), basic fibroblast growth factor (bFGF) (Shimojo et al.1991), brain-derived 

neurotrophic factor (BDNF) and nerve growth factor (Nakajima et al., 2001a), and 

hepatocyte growth factor (Hamanoue et al., 1996).  In vitro studies demonstrate that 

neuronal survival and proliferation are enhanced when neurons are cultured with 

microglial-conditioned medium (Morgan et al., 2004; Nagata et al., 1993; Polazzi et al., 

2001; Watanabe et al., 2000) or in mixed cultures with microglia (Zhang and Fedoroff, 

1996; Zietlow et al., 1999).  Microglia have been shown to express neurotrophic 

molecules such as BDNF and glial cell line-derived neurotrophic factor (GDNF) in vivo 

in response to striatal injury (Batchelor et al., 1999), and grafting cultured microglia into 

the CNS enhances neuroregeneration (Prewitt et al., 1997; Rabchevsky and Streit, 1997).   
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Microglia are neuroprotective.  Another function of microglia is the protection of 

neurons as they undergo the retrograde changes that are part of their regeneration 

program.  It has been shown in mice deficient in colony stimulating factor (CSF)-1 that a 

decreased microglial response results in neuronal vulnerability to ischemia 

(Berezovskaya et al., 1995).  Microglia have been shown to have glutamate scavenging 

capability (Nakajima et al., 2001b), which may protect neurons from oxidative glutamate 

toxicity.  After initiation of activation and proliferation, perinuclear microglia participate 

in the detachment of afferent synaptic terminals from the surface of regenerating neurons, 

a process known as synaptic stripping (Blinzinger and Kreutzberg, 1968).  There has 

been some controversy as to whether microglial participation in synaptic stripping is an 

important part of the regeneration process.  One study showed that synaptic stripping did 

not occur in the injured facial nucleus when microglial proliferation was inhibited by 

adriamycin (Graeber et al., 1989).  However, in another study using macrophage colony 

stimulating factor (MCSF, a microglial mitogen) deficient mice, deficiencies in 

microglial proliferation and expression of early markers of activation (i.e., 

thrombospondin, MCSF receptor, aMb2- and a5b1-integrins) did not affect neuronal 

survival, and the speed of axon recovery was also unaffected (Kalla et al., 2001).  

Additionally, when microglial proliferation after hypoglossal injury was blocked with 

ARA-C, synaptic stripping and axon regeneration still occurred (Svensson and 

Aldskogius, 1993a; Svensson and Aldskogius, 1993b).  Some authors have implied that 

because neuron regeneration occurs in the absence of perineuronal microglia, microglia 

do not live up to the regeneration potential demonstrated in vitro and are not involved in 

supporting neuronal survival, regeneration, or plasticity (Aldskogius, 2001).  Considering 
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the conservative nature of biological systems, however, the tightly orchestrated, specific 

response of microglia to neuronal injury is not likely in vain, and the increased 

vulnerability to ischemic injury in CSF-1 deficient mice discussed above provides 

evidence to the contrary.  A possible explanation for normal regeneration of peripheral 

axons in the absence of microglial activation is that normal microglial functions may be 

backed up by compensatory mechanisms; for example, astrocytes may fulfill the roles 

normally occupied by microglia in the injury response program.  There is evidence of 

communication between microglia and astrocytes (Giulian and Baker, 1985; Rezaie et al., 

2002; Verderio and Matteoli, 2001); thus, it is feasible that astrocytes may be able to 

sense and compensate for deficient microglial activation in certain circumstances. 

Another way in which microglia protect healthy neurons is by the maintenance of 

CNS homeostasis.  In the presence of degenerating neurons, microglia transform into 

brain macrophages and phagocytose neuronal debris (Kreutzberg, 1990).  Microglia are 

also able to detect, kill, and phagocytose dysfunctional neurons, such as those with 

altered lysosomal storage phenotype (Nakanishi, 2003).  By removing dysfunctional and 

dying/dead cells, microglia protect other cells in the local microenvironment from 

potentially toxic products released by or spilled from these cells.  Internalization of beta 

amyloid aggregates by microglia has been a hot topic of Alzheimer’s disease research, as 

will be discussed later.   

Neuronal-Microglial Communication 

The dynamic ability of microglia to change phenotype and the existence of 

microglial subpopulations demonstrate the immense impact of the local CNS 

microenvironment on the regulation of these multi-potential cells.  However, it is not 

entirely clear which components of this microenvironment determine the phenotypic 

 



8 

specialization of microglia (Perry et al., 1993).  A complex variety of factors have been 

suggested as molecular regulators and mediators of microglial interactions with neurons 

(Harrison et al., 1998; Neumann et al., 1998; Streit et al., 2001; Streit et al., 2000), as will 

be discussed below. 

Evidence of Communication between Neurons and Microglia 

Given the rapid response of microglia to neuronal injury, there is little doubt that 

neurons are capable of rapid and direct communication with microglia.  The transient and 

graded upregulation of microglial antigens and inflammatory mediators after injury 

suggests that the response is tightly regulated (Streit et al., 1999).  Additional credence to 

the concept of neuronal-microglial communication is provided by the demonstration that 

cultured microglia change their morphology and survive longer when in contact with 

neurons (Zhang and Fedoroff, 1996).  However, the neuronal signals regulating 

microglial phenotype and function are not well characterized.   

There are at least two potential types of signals involved in neuronal-microglial 

communication: stimulatory and attenuating.  Stimulatory signals may be released from 

degenerating synapses or from the neuronal perikarya itself, and expression of such 

signals would presumably be upregulated or activated in the event of neuronal distress.  

There is also evidence that neuronal-microglial signaling occurs in the absence of 

neuronal distress.  It has been shown that microglia co-cultured with neurons have a 

neuron survival-promoting phenotype in contrast to microglia in isolated cultures, which 

release factors neurotoxic to dopaminergic neurons (Zeitlow et al., 1999).  Thus, there is 

evidence that a neuronal signal (or combination of signals) is needed for the necessary 

tight control over microglial phenotype.  Neuronal regulation of the microglial activation 

program makes sense considering neurons’ limited capacity for repair.  It has been 
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suggested that increased microglial activation during aging may be due to disinhibition 

after loss of an attenuating neuronal signal.  This theory is supported by evidence that 

activation of cultured microglia by LPS is attenuated when they are co-cultured with 

neurons (Chang et al., 2001).  However, pinpointing the putative attenuating neuronal-

microglial signal has been difficult.  A neuronal regulatory signal would ideally be 

constitutively and exclusively expressed by neurons (with a constitutive and exclusive 

receptor on microglia), demonstrate a change in expression in the event of neuronal 

distress that allows for the rapid response of microglia, and also allow for the graded 

activation of microglia depending on the nature of the injury. 

Candidate Signaling Molecules 

Many ligand-receptor pairs have been investigated as potentially having a primary 

role in neuronal-microglial signaling, including many cytokine/cytokine receptors 

(Hanisch, 2002).  Interleukin-1β (IL-1β), interferon-γ (IFN-γ) and tumor necrosis factor 

(TNF) have been shown to affect proliferation and immunophenotype in cultured 

microglia (Gehrmann, 1995; Loughlin et al., 1992; Suzumura et al., 1990).  While TNF 

expression is rapidly induced in neurons in response to a variety of stimuli (Liu et al., 

1994; Minami et al., 1991; Taupin et al., 1993; Tchelingerian et al., 1993), expression of 

TNF was also detected in microglia and macrophages surrounding damaged tissue 2-5 

days after neuronal injury (Liu et al., 1994), demonstrating that TNF is not exclusive to 

neuronal-microglial signaling.  The cytokine interleukin-6 (IL-6) has been shown to have 

the potential for being a signal between neurons and microglia.  In in vivo studies, IL-6 

was found primarily in neurons in both the CNS and the peripheral nervous system 

(Arruda et al., 1998; Lemke et al., 1998; Marz et al., 1998; Murphy et al., 1995).  Studies 
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in our laboratory found that cultured microglia express IL-6 receptor and respond to IL-6 

stimulation in a dose-dependent manner.  Additionally, robust microglial activation 

occurs in vivo in response to injury of motoneurons expressing IL-6, which is in starke 

contrast to the lack of microglial activation after injury of rubrospinal neurons, which do 

not exhibit expression of IL-6 (Streit et al., 2000). 

The phospholipid platelet activation factor (PAF) is another possible mediator of 

neuronal-microglial interactions.  Aihara and colleagues (2000) found PAF was 

synthesized in neurons but not glia in response to glutamic acid stimulation. The receptor 

for PAF (PAFR) was previously shown to be predominantly expressed in microglia (Mori 

et al., 1996).  PAF-induced chemotaxis was demonstrated in cultured microglia, but did 

not occur with microglia cultured from PAFR-deficient mice (Aihara et al., 2000), 

suggesting that PAFR is the only receptor for PAF in microglia and PAF is a mediator of 

neuronal-microglial interactions.  Stem cell factor (SCF) is another molecule implicated 

in neuronal-microglial signaling.  SCF is expressed primarily in neurons in normal, intact 

brain (Hirota et al., 1992; Manova et al., 1992; Motro et al., 1991; Zhang and Fedoroff, 

1997), though some SCF mRNA has also been detected in astrocytes and microglia 

adjacent to a CNS wound site (Zhang and Fedoroff, 1999).  The receptor for SCF, c-kitR, 

is expressed by both microglia and astrocytes in culture (Zhang and Fedoroff, 1997), but 

c-kitR immunoreactivity was shown to primarily localize to microglia in the vicinity of a 

cortical stab injury (Zhang and Fedoroff, 1999), suggesting that microglia are the primary 

brain cell type responding to SCF in vivo.  SCF has been shown to maintain cultured 

microglia in a process-bearing phenotype, inhibit microglial proliferation in response to 

colony stimulating factor-1, stimulate microglial expression of neurotrophic factors, and 
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down-regulate microglial expression of inflammatory cytokines (Zhang and Fedoroff, 

1998).  Thus, SCF is a potential attenuating signal, though its non-exclusive cell type 

expression does not make it the ideal putative neuronal-microglial regulatory signal. 

The mRNA expression of secondary lymphoid-tissue chemokine (SLC) has been 

localized to neurons in ischemic areas of the mouse cortex (Biber et al., 2001).  This 

study also showed that treatment with SLC induced a transient intracellular calcium 

increase and chemotaxis in cultured microglia, and the CXCR3 but not the CCR7 

receptor for SLC was found on microglia.  Thus, SLC has the potential for involvement 

in neuronal-microglial signaling, but the promiscuity of SLC receptor binding makes it an 

unlikely candidate as a major regulator of microglial activation.  Another chemokine, 

fractalkine, has been suggested to be involved in neuronal-microglial signaling.  Two 

independent studies found that, in vivo, fractalkine is constitutively expressed in the brain 

only on neurons, while its receptor, CX3CR1, is found only on microglia (Harrison et al., 

1998; Nishiyori et al., 1998).  The fractalkine/CX3CR1 pair is one of only two 

chemokine ligand-receptor pairs known to be constitutively expressed in the CNS (SDF-

1/CXCR4 is the other pair), and is the only one with exclusive cell expression in vivo.  In 

addition, studies in which the murine CX3CR1 gene was replaced with GFP indicate that 

CX3CR1 is the only murine fractalkine receptor (Jung et al., 2000).  Because of the 

exclusivity of the fractalkine ligand-receptor pair, it is an excellent candidate for a 

neuronal-microglial regulatory signal. 

The Aging CNS 

Overview 

Aging is generally characterized by changes in the biochemical composition of tissues, 

a progressive decrease in physiological capacity, a reduction in the adaptive response to 
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environmental stimuli, increased mortality, and an increase in susceptibility and 

vulnerability to disease (Troen 2003).  The CNS not only demonstrates all of these 

characteristics of aging, but their manifestation in the CNS is particularly concerning to 

our species that relies so much on cognitive functioning.  Identifying the mechanisms and 

symptoms of aging in the CNS, and translating that information into preventatives or 

treatments for aging-related cognitive or functional decline, is a major focus of current 

neurological research.   

Theories of aging.  Multiple theories of aging have emerged from different lines of 

study of the molecular and cellular changes that occur during the aging process (Troen, 

2003).  One line of thinking that primarily focuses on genetic factors is the evolutionary 

biologic theory of aging.  The major premise behind this theory is that senescence is a 

constellation of phenotypes that have escaped the evolutionary pressure of natural 

selection.  In his review of the theory, Martin proposed six classes of gene action without 

selective pressure that potentially modulate senescent phenotypes, all falling under the 

umbrella of the evolutionary biologic theory of aging (Martin, 2002).  One of these 

classes is the premise of the classic “mutation accumulation” theory of aging, in which 

the phenotypic threshold of expression of deleterious inborn mutations is not surpassed 

until after reproductive senescence, thereby escaping natural selection (Medawar, 1957a; 

Medawar, 1957b).  Huntington’s disease and “early onset” familial Alzheimer’s disease 

are readily explainable by this theory (Haldane, 1942; Martin, 2002), but whether this 

theory can explain all of the changes of normal aging is not clear.  The “antagonistic 

pleiotroic” theory proposes another genetic mechanism of aging.  This theory surmises 

that some genetic alleles that confer evolutionary advantageous phenotypes early in life 
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have detrimental effects later in life (Williams, 1957). Another genetic action that may 

explain senescence with aging is down regulation of “good genes,” such as those 

involved in protein synthesis, after the cessation of somatic growth in favor of other 

genes involved in reproduction (Kirkwood, 1988).  Martin suggests that once these genes 

are switched off there is no evolutionary pressure for them to switch back on at the end of 

the prime reproductive period, explaining findings of decreased protein synthesis with 

aging (Kelly et al., 2000; Martin, 2002).  A decrease in protein synthesis in combination 

with a decrease in the rate of protein turnover may lead to an increase in post-

translationally altered proteins (Rattan, 1996), which is a proposed factor in age-related 

physiological decline (Kohn and Hamlin, 1978; Troen, 2003).  An expansion of Martin’s 

(2002) concept of the down-regulation of “good genes” with aging is the “gene silencing” 

theory, which holds that aging results from reduced expression/silencing of important 

genes, including tumor suppressors and genes involved in the control of cell cycle, 

apoptosis, detoxification, and cholesterol metabolism (Burzynski, 2005).  Alternatively, it 

has been proposed that senescence may occur because of inappropriate upregulation of 

certain genes (loss of gene silencing) later in life (Burzynski, 2005; Guarente, 2000).  It 

should be noted that changes in gene silencing in aged animals may potentially be 

affected by environmental influences, or they may be related to other stochastic 

mechanisms of senescence, such as somatic mutation.  Somatic mutations or 

epimutations are random genetic or epigenetic changes that may accumulate over a 

lifetime and lead to a senescent phenotype after the threshold of natural selection has 

been surpassed (Failla, 1958; Martin, 2002).  An additional theory of aging with a genetic 

basis is cellular senescence due to telomere shortening.  Telomeres at the end of 
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chromosomes progressively shorten with proliferation in non-immortalized cultured cells 

(Flanary and Streit, 2004; Harley et al., 1990; Reaper et al., 2004) and with aging in 

animals (Flanary and Streit, 2003; Kajstura et al., 2000; von Zglinicki et al., 2000) until 

they are reduced to a threshold length that results in replicative senescence of the cell 

(Harley, 1991; Harley et al., 1992; Reaper et al., 2004).  Supporters of the telomere 

theory of aging postulate that cellular senescence can lead to aging of the whole organism 

(Von Zglinicki, 2003).  Evidence suggests that this may be an antagonistically pleiotropic 

function that protects from tumorigenesis but contributes to overall senescence (Troen, 

2003).   

There is much evidence that somatic mutations or epimutations are not entirely 

stochastic, but are significantly increased by environmental factors.  Likewise, changes in 

gene silencing and post-translational modification of proteins may be affected by 

environmental factors.  The free radical/oxidative stress theory of aging attempts to 

explain how environmental factors may influence genetic actions and lead to a senescent 

phenotype.  This theory holds that reactive oxygen species generated by aerobic 

metabolism influence gene expression, cell division, and most importantly play a role in 

mitochondrial DNA damage (Barja, 1998; Barja, 2004b; Bossy-Wetzel et al., 2003; 

Droge, 2003; Shigenaga et al., 1994).  This concept explains why lifespan is increased 

with caloric restriction (Barja, 2004a; Mattson et al., 2002).  Lifespan is limited by free 

radical generation during the minimal metabolic processes required for the sustenance of 

life, and environmental variables such as diet influence the metabolic rate and ultimately 

further influence lifespan.  Free radicals are also released during tissue injury (Khaldi et 

al., 2002; Lewen et al., 2000), and microglia have the potential to release free radicals 
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(Colton and Gilbert, 1987; Hu et al., 1996; Hu et al., 1995; Peterson et al., 1995).  Other 

environmental influences may have an effect on aging through the introduction of 

somatic mutation or protein modification. 

It is likely that both genetic and environmental influences play a role in the 

development of the senescent phenotype, with genetic factors determining the maximum 

potential lifespan of the organism, and environmental influences affecting the ability to 

live up to that potential.  Additionally, it is not likely that only one mechanism of gene 

action influences the development of senescence, and the contribution of each mechanism 

may vary within different cells, tissues, and organisms (Troen, 2003). 

Aging-Related Neurodegenerative Disease 

The primary focus of aging-related changes in the CNS has centered around 

neurodegenerative diseases, particularly Alzheimer’s disease (AD).  This focus on 

neurodegenerative diseases stems from the fact that the incidence of such diseases 

increases substantially with aging (Perls, 2004).  It has been shown that elements of 

neurodegenerative diseases of humans can be induced in animal models, including 

chronic cerebral hypoperfusion (Farkas et al., 2004) and transgenic expression of human 

amyloid precursor protein (APP) and tau (Higgins and Jacobsen, 2003).  Thus, data 

gathered from animal models provide additional insight into the changes that occur in the 

aging human brain. 

The role of microglia in neurodegenerative diseases of aging.  Microglia have a 

leading role in many of the hypotheses regarding the etiology of neurodegenerative 

diseases of aging.  The role of microglia in neurodegenerative diseases has been the 

subject of so many studies that a considerable number of reviews cover the topic ( e.g., 

(Akiyama et al., 2000; Rogers et al., 2002; Streit, 2004; Wyss-Coray and Mucke, 2002).  
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From the large number of studies and reviews have risen what initially appear to be 

paradoxical hypotheses about what role microglia play in the process of 

neurodegeneration, particularly within the AD literature.  For at least a decade the 

prevailing view was that microglial-mediated inflammation in AD was solely pathogenic 

and detrimental (the “Inflammatory Hypothesis”), and this was the basis of the promotion 

of non-steroidal anti-inflammatory drugs (NSAIDs) for delaying the onset or progression 

of AD.  Indeed, microglia exposed to amyloid β (Aβ) peptide or clustered around 

amyloid plaques have increased expression of MHC class II (Haga et al., 1989; Rogers et 

al., 1988) and have been shown to produce a number of inflammatory mediators and 

potentially cytotoxic products, including superoxide free radicals, chemokines and 

chemokine receptors, IL-1, IL-6 and TNF-α (Combs et al., 2000; Cotman et al., 1996; 

Dickson et al., 1993; Giulian et al., 1996; Goodwin et al., 1995; Griffin et al., 1995; 

Klegeris and McGeer, 1997; Lue et al., 2001; McDonald et al., 1997; Szczepanik et al., 

2001; Xia et al., 1998).  On the other hand, microglia have been shown to phagocytose 

Aβ (Ard et al., 1996; Bard et al., 2000; Frautschy et al., 1992; Rogers et al., 2002; 

Weldon et al., 1998), and there is evidence that immunization with antibodies against Aβ 

peptide stimulates microglia to clear plaques through phagocytosis (Bard et al., 2000; 

Games et al., 2000; Rogers et al., 2002; Schenk et al., 1999), demonstrating that 

microglial activation is potentially beneficial in removing plaque pathology.  Thus, the 

more recent view of microglial activation in AD (and possibly other neurodegenerative 

diseases of aging) is as a “double-edged sword” (Wyss-Coray and Mucke, 2002).   

An unanswered question regarding AD pathology is why, if microglia have the 

potential to clear Aβ deposits, Aβ continues to accumulate in the presence of microglial 
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activation.  Aβ fibrils and fragments have been shown within microglia in the AD brain 

(Akiyama et al., 1996; Frackowiak et al., 1992), although the transgenic AD mouse Aβ 

immunization studies suggest that microglial phagocytosis of Aβ in AD brain is not at 

maximum efficiency.  It has both been suggested that Aβ deposits in AD human brain 

may be difficult for microglia to remove (Rogers et al., 2002) and the ability of microglia 

to effectively phagocytose and/or clear amyloid may be impaired (Streit, 2004), leading 

to the accumulation of Aβ, and perhaps a viscious cycle of further microglial activation.  

The concept of microglial impairment leads to more questions regarding the etiology of 

this impairment.  Microglia may undergo aging-related senescence (Streit et al., 2004) 

and/or gradually become dysfunctional as a result of chronic stimulation, such as that 

which occurs with insoluble protein deposition (including Aβ) and after CNS injury.  

Another unanswered question is whether or not the production of the potentially 

neurotoxic molecules by activated microglia localized to Aβ plaques is actually 

responsible for the neurofibrillary degeneration found in AD brains (the “by-stander 

damage” hypothesis).  There is no direct in vivo evidence showing microglial activation 

as the cause of neurofibrillary tangle formation, though this should not be interpreted to 

mean that the potential for neurotoxicity is not there.  Clearly, however, there is a 

disruption of homeostasis, and potential therapies will need to promote microglial Aβ 

clearance while maintaining balance in the local microenvironment.  Further studies in 

the normal aging brain may provide insight as to which factors change with aging to tip 

the balance and increase the incidence of neurodegenerative diseases.   

The Normal Aging Brain. 

When referring to the normal aging brain, “normal” refers to universal, unavoidable 

physiological changes that occur with aging.  For example, gradual loss of white matter 
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volume, nerve fibers, and nerve fiber length are phenomena of normal aging (Albert, 

1993; Sandell and Peters, 2002; Tang et al., 1997), but the formation of amyloid plaques 

in the neocortex is considered pathological.   

Neuronal loss occurs in the aging substantia nigra (McGeer et al., 1977) and 

hippocampus (Ishimaru et al., 1991), but in most of the normal aging cerebral cortex, 

structural changes are primarily a product of changes in neuronal or myelin sheath 

structure rather than a decrease in cell number.  For example, a thinning of layer 1 was 

found in some cortical areas of the aging rhesus monkey brain, but the number of neurons 

and glia did not decrease significantly with age (Peters and Sethares, 2002).  Other 

studies of the rhesus monkey brain have provided an explanation for the cortical layer 

thinning without cell loss, including a loss of synapses and dendritic branches from the 

apical tufts of pyramidal neurons in layer 1 (Peters et al., 1998).  Additionally, aging-

related changes in the ultrastructure of myelin have been found throughout the CNS 

(Peters, 2002; Peters et al., 1996; Sandell and Peters, 2002).  Activated calpain-1 levels 

have been shown to be increased in the white matter of aged rhesus monkeys, and it has 

been postulated that this enzyme may play a role in the aging-related increase in myelin 

protein degradation (Hinman et al., 2004; Sloane et al., 2003).  Neuronal atrophy also 

occurs, with regional variation, during normal aging (Finch, 1993; Haug, 1997).   

Changes in the nature of the blood-brain barrier (BBB) are another significant 

finding in the normally aging brain.  The BBB changes tend to be regionally and species 

specific, but common changes include thickening of the basal lamina (Alba et al., 2004), 

elongation and loss of capillary endothelial cells, decreases in transport function (e.g., 

glucose, choline, triiodothyronine, hexose, and butyrate) (Mooradian, 1988; Shah and 
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Mooradian, 1997), alterations in protein composition and decreased reactivity of the 

cerebral microvasculature, and arteriovenous shunting (Mooradian, 1994; Mooradian and 

McCuskey, 1992).  Permeability to water soluble molecules and high molecular weight 

solutes does not appear to be affected by normal aging, though such changes have been 

found in neurodegenerative brains (Mooradian, 1988).  Endothelial cells, pericytes and 

vessel-associated (end-feet) astrocytes contain inclusions and vacuoles with aging, which 

may contribute to the aging-associated thickening of the vascular wall (Alba et al., 2004; 

Peinado et al., 1998). 

Aging-related changes in glial cells have the potential for significant affects on the 

maintenance of CNS homeostasis and neuron function.  Of the three major glial cell 

types, microglia probably show the most significant aging-related changes, and such 

changes will be discussed thoroughly in the next section.  Oligodendrocytes, glial cells 

responsible for myelin production and maintenance, have been shown to aggregate and 

develop inclusions in the aging brain (Peters, 1996; Peters et al., 1991).  These changes in 

oligodendrocytes may be related to aging-related myelin abnormalities, and ultimately 

influence the rate of conduction along affected nerve fibers.  Astrocytes are also affected 

by aging, demonstrating hypertrophy, inclusions and increased production and 

degradation of GFAP (Linnemann and Skarsfelt, 1994; Peters et al., 1991; Sloane et al., 

2000).  There are conflicting reports as to whether or not the number of astrocytes 

increases with aging (Diamond et al., 1977; Peinado et al., 1998).   

A multitude of molecular changes have been found to occur with aging in the CNS, 

with a general trend towards an upregulation in the expression of cytokines, such as IL-6 

(Ye and Johnson, 2001), IL-1β, TNF (Bodles and Barger, 2004), and chemokines 
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macrophage inflammatory protein (MIP)-1a, MIP-1b, and RANTES (Felzien et al., 

2001).  A general trend towards changes characteristic of inflammation, oxidative stress 

and reduced neurotrophic support has been revealed through gene expression profiling of 

the aging mouse brain (Lee et al., 2000). 

Microglia in the Normal Aging Brain.   

As discussed above, normal aging is associated with a variety of molecular, cellular 

and microenvironment changes within the CNS, and given that microglia are sensitive 

surveyors of their environment, it is logical to expect to find aging-related changes in 

their phenotype.  The vast majority of studies of aging-related phenotypic changes in 

microglia have demonstrated a steady increase in the expression of markers generally 

associated with microglial activation.  Increases in MHC class II expression have been 

reported in humans (DiPatre and Gelman, 1997; Streit and Sparks, 1997), monkeys 

(Sheffield and Berman, 1998; Sloane et al., 1999), and rats (Morgan et al., 1999; Ogura et 

al., 1994; Perry et al., 1993).  There is no evidence, however, of microglial proliferation 

above the low basal rate of young animals (Long et al., 1998) (however, see Vaughan and 

Peters (1974)); thus, increases in MHC II expression represent immunophenotypic 

changes in the existing microglial population.  Increased numbers of ED1 macrophage 

marker, leukocyte common antigen (LCA), and CD4 positive microglia have been found 

in the rat CNS with aging (Kullberg et al., 2001; Perry et al., 1993), and microglial 

hypertrophy has been reported in the aging rat retina (Kim et al., 2004).  An aging-related 

increase in the number of IL-1α+ microglia was found in the temporal lobe of humans 

(Sheng et al., 1998).  Studies of aging-related expression of complement receptor 3 (CR3) 

have had more varied results.  CR3 is constitutively expressed on microglia, but its cell 

surface expression is upregulated with microglial activation (DiPatre and Gelman, 1997).  
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Increases in the number of CR3 expressing microglia were reported in the aging rat spinal 

cord white matter (Kullberg et al., 2001; Stuesse et al., 2000) and brain (Kullberg et al., 

2001; Morgan et al., 1999), but other studies found no difference in the number or density 

of CR3+ microglia in the mouse hippocampus (Long et al., 1998) or rat brain (Ogura et 

al., 1994; Perry et al., 1993).  Because CR3 is constitutively expressed on microglia, the 

conflicting reports may be a reflection of the species and regional heterogeneity of the 

microglial population density, as well as differences in tissue processing and/or data 

collection. 

In studies that have compared grey and white matter, the aging-related increase in 

MHC II expression was much more significant in white matter (Ogura et al., 1994; Perry 

et al., 1993; Sheffield and Berman, 1998; Sloane et al., 1999), suggesting a correlation 

between aging-related myelin breakdown and microglial activation.  It is known that 

microglia have the ability to phagocytose myelin (Mosley and Cuzner, 1996; Smith, 

1993) and become activated by myelin in vitro (Williams et al., 1994).  A recent study 

also demonstrated that activated microglia in the white matter of rhesus monkeys had an 

aging-related increase in the expression of active calpain-1 (Hinman et al., 2004), a 

proteolytic enzyme that was previously proposed to have a role in aging-related myelin 

protein degradation (Sloane et al., 2003); thus, age-dependent increases in calpain-1 

expression may be a reflection of increased degradation of phagocytosed myelin 

fragments by microglia.  Aging-related increases in the breakdown of myelin and other 

cellular components, and the subsequent phagocytosis of these substances by microglia, 

may account for the substantial increase in inclusions within microglia reported in old 
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monkeys (Peters et al., 1991; Peters and Sethares, 2002; Sandell and Peters, 2002) and 

rats (Peinado et al., 1998). 

In addition to aging-related increases in the expression of markers of microglial 

activation, several studies have reported significant changes in microglial morphology, 

including the presence of cytosolic inclusions mentioned above.  These membrane bound 

inclusions have been described in monkeys (Peters et al., 1991; Peters and Sethares, 

2002; Sandell and Peters, 2002) and rats (Peinado et al., 1998; Vaughan and Peters, 1974) 

as heterogeneous, foamy or dense, generally filling the microglial perikarya and often 

pushing the nucleus off to the side.  Lamellar inclusions filled with phagocytosed myelin 

sheaths have been described in microglia of the monkey optic nerve (Sandell and Peters, 

2002).  Vaughan and Peters (1974) also demonstrated extension of these heterogeneous 

inclusions into the microglial processes of older rats, and they suggested other possible 

sources of the aging-related accumulation of material, including phagocytosis of 

degenerating axon terminals and dendritic spines, and pinocytosis of plama proteins, 

metabolic waste or other material.  Perry and colleagues (1993) reported vacuolated 

processes in OX-6+ microglia in aging rats, and though they found no aging-related 

difference in the density of OX-42+ microglia, they described OX-42+ microglia in old 

rats as having abnormal morphology and a higher incidence of clumping, particularly in 

and around white matter.  Microglial structural changes, including bulbous swellings, 

long stringy processes, and cytoplasmic fragmentation, found in a mouse model of 

Huntington’s disease were mirrored with aging in wild type mice (Ma et al., 2003).  

Cytoplasmic vacuoles were also noted in old mouse microglia visualized with GSA I-B4 

lectin (Fotheringham et al., 2000).  The most striking changes in microglial morphology 
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have been described in the human cerebral cortex in a recent study by our laboratory.  

Microglia from old humans had a significant number of deramified processes, 

occasionally displaying beading or spheroid formation, and were classified as “dystrophic 

microglia”.  Other dystrophic changes found included shortened, tortuous processes and, 

most notably, cytoplasmic fragmentation (Streit et al., 2004). 

Table 1-1.  Summary of reported microglial changes in the normal aging brain. 
Microglial marker Observed change with 

aging? 
Species References 

Ultrastructural phenotype ↑ heterogeneous inclusions monkey Peters et al., 1991; Peters 
and Sethares, 2002; Sandell 
and Peters, 2002 

  rat Peinado et al., 1998; 
Vaughan and Peters, 1974 

 ↑ number/density monkey Peters et al., 1991; Sandell 
and Peters, 2002 

  rat Vaughan and Peters, 1974 
MHC class II ↑ number/density/area human DiPatre and Gelman, 1997; 

Streit and Sparks, 1997 
  monkey Sheffield and Berman, 

1998; Sloane et al., 1999 
  rat Morgan et al., 1999; Ogura 

et al., 1994; Perry et al., 
1993 

 morphological changes human Streit et al., 2004 
  rat Perry et al., 1993 
Complement receptor 3 (CR3) ↑ number/area rat Morgan et al., 1999; 

Stuesse et al., 2000 
 phenotypic changes rat Kullberg et al., 2001; Perry 

et al., 1993 
 no change rat Ogura et al., 1994 
  mouse Long et al., 1998 
ED1 macrophage marker ↑ number rat Kullberg et al., 2001; Perry 

et al., 1993 
GSA I-B4 lectin phenotypic changes rat Kim et al., 2004 
 ↑ density/intensity, 

cytoplasmic vacuoles 
mouse Fotheringham et al., 2000 

 

Inhibition of microglial proliferation by TGF-β1 was impaired in cultures from old 

donors, suggesting that the regulation of microglia may be impaired with aging 

(Rozovsky et al., 1998).  It has previously been shown that TGB-β1 modulates 

fractalkine-stimulated signaling through microglial CX3CR1, a system believed to be 
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involved in the regulation of microglial activation (Chen et al., 2002).  Thus, it is 

attractive to speculate that the aging-related impairment of TGF-β1’s inhibitory effect 

may involve the fractalkine-CX3CR1 ligand-receptor pair.  In the rat brain, TGF-β1 

mRNA expression is increased in microglia with normal aging, and evidence suggested 

that this increase is due to age-related changes in glucocorticoid regulation (Nichols, 

1999).   

Aging and CNS Injury 

While neurons that die within the CNS generally can not be replaced, axon 

sprouting and remodeling may occur to reestablish circuits disrupted by neuronal death.  

There is evidence, though, that these compensatory responses are impaired in the aged 

CNS.  After a central lesion of the entorhinal cortex, the response of septohippocampal 

and commissural-associational fibers have been shown to decrease progressively in both 

rate and magnitude with increasing age (Scheff et al., 1980).  Along with a decreased 

sprouting response of hippocampal neurons to deafferentation, lack of induction of GAP-

43 mRNA has been found in old rats (Schauwecker et al., 1995).  When the nigro-striatal 

pathway is lesioned, 18-month-old rats demonstrate a progressive delay in lesion-induced 

degeneration, and consequent delay in the beginning of regeneration, compared to 2-

month-old rats (Calderini et al., 1987).  Aging is also associated with more severe 

swelling, increased neurological deficits and diminished functional recovery after 

intracerebral hemorrhage and stroke in rats in old rats (Badan et al., 2003a; Gong et al., 

2004).  In humans, there is a correlation between advancing age and poor recovery from 

traumatic brain injury (Cifu et al., 1996; Hukkelhoven et al., 2003; Kilaru et al., 1996; 

Mosenthal et al., 2004; Susman et al., 2002). 
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Aging also affects the regeneration of axons with peripheral targets.  For example, 

aging affects recovery from facial nerve injury (Streppel et al., 1998); reestablishment of 

functional facial motoneuron connections has been shown to be delayed by 4 days and 

accompanied by less robust increase in nucleolar size in 15-month-old rats compared to 

3-month-olds (Vaughan, 1990; Vaughan, 1992).  Numerous other studies have 

demonstrated delayed and/or aberrant peripheral nerve regeneration with aging in various 

models (Kerezoudi and Thomas, 1999).  However, nearly all of these studies focused on 

factors affecting the axon rather than examining aging-related effects at the level of the 

neuronal cell body or the surrounding microenvironment.  For example, Tanaka and 

Webster (1991) found that in aging mice, delayed sciatic nerve regeneration is associated 

with delayed Schwann cell ensheathment of regenerating axons.  While peripheral factors 

are almost certainly involved in impaired peripheral nerve regeneration in aging, there are 

compelling reasons to investigate whether or not the microglial response to neuronal 

injury is impaired with aging.  Specifically, aging-related impairment of peripheral 

factors can not explain the decline in CNS plasticity with aging, phenotypic changes in 

microglia with normal aging have been demonstrated (discussed above), and microglia 

are clearly involved in the response to facial nerve injury in young adults.   

Effects of Aging on the Microglial Response to Injury.  

While most studies have found changes in the basal expression of 

immunophenotypic markers on microglia in the normal aging brain, whether or not aging 

affects the response of microglia to neuronal injury is not entirely clear from the limited 

number of studies examining this question.  For example, old rats demonstrate greater 

microglial lectin reactivity in the retina, and transient retinal ischemia increases this lectin 

reactivity in old rats more than in young rats (Kim et al., 2004).  Similarly, 1-methyl-4-
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phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced dopaminergic neurodegeneration has 

been shown to increase microglial CR3 expression more in old compared to young mice 

(Sugama et al., 2003).  In contrast, although baseline microglial expression of CR3 was 

higher with aging in the primary afferent terminations and motoneuron columns of the rat 

sciatic nerve, sciatic nerve injury did not increase CR3 expression as much in old animals 

as in young animals (Stuesse et al., 2000).  CR3 expression has been found to be greater 

in old versus young rats 3 days after intracerebral hemorrhage (Gong et al., 2004), but the 

authors did not state if the net increase over control was different between age groups.  

Likewise, ED-1 macrophage marker immunoreactivity was found to be greater with 

aging after cortical stab injury (Kyrkanides et al., 2001) and stroke (Badan et al., 2003a; 

Badan et al., 2003b).  Although these studies also did not indicate the ratio of lesioned to 

control immunoreactivity, it is clear that the time course of ED-1 reactivity changes with 

aging, with ED-1 reactivity peaking earlier in old rats.  Hurley and Coleman (2003) did 

not find aging-related differences in microglial CR3 or MHC II expression in either the 

control or injured facial nucleus, though they did note that basal CR3 expression was 

increased in other areas of the aging brainstem.  There are several possible reasons for the 

conflicting results of these studies.  Different injury models, including both 

neurodegenerative and regenerative, species, anatomical regions, microglial markers, and 

methods of analysis were employed in the various studies.  For example, the study 

examining aging-related differences in CR3 expression after sciatic nerve injury, a model 

of regeneration, in the rat (Stuesse et al., 2000) had different results than the study using 

MPTP-induced dopaminergic neurodegeneration in the mouse (Sugama et al., 2003).  It 

should also be taken into consideration the possibility of infiltrating peripheral 
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macrophages, particularly with the use of blood-brain barrier disrupting models or ED-1 

macrophage marker.   

In addition to the injury models, several studies have examined how aging affects 

the response of microglia to viral or bacterial stimuli.  Miyazaki and colleagues (2002) 

found basal levels of MT-III were increased with aging in the rat brain, but LPS 

administration did not induce a further increase in MT-III expression in microglia and 

oligodendrocytes of old rats as it did in young rats.  Because MT-III has neuroprotective 

antioxidant properties, the increased basal levels and lack of induction with oxidative 

stress in old rats suggest that microglia in old animals have already reached saturating 

levels of oxidative stress and MT-III production.  This supposition is supported by an 

earlier study in which chronic LPS infusions did not result in as significant an increase in 

the number of activated, MHC II expressing microglia or decrease memory performance 

in old rats compared to young rats (Hauss-Wegrzyniak et al., 1999).  Additionally, 

although microglia cultured from aged hippocampus and cortex showed increased LPS-

induction of IL-1 and IL-6, inducibility of nitric oxide and subsequent neurotoxicity were 

decreased in microglia cultured from aged versus young cortex (Xie et al., 2003).  In the 

mouse brain, no aging-related difference was found in the response of microglia to 

intracerebroventricular injection of LPS (Kalehua et al., 2000) or striatal injection of an 

adenoviral vector (Davies et al., 2004). 

In reviewing the studies on aging-related changes in the microglial reponse to 

neuronal injury listed in Table 1-2, it becomes obvious that there is still much unknown 

about how aging affects the microglial activation program.  The published studies have 

not examined if changes in the microglial activation program other than 
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immunophenotypic changes occur with aging, such as the location, time course and 

degree of microglial proliferation, the subsequent turnover of microglia after the acute 

phase of the injury, or regulatory signaling from neurons.  Analysis of the effects of aging 

on these aspects of microglial activation was the overall aim of this dissertation, as will 

be discussed in subsequent chapters.   

Table 1-2.  Aging-related differences in the response of microglia to injury: varying 
results based on injury model, marker, and method of analysis. 

Injury 
paradigm, 
species 

Microglial 
marker, data 
compared 

Aging related 
difference after 
injury? 

Aging-related 
difference in ratio 
of lesioned to 
control 

Reference(s) 

Intracerebral 
hemorrhage, rat 
 

CR3, cell density Old ↑ Not stated Gong et al., 2004 

Stroke, rat ED-1, qualitative Old ↑ Not stated Badan et al., 2003a; 
Badan et al., 2003b 
 

Transient retinal 
ischemia, rat 
 

GSA I-B4 lectin, 
qualitative 

Old ↑ Old ↑ Kim et al., 2004 

Cortical stab 
injury, rat 
 

ED1, qualitative Old ↑ Not stated Kyrkanides et al., 2001 

MPTP-induced 
neurotoxicity, 
mouse 
 

CR3, cell counts Old ↑ Old ↑ Sugama et al., 2003 

Facial nerve 
axotomy, rat 
 

MHC II, CR3, 
area ratio 

No No Hurley and Coleman, 
2003 

Sciatic nerve 
constriction, rat 

CR3, area ratio Old ↑ Old ↓ Stuesse et al., 2000 

 

The Facial Nerve Axotomy Model 

All studies of aging-related changes in the course of microglial activation in this 

manuscript were conducted using the facial nerve axotomy model.  The facial nerve 

(cranial nerve VII) in the rat splits into several branches that innervate the muscles 

involved in facial movement, including those controlling whisker movement (Fig. 1-1A).  

The facial nerve cell bodies are located in the ipsilateral facial motor nucleus in the 
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brainstem (Fig. 1-1B), and are arranged in a strict somatotopic organization of subnuclei.  

Transection (axotomy) of the facial nerve results in loss of whisker movement with 

complex cellular changes and somatotopic reorganization in the nucleus of the ipsilateral 

side (Moran and Graeber, 2004; Thomander, 1984).   

The facial nerve axotomy model is ideal for the study of the effects of aging on 

microglial activation because: (1) the response of microglia and the time course of 

regeneration of facial motoneuron axons are already well established in young adult 

animals; (2) the procedure is simple and highly reproducible; (3) the blood-brain barrier 

remains intact, (4) the uninjured neurons in the contralateral nucleus are visible in the 

same section as the experimental nucleus in coronally sectioned brainstem, and thus the 

contralateral facial nucleus serves as a convenient internal control, and (5) a remote 

lesion allows assessment of the microglial response without direct brain manipulation.  In 

the facial nerve axotomy model, microglia are not responding to direct injury of the tissue 

itself, only to signals from neurons who have had a remote injury of their axons (Moran 

and Graeber, 2004).  Thus, the model is an ideal system for examining neuronal-

microglial signaling. 

In young adult rats, there is a well-established microglial response following 

axotomy of the facial nerve: by 24h after injury there is evidence of microglial activation 

with hypertrophy and increased OX-42 immunoreactivity (Graeber et al., 1988; 

Kreutzberg et al., 1989); 2-4 days after axotomy there is a peak in microglial 

proliferation, and microglial envelopment of neuronal perikarya with accompanying  
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Figure 1-1.  The facial nerve axotomy model. (A) The facial nerve exits the skull at the 
stylomastoid foramen, branching to innervate the facial musculature, 
including those muscles involved in whisker function.  The first primary 
branching from the main trunk occurs just after the nerve exits the skull, and 
both the main trunk and temporal branch are transected during the axotomy 
procedure (arrows). (B) The facial nuclei containing the motoneuron cell 
bodies are located on either side of the ventral region of the brainstem.  The 
motoneuron axons loop around the abducens nucleus in the dorsal portion of 
the brainstem (genu), and then project from the ventral surface of the 
brainstem as the facial nerve before exiting the skull at the stylomastoid 
foramen. 

synaptic displacement begins (Blinzinger and Kreutzberg, 1968); neuronal ensheathment 

and synaptic displacement continue for about 2 weeks, and are accompanied by neuronal 

chromatolysis (retrograde change) in the facial nucleus and extensive sprouting near the 

site of injury.  While disruption of the somatotopic organization of the facial nucleus 
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continues indefinitely after axotomy in the rat (Choi and Raisman, 2002; Thomander, 

1984), the majority of facial motoneurons survive in the rat, with reinnervation first 

observed approximately 2 weeks after axotomy, reaching the maximum observed 

reinnervation of 80% around 5 weeks post-axotomy (Moran and Graeber, 2004).  Thus, 

the facial nerve axotomy is a model of regeneration. 

 

 

 

 

 



 

CHAPTER 2 
THE EFFECT OF AGING ON THE PROLIFERATIVE RESPONSE OF MICROGLIA 

TO FACIAL NERVE INJURY 

Introduction 

In the intact CNS, the number of microglia is roughly equal to the number of neurons, 

although the ratio has regional variation (Lawson et al., 1990; Streit, 1995).  As with the 

heterogeneity of their morphology, the regional variation in microglial density is likely a 

reflection of their function in the local microenvironment, with the microglial population 

adjusting in size to fulfill their duties of surveillance, protection and support of neurons.  It has 

been shown that facial nerve axotomy specifically triggers a wave of microglial proliferation in 

the adult rat (Cammermeyer, 1965; Gehrmann and Banati, 1995; Graeber et al., 1988; 

Kreutzberg, 1966; Kreutzberg, 1968), and evidence suggests that the activation of microglia is 

a crucial component of the regeneration program (Streit, 2002).  The few studies that have 

examined aging-related changes in the microglial reaction to neuronal injury have only 

measured upregulation of microglial immunophenotypic markers (Badan et al., 2003a; Badan 

et al., 2003b; Gong et al., 2004; Hurley and Coleman, 2003; Kim et al., 2004; Kyrkanides et 

al., 2001; Stuesse et al., 2000; Sugama et al., 2003).  This is the first aging study to employ a 

more quantifiable means of labeling dividing microglia with tritiated (3H)-thymidine.  

Immunohistochemical methods do not distinguish between microglial hyperplasia (mitosis) 

and phenotypic changes such as microglial hypertrophy and upregulation of surface antigens, 

while cells that have incorporated 3H-thymidine into their DNA are explicitly identifiable as 

proliferating cells.  Because previous studies have shown delayed recovery from cranial nerve 
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injury in old animals (Streppel et al., 1998; Vaughan, 1990; Vaughan, 1992), we hypothesized 

that microglial proliferation in response to neuronal injury would be decreased or delayed in 

old animals.  However, the results demonstrate that rather than an attenuated or delayed 

response, it is the downregulation of microglial proliferation after the peak response that is 

attenuated with aging. 

Materials and Methods 

Animals 

Animal use protocols were approved by the University of Florida Institutional Use 

and Care of Animals Committee (IUCAC).  The animals used for this study were 3 

month old (young), 15 month old (middle-aged) and 30 month old (old) virgin male 

Fisher 344-Brown Norway (F344BN) F1 hybrid rats obtained from the National Institute 

on Aging in Bethesda, MD.  All animals arrived at their appropriate ages immediately (1-

3 days) before use in these experiments.  After arrival at our facility, animals were 

housed in the specific pathogen-free, climate-controlled animal care facility within the 

McKnight Brain Institute of the University of Florida.  Animals were fed sterile rat chow 

and water without restriction.  Equal numbers of animals from each age group were 

ordered and operated at the same time for each experiment. 

Facial Nerve Axotomy 

Animals were anesthetized with isoflurane using a precision vaporizer machine 

with gas scavenging system attached.  Anesthesia was induced with an isoflurane mixture 

of 5% in the inducing box, and then maintained during surgery with an isoflurane mixture 

of 1-3% using a nose cone.  The level of sedation was monitored by assessing for absence 

of pedal (toe pinch) and palpebral reflexes.  In addition, respiratory rate, mucous 

membrane color and skin warmth were monitored during the procedure.  Once the animal 
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was fully sedated, a small patch of skin behind the right ear was shaved and prepped with 

Betadine skin cleanser.  A hemostat was used to fold the ear towards the face, and a small 

(~1 cm) opening at the base of the dorsal aspect of the ear (near the exit of the 

stylomastoid foramen) was cut using sterile scissors.  The primary and temporal branches 

of the facial nerve were visible under the superficial muscle layer as white fiber-like 

tissue.  Using sterile forceps, both the primary and temporal branches of the nerve were 

gently lifted and cut using surgical scissors until two separate stumps were visible for 

each branch.  Care was taken to completely cut both branches in every animal to reduce 

inter-animal variation in the degree of microglial activation, as each branch is associated 

with distinct topographical subnuclei within the facial nucleus (Moran and Graeber, 

2004).  The incision was closed using one surgical staple.  The anesthesia apparatus was 

removed and the animal monitored until fully recovered.  Once the animal recovered 

from anesthesia, absence of whisker movement on the side of the injury was assessed to 

insure that the injury was complete.  Animals were monitored for 1-2 hours before 

returning to the animal care facility, and monitored daily thereafter.  

3H-Thymidine Injection 

For the labeling of microglial proliferation following facial nerve axotomy, animals 

were weighed and given intraperitoneal (i.p.) injections of 3 µCi per gram body weight 

[methyl-3H]Thymidine (Amersham Pharmacia Biotech) at 47, 71, or 95 hours post 

transection of the facial nerve.  Tritiated-thymidine is incorporated into DNA during the 

pre-mitotic S-phase (Kreutzberg, 1968).  All cells demonstrating 3H-thymidine 

incorporation will be referred to in this manuscript as “3H-thymidine labeled cells”.  After 

injection, the animals were kept in cages with radioactive caution labels for 2 hours until 

euthanasia via transcardial perfusion.   
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Radioactive Perfusion 

Animal euthanasia was performed using a transcardial perfusion procedure with 

modifications to prevent contact or environmental contamination with radioactive blood 

or tissue.  All permanent surfaces that might possibly come into contact with blood or 

tissue were covered with absorbent pads, and the perfusions were performed in a hood 

over a collection box designated for collection of radioactive blood.  Gloves, masks, 

protective eyewear, gowns, and shoe covers were worn.  All surgical instruments were 

designated for use with radioactive animals only, and were cleaned thoroughly with 

surface radioactivity decontaminant after use.  All blood, unused tissue, and disposable 

materials were collected for pick up by the office of Radiation Control.  The procedure 

areas were thoroughly cleaned and surveyed for contamination after use.   

Two hours after injection with 3H-thymidine, each animal was given a lethal dose 

of the anesthetic sodium pentobarbital (150 mg/kg; i.p.; Schering Plough Animal Health).  

The perfusion procedure was started after the animal was fully anesthetized but before 

respirations ceased.  The level of anesthesia was monitored by assessing for absence of 

pedal (toe pinch) and palpebral reflexes.  Once the animal was fully anesthetized, the 

animal was transcardially perfused with phosphate buffered saline (PBS, pH 7.2) 

followed by 4% paraformaldehyde (in PBS) according to our laboratory’s University of 

Florida IUCAC standard operating procedure #0026.  At the end of the perfusion, the 

brain of the animal was dissected from the cranial vault and transferred to a vial 

containing 4% paraformaldehyde for post-fixation.  At this point a random and unique 

identification number was assigned to each animal by a laboratory member not involved 

in the quantitative analysis.  The number was recorded on the surgical record and the 

tissue vial.  All subsequent identification of each animal (including on slides) was via this 

 



36 

number until the identity of each animal was revealed at the completion of data 

collection.   

Tissue Processing 

Brain tissue was post-fixed overnight in 4% paraformaldehyde.  After rinsing the 

tissue in PBS, an approximately 5 mm thick coronal brainstem tissue slice containing the 

facial nuclei was dissected from each brain.  Each brainstem slice was processed for 

paraffin embedding by slowly dehydrating through 70% ethanol for 2h, 45 min. each of 

70%, 90%, 95%, and 100% ethanol, 100% ethanol overnight, 100% ethanol for 30 min., 

and then cleared in 2 changes of xylenes for 1.5h each.  Each slice of tissue was 

transferred into its own paraffin cassette (with animal identification number), and 

infiltrated in 2 changes of Surgipath Formula R paraffin (Surgipath, Richmond, IL) at 

60°C for 2h each.  Using a TissueTek paraffin embedding console and metal molds, the 

tissues were embedded in Surgipath Tissue Embedding Medium paraffin at 60°C and 

allowed to cool.  A 26 gauge needle was inserted through the dorsal portion of the 

brainstem of the unoperated side as a mark for future orientation. 

Using a Reichert Autocut microtome, 7 µm paraffin brainstem sections were 

collected from the rostral to the caudal end of the facial nuclei of each animal.  All 

sections were collected in a warm water bath and transferred to Superfrost Plus (Fisher 

Scientific) slides in a systematic pattern so that every third section was placed on a 

different slide.  Each slide was labeled with the sequential order number of each section 

on the slide, and with the animal’s unique identification number.   

Autoradiography 

Immediately before autoradiography, paraffin sections were deparaffinized through 

xylenes (2 changes of 15 min. each) and descending alcohols (3 min. each of 100%, 
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100%, 95%, 90%, 75%, and 75% ethanol), and then rinsed in PBS.  Equipment (safety 

light (15 watt) with Kodak #2 filter, water bath, thermometer, beakers, conical tube with 

20-30 ml distilled, deionized water (ddH2O), glass single slide dipping vessel, paper 

towels, slide box with desiccant packet, aluminum foil, gloves) was set up in a darkroom.  

The water bath was set at 43-45°C, and Kodak NTB2 emulsion was placed in the water 

bath and allowed to melt for approximately 20-30 min.  Once the emulsion was melted, 

under darkroom conditions the emulsion container was opened, and an equal volume of 

emulsion was poured into the conical tube containing water and gently mixed.  The 

diluted emulsion mixture was poured into the glass slide dipping vessel and kept in the 

water bath.  Each slide was gently dipped into the emulsion mixture, the back of the slide 

was wiped, and the slide was allowed to air dry on paper towels.  After all the slides were 

dipped and allowed to dry, the slides were transferred to a slide box containing a packet 

of desiccant (sheet of filter paper shaped into a packet around a small amount of 

desiccant).  The slide box was covered in aluminum foil before turning room lights back 

on.  The emulsion dipped slides were kept at 4°C for 5 weeks. 

After 5 weeks, slides were developed under dark room conditions using a safety 

light with Kodak #2 filter.  Slides were transferred to slide racks and processed through 

50% diluted Dektol (Eastman Kodak) developer for 2.5 min., ddH2O for 10 dips, Kodak 

fixer for 5 min., and ddH2O for 5 min.  Slides were immediately counterstained with 

0.5% cresyl violet acetate (Sigma Chemical Co.), quickly dehydrated through ascending 

alcohols, cleared in 2 changes of xylenes for 2 min. each, and coverslipped using 

Permount mounting medium (Fisher Scientific).    
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Quantitative Analysis of the Number of Cells with 3H-Thymidine Incorporation 

For quantitative analysis of the density of 3H-thymidine labeled cells in the facial 

nucleus, sections were selected systematically throughout each facial nucleus. In each 

selected section, the facial nucleus was outlined, the area within the outline was 

measured, and 3H-thymidine labeled cells within the outline were counted using MCID 6 

software (Imaging Research, St. Catharines, Ontario) and a Sony DXC970 camera 

attached to a Zeiss Axiophot microscope.  This method is illustrated in Figure 2-1.  The 

total number of 3H-thymidine labeled cells counted for each animal was pooled, and this 

number was divided by the total area measured to determine the population density 

(labeled cells per unit area) of proliferating microglia within the facial nucleus of each 

animal.   

Results are represented as mean values ± SEM.  The density of dividing microglia 

in the lesioned facial nucleus were compared between age-groups at each time point with 

a one-way ANOVA using GraphPad Prism software (GraphPad Software, San Diego, 

CA).  Tukey’s multiple comparison test was used for post hoc comparisons.  The 

distribution of dividing cells for each age group and time point was analyzed with a two-

way ANOVA in GraphPad Prism.  A significance level of p ≤ 0.05 was used.  

A preliminary study (N=2) was performed to compare variability in the 

measurement of 3H-thymidine-labeled cell population density when using approximately 

every 10th section (approximately 70 µm apart) versus every 20th section (approximately 

140 µm apart).  No difference was found in the population density measured using either 

distance between sections (Fig. 2-2).  Therefore, data collection for the entire study was 

conducted using approximately every 20th section (6-9 sections/animal, N=5-6). 
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Figure 2-1.  Method of quantifying the number of 3H-thymidine labeled microglia per 
unit area.  Systematic random sections (~140 µm apart) were selected 
throughout each facial nucleus (6-9 sections/animal). The facial nucleus was 
outlined, the area within the outline was measured, and 3H-thymidine labeled 
cells were counted (red circles) using MCID 6 software (Imaging Research) 
and a Sony DXC970 camera attached to a Zeiss Axiophot microscope. The 
total count was divided by the total area to determine the population density of 
mitotic microglia within the facial nucleus of each animal. 

Co-labeling of 3H-Thymidine Incorporated Cells with Lectin 

To confirm that proliferating cells in the vicinity of the injured facial nucleus are 

microglia, sections were labeled with a histochemical marker of microglia before 

emulsion dipping.  Sections from the 3H-thymidine injected animals were deparaffinized 

as described above, but were left in the last change of 70% ethanol overnight.  After 

rinsing in PBS, sections were encircled with a grease pen.  The microglia-specific 

Griffonia simplicifolia B4 isolectin conjugated to horseradish peroxidase (GSA I-B4-

HRP, Sigma Chemical Co.) diluted 1:100 in PBS containing cations (0.1mm of CaCl2, 

MgCl2, and MnCl2) and 0.1% Triton-X100 was applied to each section overnight at 4°C 

in a moist chamber.  After incubation, the slides were washed briefly in PBS 3 times and 

incubated with 3,3’-diaminobenzidine (DAB)-H2O2 substrate until a brown color 

reaction was visible (approximately 5 min.).  Lectin-stained sections were immediately 

taken for autoradiography as described above.  After development, sections co-labeled 

with lectin and 3H-thymidine incorporation (silver grains) were counterstained with 0.5% 
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cresyl violet acetate, dehydrated through ascending alcohols and coverslipped.  Images of 

the co-labeled sections were taken using a Spot RT color camera attached to a Zeiss 

Axioskop 2 microscope. 

 

Figure 2-2.  The quantitative analysis of 3H-thymidine labeling does not significantly 
differ when using 10 (70 µm) versus 20 (140 µm) section intervals.  Labeled 
cell nuclei in the lesioned facial nucleus of 2 animals were counted using both 
intervals between sections.  Based on these preliminary results, the 
quantitative analysis of all animals was conducted using the larger (20) 
section interval.   

Technical Considerations 

Tritiated-thymidine incorporation into the DNA of pre-mitotic cells is visualized in 

autoradiography sections as clusters of silver grains over the cell nuclei (Fig. 2-3).  It 

should be noted that equal numbers (N=6) of animals from each age/time point group 

were injected with 3H-thymidine, but most of the 9 different age/time point groups had 1 

animal excluded because the animal failed to demonstrate any clusters of silver grains in 

the brainstem after autoradiography.  Because the animals who did demonstrate labeling 

had clearly distinguishable labeled cells, and the differences among the standard 

deviations within each group were not significant (Bartlett’s test), it appears that those 
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few animals without labeling did not take up the radioactive label due to a technical error 

in the injection technique.  It appears that the dose of 3H-thymidine was strong enough to 

label all dividing microglia as long as some of it infiltrated into the brain.  In the future, it 

may be beneficial to reserve tissue with high mitotic activity, such as the testes, to 

confirm lack of systemic distribution of the 3H-thymidine tag when no labeling is found 

in the injured facial nucleus. 

 

Figure 2-3.  Tritiated-thymidine labeled cells in the lesioned facial nucleus.  Labeled cell 
nuclei are found adjacent to neurons (arrows) and within the neuropil 
(arrowheads).  Bar= 20 µm. 

Results 

Dividing microglia are present in the injured facial nucleus of young, middle-

aged and old animals 2 days following axotomy.  Originally it was hypothesized that 

microglial activation, including the proliferative response, might be delayed in old 

animals based on reports that the regeneration of peripheral axons after facial nerve 

injury is delayed in old rats (Streppel et al., 1998; Vaughan, 1990; Vaughan, 1992).  Two 

days following facial nerve axotomy, clearly identifiable labeled cell nuclei were visible 

in the vicinity of the lesioned facial nucleus in most 3H-thymidine injected animals (Fig. 

2-5D, E, F), with no detectable difference in the density of labeled cells between the three 
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age groups (Fig. 2-4).  Therefore, there appears to be no aging-related difference in the 

initiation of the proliferative response of microglia to motoneuron injury. 

Microglial proliferation after facial nerve axotomy peaks at 3 days in all age 

groups.  Three days following axotomy, dividing microglia were at their highest density 

within the lesioned facial nuclei of all animals.  Additionally, the population density 

during this peak did not appear to differ between age groups (Fig. 2-4).  Thus, there is no 

discernable aging-related difference in the robustness and time course of the initial 

proliferative response of microglia to facial nerve injury.  On day 3, dividing microglia 

were frequently found in perineuronal positions (Figs. 2-3), although many were 

scattered throughout the neuropil within and immediately adjacent to the injured facial 

nucleus (Figs. 2-5G, H, I; 2-7C).   

 

Figure 2-4.  Aging attenuates downregulation of the microglial proliferative response to 
facial nerve axotomy.  The density of dividing cells was significantly greater 
in old (30 m.o.) animals compared to young (3 m.o.) animals 4 days after 
injury (*p < 0.05), but no aging-related difference in microglial proliferation 
was detected on post-axotomy days 2 or 3.   
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Figure 2-5.  Photomicrographs of the time course of 3H-thymidine labeling.  (A-C) 
Generally, no labeled cells are found in the unlesioned (control) facial nuclei.  
(D-L) 3H-thymidine labeled cell nuclei (arrows) in the lesioned facial nucleus 
demonstrating the time course of microglial proliferation at 2 (D-E), 3 (G-I) 
and 4 (J-L) days following axotomy in young (3 mo), middle-aged (15 mo) 
and old (30 mo) rats.  On post-axotomy day 4 more labeled cells are found in 
old animals (L) compared to young animals (J).  Bar= 100 µm  

Aging attenuates the downregulation of the microglial proliferative response 

to facial nerve axotomy.  By day 4, proliferation had sharply declined in the young 

animals, but the decline was not as sharp in the old age group, with the number of 

dividing microglia remaining significantly higher (p<0.05) in 30 month old versus 3 
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month old animals (Figs. 2-4, 2-5J, L).  The population density of dividing microglia in 

the lesioned facial nucleus of 15 month old animals fell in between that of young and old 

animals and was not significantly different from either group (Fig 2-4, 2-5K).  Thus, 

there appears to be an age-related trend in the degree of microglial proliferation 

continuing to occur 4 days following axotomy.   

No significant microglial proliferation occurs in the non-lesioned facial 

nucleus.  In all animals, very few (a maximum of 4 in all examined sections of each 

animal) 3H-thymidine labeled cell nuclei were found in the unoperated facial nucleus 

(Fig. 2-5A, B, C), and the same applied to the rest of the brainstem outside of the vicinity 

of the lesioned facial nucleus.  Thus, the basal level of microglial proliferation does not 

appear to increase with aging in the rat brainstem. 

All cells that proliferate in response to facial nerve axotomy are microglia.  

Tritiated-thymidine labeled cells all co-localized with lectin labeling (Fig. 2-6).  This is 

the first histochemical co-labeling confirmation that microglia are the only cells that 

divide after facial nerve axotomy.  Previous studies demonstrated that microglia are the 

only glia to undergo cell division in response to a peripheral nerve injury using 

ultrastructural morphology (Graeber et al., 1988; Svensson et al., 1994). 

The distribution of dividing microglia in and around the lesioned facial 

nucleus changes between post-axotomy days 2 and 3 in all age groups.  During 

quantitative analysis of the 3H-thymidine labeled microglia, it was noted that in some 

animals many of the labeled dividing cells were found in the white matter along the 

ventral border between the lesioned facial nucleus and the section edge (Fig. 2-7B).  

Because the counts were performed without knowledge of the age or time point of the  
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Figure 2-6.  All cells that proliferate in response to facial nerve axotomy are microglia.  
3H-thymidine labeled nuclei co-localize with lectin histochemistry for 
microglia in the perikarya of the lesioned facial nucleus (A) and in the white 
matter immediately adjacent to the ventral border of the lesioned facial 
nucleus (B).  N, neuron with a perineuronal labeled microglia. Bar= 20 µm. 
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Figure 2-7.  Distribution of dividing microglia in the vicinity of the lesioned facial 
nucleus 2, 3 and 4 days following axotomy.  (A) Graph showing the 
percentage of 3H-thymidine labeled cells found in the white matter of the 
ventral border region at each time point.  The percent of labeled cells in this 
border region on post-axotomy day 2 was significantly higher than on days 3 
and 4 in all age groups (p<0.0001 for all age groups).  No difference in the 
distribution was detected between age groups.  (B) Two days after axotomy 
many of the dividing cells (arrows) are found in the white matter region 
between the ventral border of the facial nucleus and the edge of the section.  
(C) Diagrams of the distribution of 3H-thymidine labeled cells at 2, 3 and 4 
days following axotomy.  The facial nucleus is outlined in gray, and the 
ventral border region is shaded in gray.  Bar= 35 µm 

animal, initially it was not known if there was a pattern to this distribution.  During data 

collection, the ratio of labeled cells inside the outlined border of the facial nucleus and 

between the ventral border and section edge was noted for each section.  After decoding 
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the identity of the animals, we examined whether a correlation existed between the 

distribution of labeled dividing microglia and time point and/or age.  On day 2, many of 

the dividing cells were detected in the white matter along the ventral border of the injured 

facial nucleus, but by day 3 the distribution of 3H-thymidine labeled cells was centered 

within the injured facial nucleus; thus there was a correlation between distribution of 

labeled cells and post-injury time point (p<0.0001) (Fig. 2-7C).  However, the 

distribution of dividing microglia within the injured facial nucleus and along the ventral 

border did not appear to differ between age groups at any of the time points examined 

(Fig. 2-7A).   

Discussion 

In young rodents, microglia normally respond to neuronal injury by increasing in 

number, with microglial mitosis serving as a major contributor to this population 

expansion (Gehrmann and Banati, 1995; Graeber et al., 1988; Kreutzberg, 1966; 

Kreutzberg, 1968).  Microglia ensheath motoneurons while displacing afferent synapses, 

presumably a neuroprotective function (Blinzinger and Kreutzberg, 1968; Raivich, 2002; 

Streit, 2002).  In contrast, the lack of regeneration after a central axotomy is associated 

with poor induction of microglial activation (Barron et al., 1990; Streit et al., 2000; Tseng 

et al., 1996).  Based on this knowledge and reports that cranial nerve regeneration is 

delayed in old rodents (Vaughan, 1990; Vaughan, 1992), we initially hypothesized that 

the microglial response to motoneuron injury would be weak or delayed in old rats. 

However, our 3H-thymidine data did not show a significant aging-related difference in 

microglial proliferation at 2 and 3 days following axotomy of the facial nerve, and 

proliferation peaked at 3 days in all three age groups.  Therefore, the initial microglial 

proliferative response to peripheral axotomy appears to be just as robust in old animals as 
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in young animals.  Microglial mitosis attenuated substantially by post-injury day 4 in the 

young animals, but surprisingly in the old animals the number of dividing microglia 

remained significantly higher.  Attenuation of the proliferative response is likely an 

important factor in maintaining the proper balance of microglial cells needed for success 

of the motoneuron regeneration program, but the downregulation of this response is 

changed with aging.   

The initial distribution of many of the dividing microglia outside of the injured 

facial nucleus demonstrates that initiation of microglial mitosis does not primarily occur 

in perineuronal locations, as previously thought (Graeber et al., 1988; Kreutzberg, 1968).  

Other studies have demonstrated microglial recruitment and migration from adjacent 

areas to sites of injury (Dong et al., 2004; Gehrmann et al., 1991; Hailer et al., 1997; 

Hailer et al., 1996; Jensen et al., 1997; Jensen et al., 1994).  The time course of the 

distribution of dividing microglia found in this study shows a pattern of migration from 

the white matter towards the injured motoneurons between 2 and 3 days following 

axotomy (Fig. 2-7C).  Neuronal injury results in a much greater need for the protective 

and supportive functions of microglia, and the resting state population density of 

microglia within the facial nucleus becomes inadequate.  Thus, it is not surprising to find 

proliferation of microglia in the white matter area adjacent to the facial nucleus.  An 

aging-related difference in the distribution pattern of dividing microglia was not found.  

Although there may be aging-related changes in the densities of different 

immunophenotype sub-populations of microglia (e.g., those expressing MHC class II) 

(DiPatre and Gelman, 1997), the lack of an aging-related difference in the basal rate of 

microglial proliferation or the distribution of proliferating cells after injury suggests that 
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the ratio of gray and white matter total microglial population density in the intact 

brainstem does not change with aging.   

The location of many dividing microglia outside of the facial nucleus also suggests 

that microglia must receive some sort of diffusible mitosis-inducing signal from injured 

neurons.  Delayed axonal regeneration (Vaughan, 1992) may sustain the putative mitosis-

stimulating signaling pathway, prolonging microglial proliferation.  Alternatively, an 

aging-related change in the ability to modulate the diffusible signal as the acute phase of 

neuronal injury subsides may result in impaired regulation of microglial mitosis in old 

animals.  This notion is supported by an in vitro study showing that the ability of 

transforming growth factor-beta1 (TGF-β1) to inhibit proliferation of microglia was 

impaired in cultures from aging donors compared to young donors (Rozovsky et al., 

1998).  TGF-β1 has been shown to modulate the putative neuronal-microglial signaling 

function of the chemokine fractalkine (CX3C1) and its receptor, CX3CR1 (Chen et al., 

2002).  The evidence from this study indicating an aging-related attenuation of the 

regulation of the microglial proliferative response to neuronal injury prompted further 

investigation into aging-related changes in neuronal-microglial signaling via fractalkine 

and CX3CR1, which is the focus of Chapter 5 of this work.   

Another potential explanation for the extended microglial proliferative response in 

old animals is the possible presence of inherent effects of aging within microglia 

themselves.  The high mitotic potential of microglia may make them particularly 

vulnerable to the effects of aging.  Human microglia demonstrate significant dystrophic 

changes with aging (Streit et al., 2004), and the telomeres of cultured microglia shorten 

until they undergo replicative senescence (Flanary and Streit, 2004).  It is plausible that 
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microglia, particularly those which have undergone repeated rounds of replication (such 

as in the case of head injury), may reach a state of dysfunction with aging that makes 

them unable to attenuate their proliferative response in spite of neuronal regulatory 

signals.  Furthermore, senescent changes within microglia may make them less sensitive 

and responsive to modulators of neuronal-microglial signaling pathways (i.e., TGF-β1).  

Whether it is a product of changes in neuronal signals, microglial dysfunction, or both, a 

change in the regulation of microglial activation with aging may have significant 

implications for older individuals with brain, cranial nerve or spinal cord injuries, and 

may play a role in the aging-related increase in susceptibility to neurodegenerative 

diseases.  

 

 

 

 

 

 



 

CHAPTER 3 
THE EFFECT OF AGING ON MICROGLIAL PROGRAMMED CELL DEATH 
FOLLOWING THE PROLIFERATIVE RESPONSE TO NEURONAL INJURY 

Introduction 

Microglia activated in response to facial nerve axotomy proliferate and migrate 

towards injured motoneurons (Moran and Graeber, 2004), significantly increasing the 

microglial population density within the lesioned facial nucleus.  Following their 

proliferative burst in response to neuronal injury, microglia appear to gradually decrease 

in number (Raivich et al., 1993; Streit et al., 1988).  Previously it was thought that 

homeostatic regulation of the post-mitotic microglia population occurred by the exit of 

activated microglia through blood vessel walls (Cammermeyer, 1965; Del Rio-Hortega, 

1932), but more recent evidence shows that a form of programmed cell death may play a 

role in the return of microglia to their pre-injury numbers (Gehrmann and Banati, 1995; 

Jones et al., 1997).  

The terms apoptosis and programmed cell death are routinely used interchangeably 

to describe the process by which cells die under tight regulation by signaling pathways in 

a manner which does not disrupt the surrounding environment or invoke an inflammatory 

response.  The classical morphological characteristics of apoptosis are cell shrinkage, 

chromatin condensation, cell membrane blebbing (with retention of membrane integrity), 

and the formation of apoptotic bodies, and the process is mediated by caspases (Bohm 

and Schild, 2003; Gavrieli et al., 1992; Jaattela and Tschopp, 2003).  Recently, however, 

alternative mechanisms of programmed cell death (as opposed to “accidental” cell death 
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associated with necrosis) other than classical apoptosis are being acknowledged by a 

growing number of researchers (Graeber and Moran, 2002; Jaattela and Tschopp, 2003; 

Lockshin and Zakeri, 2004; Nagy and Mooney, 2003).  Like classical apoptosis, 

alternative mechanisms of cell death are highly regulated, but they may or may not have 

the classical morphological characteristics of apoptosis (e.g., chromatin margination), and 

are often caspase-independent (Lockshin and Zakeri, 2004).  Jones and colleagues (1997) 

provided evidence that the programmed cell death of microglia occurs via a non-classical 

mechanism.   

The study of aging-related changes in the proliferative response of microglia 

described in Chapter 2 of this dissertation indicated that the downregulation of microglial 

proliferation is attenuated in old animals.  This suggests that, unless the prolonged period 

of proliferation is coupled with a higher rate of microglial turnover, there may be a 

transient period of higher numbers of activated microglia in the lesioned facial nucleus of 

old animals.  The main objective of the study in the current chapter was to compare the 

post-mitotic turnover of activated microglia via programmed cell death in the lesioned 

facial nucleus of young and old animals using the ApopTag assay, a kit variation of the 

terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end-

labeling (TUNEL) method.  TUNEL is a method for visualizing the DNA fragmentation 

that typically accompanies apoptosis by enzymatically labeling the free 3’-OH ends of 

DNA fragments with modified nucleotides (Gavrieli et al., 1992).  In the immune system, 

programmed cell death of the expanded lymphocyte population is an essential component 

of returning the system to homeostasis at the decline of an immune response (Jaattela and 

Tschopp, 2003), and it is reasonable to assume that a balance between proliferation and 
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turnover of microglia at the decline of the injury response is essential to the homeostasis 

of the CNS microenvironment.  While we suspected that there might be an increase in 

microglial turnover to balance the prolonged period of microglial proliferation in the old 

animals, studies of physiological apoptosis in other systems have found aging-related 

declines in the potential for apoptosis (Warner, 1997).  However, we found no evidence 

of either an increase or decrease in the number of dying microglia with aging, nor a 

change in the time course of microglial turnover. 

Materials and Methods 

Animals, Surgery and Tissue Processing 

Male young (3 month old) and old (30 month old) F344BN hybrid rats were 

obtained from the National Institute on Aging.  Animals were subjected to a right facial 

nerve axotomy as described in Chapter 2.  Animals were euthanized at 7, 14 or 21 days 

following facial nerve axotomy using transcardial perfusion.  The transcardial perfusion 

procedure was described in detail in Chapter 2.  The perfusion procedure for TUNEL 

analysis was performed in the same manner, except that radioactive precautions were not 

needed and the procedure was performed directly in the perfusion hood rather than over a 

collection container.  Briefly, animals were anesthetized with an overdose of sodium 

pentobarbital (150 mg/kg) and transcardially perfused with 0.1 M PBS (pH 7.2) followed 

by 4% paraformaldehyde in PBS.  Brain tissue was removed and post-fixed in the same 

fixative overnight.  Brainstem tissue containing the facial nuclei was paraffin processed 

and sectioned on a microtome at 7 µm as described in Chapter 2.    

TUNEL 

For the assessment of microglial programmed cell death using TUNEL, 

immediately before performing the TUNEL procedure 7 µm paraffin sections were 
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deparaffinized through xylenes (2 changes of 15 min. each) and descending alcohols (3 

min. each of 100%, 100%, 95%, 90%, 75%, and 75% ethanol), and then washed in PBS.  

Deparaffinized sections were pre-treated with 0.5% Triton-X100 in PBS for 20 min.  The 

ApopTag Peroxidase in situ Apoptosis Detection Kit (Serologicals Corporation, 

Norcross, GA) was then used as described by the manufacturer.  Negative controls 

included omission of the terminal deoxynucleotidyl transferase (TdT) or the anti-

digoxigenin-peroxidase conjugate.  Positive controls included sections pretreated with 

DNAse I, sections of post-natal day 5 rat cortex, and sections of Bouin’s fixed brain 

tissue.  Bouin’s fixative contains picric acid that nicks DNA and results in false-positive 

labeling similar to that of DNAse I treated tissue.  Cells were counterstained with 0.1% 

methyl green, rinsed in deionized water, dehydrated in 100% N-butanol, cleared in 

xylenes, and cover-slipped using Permount.   

Quantitative Analysis 

For quantitative analysis of TUNEL positive microglia in the facial nucleus, 

sections were imaged using a color Spot RT digital camera (Diagnostic Instruments, 

Sterling Heights, MI) attached to a Zeiss Axioskop 2 microscope and Spot Advanced 

(version 3.4.5) software running on a Dell PC.  Labeled cells within a counting frame 

placed over the axotomized or control facial nuclei were counted (5-8 sections/animal) 

using Image Pro Plus software (version 4.5.1, Media Cybernetics, Carlsbad, CA).  The 

total number of labeled cells counted per total area measured was calculated.  Results are 

represented as mean values ± SEM.  Significant differences were determined with t-tests 

comparing young and old at each time point using GraphPad Prism software (GraphPad 

Software, San Diego, CA).  A significance level of p ≤ 0.05 was used.  

 



55 

Results 

Aging-related differences in the density or distribution of TUNEL-positive 

cells in the lesioned facial nucleus were not detected.  TUNEL-positive cells were 

distributed throughout the neuropil of the regenerating facial nucleus (Fig. 3-1A), and the 

distribution of TUNEL-positive cells did not appear to differ with aging.  The greatest 

population density of TUNEL-positive cells within the facial nucleus was found at 14 

days post injury in all animals.  There was no evidence of a difference in the density of 

TUNEL-positive cells in the lesioned facial nucleus at 7, 14 or 21 days following 

axotomy between young (1.35 ± 0.08, 2.07 ± 0.19, and 1.14 ± 0.06 cells/unit area, 

respectively) and old (0.78 ± 0.13, 2.71 ± 0.20, and 0.84 ± 0.08 cells/unit area, 

respectively) animals (Fig. 3-1D).  No TUNEL-positive cells were detected in the 

unoperated facial nucleus of any of the animals (Fig. 3-1B). 

Microglia demonstrate an unusual cytoplasmic distribution of TUNEL in both 

young and old animals.  TUNEL-positive microglia in the regenerating facial nucleus 

were found to have the non-typical cytoplasmic labeling described previously (Jones et 

al., 1997) (Fig. 3-2).  The labeling was frequently distributed throughout the cytoplasm, 

revealing the morphological characteristics of microglia (e.g., ramified processes, 

apposition of the soma and processes around the neuronal perikarya in perineuronal 

cells), and there did not appear to be distinct nuclear labeling in such cells.  The 

cytoplasmic labeling did not appear to be isolated in phagocytic vacuoles, thus making it 

unlikely that the microglia became labeled due to ingestion of fragmented DNA from 

adjacent dying cells.  A few cells had a ring of labeling around the nucleus that did not 

extend into the processes (Fig. 3-2D).  While we did not employ co-labeling with a 

specific microglial marker, microglia have previously been shown to be the only cell type 
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dying in this injury model during this time frame of the regeneration program (Gehrmann 

and Banati, 1995), and the majority of TUNEL-positive cells demonstrated the 

morphological characteristics of microglial.  There appeared to be no aging-related 

difference in the degree of cytoplasmic TUNEL labeling between young and old animals. 

 

Figure 3-1.  Aging does not affect the density or distribution of TUNEL-positive 
microglia in the lesioned facial nucleus.  TUNEL-positive cells (arrows, 
brown color) are distributed throughout the parenchyma of the lesioned facial 
nucleus in both young (A) and old (B) animals 14 days following axotomy.  
No TUNEL-positive cells are detected in the unoperated facial nucleus (C).  
Graph of the time-course of the change in density of TUNEL-positive cells in 
the lesioned facial nucleus demonstrates no evidence of a significant 
difference between young and old (D).  Bar= 200 µm. 
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Figure 3-2.  The cytoplasmic distribution of TUNEL staining of microglia is found in 
both young (A and C) and old (B and D) animals.  The cytoplasmic labeling is 
often diffusely distributed throughout the cytoplasm in a manner which 
reveals the morphological shape of microglia (A-C), including ramified 
processes (arrows).  Occasionally, only perinuclear labeling is present (arrow 
head) (D).  Note the TUNEL positive microglia in (A) directly in contact with 
a non-apoptotic neuron; N.  Bar= 25 µm. 

Discussion 

Injury to the CNS induces a rapid expansion of microglial cell number (Gehrmann 

and Banati, 1995; Graeber et al.,1988; Kreutzberg, 1966; Kreutzberg, 1968), and it is 

known that as the injured neurons recover, microglial cell numbers return to normal 

homeostatic levels.  Current evidence points to programmed cell death as the primary 

means by which microglia return to their homeostatic numbers (Gehrmann and Banati, 

1995; Jones et al., 1997), and we employed TUNEL to examine the regulated death of 
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microglia in the regenerating facial nucleus.  Given that microglial proliferation remained 

elevated 4 days after injury in old animals, we expected to find an aging-related 

difference in the number of TUNEL-positive cells between 1 and 3 weeks post-injury, but 

there was no evidence of a difference between old and young animals.  The higher rate of 

proliferation at day 4 with no difference in the number of dying microglia at later time 

points in old animals suggests that the number of microglia should be greater in old 

versus young animals at later time points.  This supposition was investigated further as 

part of the study described in Chapter 4.  Additionally, if microglial proliferation is 

sustained longer in old animals because of delayed neuronal regeneration, we would 

except to have found a corresponding shift in the time course of microglial turnover, but 

we did not find evidence of such a shift.   

TUNEL labeling demonstrated an unusual cytoplasmic staining in microglia of the 

injured facial motor nucleus more frequently than the typical specific nuclear labeling of 

classically apoptotic cells.  The phenomenon of TUNEL labeling of microglial cytoplasm 

has previously been investigated in a study by Jones and colleagues (1997).  In that study 

the possibility of artifact was dismissed, and it was shown that at the ultrastructural level 

very little of the microglial nucleus was TUNEL positive, while labeling was found on 

the outer nuclear membrane and often diffusely distributed throughout the cytoplasm 

(rather than compartmentalized into phagocytic vacuoles).  Because TUNEL-positive 

microglia generally do not exhibit the classical apoptotic characteristics of membrane 

blebbing, chromatin condensation and apoptotic bodies, the authors concluded that 

microglia may undergo a non-classical form of programmed cell death.  Another study 

found microglia with cytoplasmic TUNEL labeling in AD brains (Li et al., 2004).  This 
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study also demonstrated that cultured microglia internalized fragmented DNA through 

scavenger receptors, resulting in cytoplasmic TUNEL labeling, and thus they concluded 

that the cytoplasmic TUNEL labeling of microglia found in AD brains was due to uptake 

of fragmented DNA from nearby apoptotic neurons.  Given this finding, the possibility of 

microglial internalization of fragmented DNA should not be dismissed.  However, 

TUNEL positive microglia in the AD brains were usually found adjacent to apoptotic 

neurons or Aβ plaques, but in the facial nerve axotomy model used in our study the 

majority of neurons survive (Moran and Graeber, 2004), and TUNEL positive microglia 

were frequently directly adjacent to non-apoptotic neurons (Fig 3-2A).   

A review of the literature revealed no other descriptions of diffuse cytoplasmic 

TUNEL labeling aside from that which has been reported for microglia.  The literature on 

programmed cell death of microglia and mechanisms of microglial turnover is almost 

non-existent, and clearly such research should be the focus of future studies.  The 

cytoplasmic TUNEL labeling was found in both young and old animals, and taken 

together with the finding of no significant differences in the temporospatial distribution 

of TUNEL-positive microglia, aging does not appear to affect the mechanism of 

microglial programmed cell death.   

 

 



 

CHAPTER 4 
A HISTOCHEMICAL ASSESSMENT OF AGING-RELATED DIFFERENCES IN 

MICROGLIAL ACTIVATION AND MORPHOLOGY 

Introduction 

An aging-related attenuation of the downregulation of microglial proliferation after 

the peak response to facial nerve axotomy was observed in the study described in Chapter 

2.  Assuming that the number of microglia within the intact facial nucleus does not differ 

between age groups, the finding of prolonged microglial proliferation following axotomy 

in the old animals suggests that the number of microglia should be higher in the aged 

facial nucleus from post-axotomy day 4 unless there is also an aging-related increase in 

microglial post-mitotic turnover.  However, in the study described in Chapter 3, we found 

no such increase in microglial turnover via programmed cell death with aging, although 

the possibility of aging-related changes in other means of population regulation, such as 

exit of activated microglia through blood vessel walls (Cammermeyer, 1965; Del Rio-

Hortega, 1932), has not been dismissed.  The main objective of the study described in the 

current chapter was to quantitatively compare axotomy-induced microglial activation 

during the normal time course of proliferation and turnover (from 2 to 21 days) between 

young and old using a histochemical marker to identify microglia.  The hypothesis was 

that the increase in the area occupied by microglia would be greater in old animals 

between 4 and 21 days following axotomy.  Aging related differences in the morphology 

of both resting and activated microglia were also assessed. 
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Qualitative and quantitative aging-related histological differences were investigated 

using the microglia-specific Griffonia simplicifolia B4 isolectin conjugated to horseradish 

peroxidase (GSA I-B4-HRP).  Lectins are proteins with strong affinities to the 

oligosaccharide chains of glycoproteins, primarily membrane-associated glycoproteins in 

the CNS (Streit et al., 1985).  The lectin conjugate GSA I-B4 selectively binds to terminal 

α-D-galactose residues on the membranes of microglia.  These residues are constitutively 

expressed on microglia, but lectin reactivity increases with microglial activation (Streit 

and Kreutzberg, 1987).  We found evidence that the increase in lectin-reactive area 

associated with activation does not significantly differ with aging, but visualization of 

microglia with lectin revealed significant age-related differences in the morphology of 

individual microglia.   

Materials and Methods 

Animal Tissue 

Tissue sections processed for lectin histochemistry in this study were remaining 

brainstem sections from young (3 month old) and old (30 month old) F344BN hybrid rats 

obtained during the studies described in Chapters 2 and 3 of this dissertation.  All tissue 

was paraffin processed and sectioned in the same manner. 

Lectin Histochemistry 

For histochemistry with microglia-specific GSA I-B4-HRP, 2, 3, 4, 7, 14, and 21-

day post-facial nerve axotomy brainstem sections of young and old animals were used.  

Sections were deparaffinized through xylenes (2 changes of 15 min. each) and 

descending alcohols (3 min. each of 100%, 100%, 95%, 90%, 75%, and 75% ethanol), 

and then were allowed to incubate in 70% ethanol overnight.  The next day the sections 

were washed in PBS (pH 7.2) and incubated in PBS containing cations (0.1mm of CaCl2, 
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MgCl2, and MnCl2) and 0.1% Triton-X100 for 10 min.  Lectin GSA I-B4-HRP (Sigma 

Chemical Co.) was diluted 1:100 in PBS containing cations and 0.1% Triton-X100.  A 

grease pen was used to encircle the sections before aliquoting the lectin solution, and the 

slides were incubated overnight at 4ºC in a moist chamber.  After incubation, the slides 

were washed briefly in PBS 3 times, and then sites containing bound lectin-HRP 

conjugates were visualized with 3,3’-diaminobenzidine (DAB)-H2O2 substrate.  Sections 

were counterstained for with cresyl violet, dehydrated through ascending alcohols, 

cleared in xylenes, and coverslipped with Permount mounting medium (Fisher 

Scientific).  

Quantitative Analysis 

Lectin histochemistry was quantified using a Dell computer running Image Pro 

Plus software (version 4.5.1, Media Cybernetics, Carlsbad, CA) and a Spot RT color 

camera (Diagnostic Instruments, Sterling Heights, MI) attached to a Zeiss Axioskop 2 

microscope.  Obtaining accurate measurements of total microglial numbers is difficult 

using histochemical means during the peak period of microglial activation; therefore, 

measurements of the relative lectin reactive area were used for quantitative analysis.  The 

area occupied by lectin-positive cells was highlighted and measured within an area of 

interest (AOI) box of known area (Fig. 4-1).  The data obtained from all sections 

examined in each facial nucleus was pooled, and the total lectin-positive area measured 

for each facial nucleus was expressed as a percentage of the total area of the AOI boxes 

(6-10 sections per animal were used).  The fold increase in area after axotomy was 

determined by subtracting the unoperated facial nucleus percent area from the lesioned 

facial nucleus percent area, and then dividing by the unoperated nucleus percent area.   
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Figure 4-1.  Method of quantifying the percent area occupied by lectin-positive microglia. 
Images of each lectin-stained facial nucleus were taken using a color Spot RT 
digital camera attached to a Zeiss Axioskop 2 microscope with a 20X 
objective.  (A) The image was opened in Image Pro Plus software, and an AOI 
box of known area was laid over the image.  (B) The measurement threshold 
was set so that only the brown colored areas of lectin positive cells were 
highlighted (red outlines), and then the area of the highlighted cells within the 
border of the AOI box was measured.  The measured area of lectin positive 
cells was divided by the total area of the AOI boxes to determine the percent 
area occupied by lectin-positive microglia. 
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Results are represented as mean values ± SEM.  Lectin-reactive area was compared 

between age groups and lesioned/unoperated with a two-way ANOVA using GraphPad 

Prism software (San Diego, CA).  The fold increase in lectin-reactive area over control 

was analyzed with t-tests comparing young and old at each time point.  A significance 

level of p ≤ 0.05 was used. 

Qualitative Analysis 

For qualitative assessment of microglia morphology, photomicrographs of lectin 

stained sections were taken using a Zeiss MC100 camera attached to a Zeiss Axioplan 

microscope using Fujichrome iso100 daylight 35mm color slide film.  Developed slides 

were scanned using a Hewlett Packard scanner.  Images were processed for the figure 

panels using Adobe PHOTOSHOP 6.0.   

Results 

Aging affects the total lectin reactive area in the lesioned facial nucleus, but 

not the fold increase in lectin reactive area over control.  Lectin histochemistry was 

quantified by determining the percent area occupied by lectin-positive microglia within 

the area of interest (Fig. 4-1).  In all animals the area occupied by lectin-positive 

microglia was significantly higher (p<0.01) in the axotomized facial nuclei compared to 

the contralateral unoperated nuclei (Figs. 4-2A, 4-3).  The percent area occupied by 

lectin-positive microglia at 7, 14, and 21 days post-axotomy (Fig. 4-2A) was significantly 

higher (p< 0.05) in old animals (14.13 ±1.25%, 15.77 ± 0.16%, 12.82 ± 2.00%, 

respectively) versus young animals (9.22 ± 0.88%, 10.43 ± 0.85%, 7.50 ± 0.57%, 

respectively).  However, the fold increase in lectin-positive area over control was not 

significantly different between age groups (Fig. 4-2B).   
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Figure 4-2.  Comparison of the relative area occupied by lectin-reactive young and old 
microglia in the lesioned and control facial nuclei.  There appears to be an 
aging-related increase (*p<0.05 between age groups) in lectin-reactive area in 
the lesioned facial nucleus between days 7-21 (A), but an aging-related 
difference is not detected when the lectin-reactive area of the lesioned side is 
expressed as the fold increase over control levels (B).  
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Aging affects the morphology of non-activated microglia.  Conspicuous 

qualitative morphological differences between the aged and young microglia were  

evident in the unoperated facial nucleus.  In fact, a blinded observer was able to correctly 

distinguish between young and aged brainstem sections in 11 out of 12 cases by 

observing only lectin-stained microglial morphology in the unoperated facial nucleus.  

Control side microglia of young rats exhibited finer, more tenuous processes than their 

older counterparts.  The non-activated young microglia were typically lightly stained with 

lectin (Fig. 4-3C).  They had elongated or oval nuclei surrounded by a thin rim of 

cytoplasm, and finely ramified processes protruding from the somata (Fig. 4-4A).  In 

contrast, microglia in the uninjured facial nucleus of old animals were more intensely 

lectin-stained (Fig. 4-3D), displaying a morphology similar to that of activated microglia.  

Frequently, the old microglia had swollen somata with densely stained perinuclear 

cytoplasm, and a rounded nucleus pushed to one side.  Microglial processes of old 

animals generally remained ramified, though the proximal portions showed darker lectin 

staining with some hypertrophy (Fig. 4-4B).  The distinct microglial morphology in the 

aged rats was not limited to the unoperated facial nucleus, but was present throughout 

most of the brainstem.  

Aging affects the morphology of activated microglial.  Morphological 

differences between young and old activated microglia within the injured facial nuclei 

were more subtle, but at high magnification it was noted that many activated microglia in 

the old animals retained the dense perinuclear staining (Fig. 4-4D); the nucleus and 

somata were elongated as found in the young animals.  Often, it was difficult to visualize 

the nucleus in activated cells that exhibited dense perinuclear lectin-reactivity.  
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Activation resulted in hypertrophy of microglial processes in both young and old animals, 

but there was a fragmented, somewhat shorter appearance to the lectin stained processes 

of old activated microglia (Fig 4-4D).  Because their somata were hypertrophied before 

activation, microglia in old animals did not appear to have as significant of an increase in 

overall size upon axotomy-induced activation as did microglia in young animals. 

 

Figure 4-3.  Comparison of lectin staining in the facial nucleus before and after facial 
nerve axotomy between young and old.  Lectin reactivity in the young (A and 
C) and old (B and D) lesioned (A and B) and unoperated (C and D) facial 
nuclei 3 days following axotomy.  While aging-related qualitative differences 
in microglia of the lesioned nucleus are not readily apparent at this low 
magnification, morphological differences between young (C) and old (D) are 
notable even at low magnification in the unoperated facial nucleus.  Bar= 100 
µm. 
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Figure 4-4.  Higher magnification images of lectin-reactivity in young and old animals.  
(A) Microglia in the unoperated facial nucleus of young animals have 
elongated nuclei surrounded by a thin rim of cytoplasm, extending into thin, 
ramified processes from the cell body (small arrows).  In contrast, microglia in 
the unoperated facial nucleus of old animals (B) typically have rounder nuclei, 
with a cluster of densely stained cytoplasm to one side of the nucleus (arrow 
heads).  Despite the increased lectin reactivity, their processes remain ramified 
(small arrows).  (C) Three days post-axotomy, microglia of young animals 
increase in lectin reactivity and develop hypertrophied processes (arrows).  
(D) Microglial activation in old animals resembles that of young animals, 
including perineuronal positioning and retracted, hypertrophied processes, but 
many old activated microglia retain the densely stained perinuclear cytoplasm 
(arrowheads), and there is a fragmented appearance to the lectin staining of 
the hypertrophied processes (arrows).  Bar= 25 µm. 

Discussion 

Because the microglia of old animals demonstrated a higher rate of microglial 

proliferation at day 4 (Chapter 2, this dissertation) with no difference in the number of 

dying microglia at later time points (Chapter 3, this dissertation), we hypothesized that 

the number of microglia should be greater in old versus young animals at later time 
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points.  While there was a higher density of lectin reactive area in the old animals at the 

later time points of 7, 14 and 21 days, the fold increase in lectin reactive area over 

baseline levels did not differ with aging.  This finding is not surprising because of our 

finding of non-activated microglia with hypertrophied cell bodies in old animals, which 

may not change as much in area upon activation compared to those of young animals.   

The increase in lectin reactive area after axotomy is normally due to a combination of 

microglial hypertrophy and proliferation, but in old animals proliferation may account for 

more of the increase. 

The morphological differences between purportedly non-activated microglia of 

young and old animals were readily discernable in lectin-stained brainstem sections.  

Such a distinction was an unexpected finding because, while studies have demonstrated 

aging-related differences in microglial morphology in other areas of the CNS (Kim et al., 

2004; Morgan et al., 1999; Ogura et al., 1994; Peinado et al., 1998; Perry et al., 1993; 

Vaughan and Peters, 1974), previously it was shown that in the facial nucleus there was 

not a difference between young and old microglia visualized using OX-42 or OX-6 

immunohistochemistry (Hurley and Coleman, 2003).  Using lectin histochemistry, we 

found that the majority of microglia in the unoperated facial nucleus of old animals 

exhibited swelling and dense lectin reactivity of the perinuclear cytoplasm, and this 

microglial phenotype was also exhibited in other areas of the brainstem sections.  One 

may conclude that the hypertrophied cell bodies of the microglia in the unoperated facial 

nucleus of old animals indicate that these microglia are already in a state of mild 

activation.  However, careful examination reveals that the hypertrophied microglia of the 

aged brainstem do not completely resemble the activated microglia of the young injured 
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facial nucleus (compare Fig. 4-4B to 4-4C).  The activated microglia of the young 

animals do indeed show hypertrophy and increased lectin reactivity, but they do not have 

the dense perinuclear cytoplasmic staining or rounded nuclei of the old microglia.  While 

it is difficult to determine the localization of the dense lectin binding using light 

microscopy, it is known through ultrastructural cytochemistry that lectin conjugates can 

bind to intracytoplamic membranes (Streit and Kreutzberg, 1987).  Microglia are known 

to have small, membrane-bound vesicles throughout their cytoplasm and proximal 

portions of their processes (Vaughan and Peters, 1974), and aging-related increases in 

membrane-bound, heterogeneous inclusions have been found in ultrastructural studies of 

microglia in the rhesus monkey brain (Peters and Sethares, 2002) and rat auditory 

(Vaughan and Peters, 1974) and parietal (Peinado et al., 1998) cortices in a pattern 

similar to the perinuclear density and nuclear displacement we detected in this study.  

Thus, the hypertrophy and dense lectin reactivity is indicative of an accumulation of 

heterogeneous material in microglia of the aging CNS, possibly through phagocytosis or 

pinocytosis (Vaughan and Peters, 1974).  In contrast, the injury-induced hypertrophy of 

microglia in the young rodent facial nucleus is not due to a significant increase in 

accumulated cytoplasmic material.  A recent study by our laboratory demonstrated that 

purportedly “activated” microglia in the aged human brain have different 

immunophenotypic features than microglia activated by CNS injury, and these microglia 

of the aged human CNS may be more accurately described as dystrophic (Streit et al., 

2004).  Upon injury-induced activation, microglia of old animals assumed a morphology 

similar to the microglia of young animals, but the dense perinuclear lectin reactivity was 

still a prominent feature.  Additionally, many activated microglia of old animals appeared 
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to have shorter processes than their young counterparts, and there was a fragmented 

appearance to the lectin staining of the processes.  Vacuolated processes have previously 

been described in microglia of the aging rat (Perry et al., 1993).  Microglia in the aged 

rodent brain do not possess all of the features of dystrophy described in microglia of the 

aged human brain, but it is plausible to consider that the presence of morphological 

changes in conjunction with a less regulated mitotic response in the aged facial nucleus 

may be a reflection of microglial dysfunction related to senescence.  Given their high 

mitotic and phagocytic potential, microglia may be particularly vulnerable to the affects 

of aging. 

 
 

 

 



 

CHAPTER 5 
THE EFFECT OF AGING ON NEURONAL-MICROGLIAL SIGNALING 

Introduction 

Microglia demonstrate an ability to dynamically change phenotype and function in 

response to even minor changes in their microenvironment (Kreutzberg, 1996).  The 

conserved course of microglial activation in response to facial nerve axotomy, and 

neuronal regulation of microglial phenotype in vitro (Zhang and Fedoroff, 1996; Zietlow 

et al., 1999), provide convincing evidence for regulatory signaling between neurons and 

microglia.  A multitude of molecules released by neurons have been shown to activate 

microglia, particularly in cultured cells (Bruce-Keller, 1999).  Regulation of microglial 

activation is a very stringent process, however, and activation of microglia does not 

automatically qualify a molecule as a candidate for “the” putative neuronal-microglial 

regulatory signal.  Ideally, such a regulatory signal would be constitutively and 

exclusively expressed by neurons (with a constitutive and exclusive receptor on 

microglia), and would change expression during the course of microglial activation.  The 

chemokine fractalkine (CX3CL1) and its receptor CX3CR1 are the best known 

candidates for such a signal ligand-receptor pair.  In the study described in Chapter 2, we 

found that the downregulation of microglial mitosis is attenuated with aging.  This 

finding prompted us to examine the expression of fractalkine and CX3CR1 mRNA in 

young and old animals to determine if aging-related changes in these transcripts may 

account for aging-related changes in microglial regulation.   
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Fractalkine in neuronal-microglial signaling.  Fractalkine, the only known 

member of the chemokine CX3C subfamily, is unique among chemokines in that it can 

exist in both membrane-bound and secreted forms, and is expressed constitutively in 

many non-hematopoietic tissues, including the brain.  Fractalkine expression in the CNS 

has been shown to be localized to neurons in vivo (Harrison et al., 1998; Nishiyori et al., 

1998; Tarozzo et al., 2002).  The membrane-bound form functions as an adhesive 

molecule, while the soluble form has been shown to induce chemotaxis in receptive cells 

(Imai et al., 1997).  CX3CR1, a seven-transmembrane G-protein-coupled receptor, is the 

exclusive receptor for fractalkine, and in the intact CNS it is constitutively and 

exclusively expressed on microglia (Harrison et al., 1998; Tarozzo et al., 2002).  In 

response to facial nerve axotomy, transient increases in CX3CR1 mRNA expression in 

microglia parallel microglial proliferation and perineuronal positioning, while expression 

of the soluble (chemotaxic) form of fractalkine increases (Harrison et al., 1998).  

Fractalkine has been shown to inhibit Fas-ligand mediated cell death of microglia in vitro 

(Boehme et al., 2000), thus demonstrating that neurons may influence microglial 

survival.  Additionally, neuronal mediation of microglial phenotype through fractalkine is 

evident from studies showing fractalkine modulation of LPS-induced production of TNF-

α and neurotoxicity by microglia (Zujovic et al., 2000; Zujovic et al., 2001).  There is 

some confusion about the functional role of the fractalkine ligand-receptor pair as a 

neuronal-microglial signal in vivo because targeted deletion of CX3CR1 does not result 

in changes in microglial proliferation and perineuronal positioning in response to facial 

nerve axotomy (Jung et al., 2000).  However, the constitutive expression of both 

molecules in the CNS along with their pattern of expression in the course of the injury 

 



74 

response make it unlikely that there is not biological significance to signaling through 

this unique ligand-receptor pair; rather, compensatory mechanisms are likely enacted in 

the absence of fractalkine signaling.   

TGF-β1 modulation of fractalkine signaling.  TGF-β1 is a multifunctional 

cytokine that is associated with the regulation of cell growth and differentiation 

(Massague, 1996).  TGF-β1 has both pro- and anti-apoptotic and pro- and anti-

inflammatory effects depending upon the cell type, environment, and duration/amount of 

TGF-β1 production.  In the CNS, very low basal TGF-β1 expression is increased after 

injury and in neurodegenerative diseases, and this increase appears to have a 

neuroprotective role based on studies of TGF-β1 deficient/knockout (Brionne et al., 

2003) and over-expressing (Wyss-Coray et al., 1995) transgenic mice.  Injury-induced 

TGF-β1 mRNA is primarily localized to microglia, and appears to follow the same time-

course as microglial activation and CX3CR1 upregulation (Harrison et al., 1998; Kiefer 

et al., 1995). 

Recently, TGF-β1 was shown to modulate fractalkine signaling by increasing 

transcription of CX3CR1 in microglia and attenuating fractalkine-induced ERK1/2 

phosphorylation (Chen et al., 2002).  The attenuation of ERK1/2 phosphorylation occurs 

by TGF-β1-induced upregulation of RGS (regulator of G-protein signaling)-2 and 

RGS10, which inhibit activation of the MAPK pathway and may shift signaling to other 

pathways (Chen, 2004).  Because increased TGF-β1 expression follows the same time 

course as microglial activation and increased CX3CR1 expression after facial nerve 

axotomy, we postulated that TGF-β1 may regulate microglial proliferation by modulating 

fractalkine signaling through CX3CR1, and that a disruption in this regulation may 
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explain the increased microglial proliferation in the lesioned facial nucleus of old animals 

on post-injury day 4.  Thus, we compared the course of the facial nerve axotomy-induced 

increase in TGF-β1 mRNA in the facial nuclei of young and old animals. 

HN1 as a marker of neuronal injury.  Hematopoietic and neurologic-expressed 

sequence-1 (HN1) is so named because it was first characterized by its expression 

primarily in hemopoietic cells and neurons (Tang et al., 1997).  HN1 expression is high 

during CNS development, and remains constitutively expressed in some neuronal 

populations of the adult CNS.  Significant upregulation of HN1 mRNA transcripts occurs 

after injury in regenerating neurons (e.g., axotomized adult facial motoneurons), but not 

in degenerating neurons (e.g., axotomized neonatal facial motoneurons or rubrospinal 

neurons) (unpublished data from the laboratory of Jeffrey Harrison, PhD, University of 

Florida).  Thus, HN1 is a putative marker of neuronal regeneration, and because its 

expression correlates well with the course of axotomy-induced microglial activation and 

upregulation of CX3CR1 in the regenerating facial nucleus, we compared its expression 

in young and old animals at the peak of CX3CR1 expression (4 days following injury) as 

a potential indicator of aging-related changes in neuronal regeneration. 

Materials and Methods 

Surgery 

Young (3 m.o.) and old (30 m.o.) male F344BN hybrid rats from the NIA were 

subjected to facial nerve axotomy.  Animals were sacrificed at 2, 3, 4, 7, 14, and 21 days 

(N=2 per time point/age group) using transcardial perfusion as described in Chapter 2, 

with modifications.  Briefly, each animal was transcardial perfused with PBS followed by 

4% paraformaldehyde.  Brains were post-fixed at 4°C for 1h in 4% paraformaldehyde, 

then cryoprotected in sterile 30% sucrose/PBS solution at 4°C until each brain sunk to the 
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bottom of the tube (~2d).  Sucrose-protected brains were snap frozen in liquid nitrogen-

cooled isopentane, then quickly transferred to a pre-cooled, pre-labeled storage container 

and placed in the -80°C freezer.   

Tissue Sectioning for In Situ Hybridization 

Frozen brains were allowed to equilibriate in the cryostat chamber at -20°C for 30 

min. before sectioning.  A block of the brainstem containing the facial nuclei was 

dissected from each brain, and then embedded in OCT and mounted onto a cryostat 

chuck.  Twenty-micron coronal cryostat sections were mounted onto Superfrost Plus 

slides in a pattern that allowed 3-4 sections from different caudal-rostral regions of the 

facial nucleus to be mounted on each slide.  Slides were immediately stored at -80°C 

until use for in situ hybridization.  

In Situ Hybridization 

In situ hybridization (ISH) to analyze the mRNA expression of fractalkine, 

CX3CR1, TGF-β1, and HN1was carried out on 20 µm cryostat brainstem sections from 

both young and old animals.  Plasmids containing inserts of rat fractalkine, CX3CR1 and 

HN1 cDNA were obtained from the laboratory of Dr. Jeffrey Harrison in order to 

generate riboprobes for ISH (Table 5-1).  However, the cDNA used to create the 

riboprobe for TGF-β1 was generated by RT-PCR from total RNA extracts of rat cortex.   

RT-PCR and cloning of TGF-β1 cDNA.  Fresh frozen rat cortex was 

homogenized in TRIZOL reagent (Invitrogen, Carlsbad, CA) using a glass homogenizer, 

and total RNA was extracted following the manufacturer’s instructions.  Reverse 

transcription (RT) of 1 µg total extracted RNA was carried out, followed by polymerase 

chain reaction (PCR) with oligonucleotide primers flanking sequences within the rat 

TGB-β1 gene (forward 5’ CTA CTG CTT CAG CTC CAC AGA G 3’; reverse 5’ ACC 
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TTG GGC TTG CGA CC 3’).  A 281 base-pair cDNA corresponding to nucleotides 

1261-1541 of the full rat TGF-β1 mRNA sequence (GenBank accession number X52498) 

was generated.  Purified TGF-β1 cDNA was blunt-end ligated into the SmaI site of 

plasmid pGEM7 (Promega, Madison, WI), and JM109 competent cells were transfected 

with the plasmid.  Restriction digestion with HindIII and XbaI was used to verify the 

presence of the insert in miniprep clone DNA, the correct sequence of the insert was 

verified by the University of Florida Interdisciplinary Center for Biotechnology Research 

(ICBR) DNA sequencing lab, the plasmid was amplified in maxiprep cultures, and 

purified TGF-β1-pGEM7 was extracted using the Qiagen Plasmid Maxi Kit (Valencia, 

CA).   

Table 5-1.  pGEM7 cDNA inserts and respective linearization restriction enzymes and 
RNA polymerases for in situ hybridization. 

Anti-sense riboprobes Sense riboprobes  
cDNA 

(species) 

pGEM7 
insertion 

site 

 
Insert 
size 

Restriction 
enzyme 

RNA 
polymerase

Restriction 
enzyme 

RNA 
polymerase

CX3CR1 
(rat) 

KpnI 450bp HindIII T7 EcoRI Sp6 

Fractalkine 
(rat) 

NcoI 400bp EcoRI Sp6 BamHI T7 

TGF-β1 
(rat) 

SmaI 281bp XbaI Sp6 HindIII T7 

HN1 
(murine) 

BamHI/ 
HindIII 

490bp BamHI T7 HindIII Sp6 

 
ISH.  Sense and antisense riboprobes for ISH were generated by linearizing the 

plasmids containing the respective inserts and then transcribing the cRNA using either T7 

or SP6 RNA polymerase (see Table 5-1) in the presence of 33P-UTP.  Hybridization of 

33P-riboprobes to rat brainstem sections was carried out according to the Harrison 

laboratory published protocol (Harrison et al., 2003).  After ISH, radiolabeled sections 

were exposed to film and subsequently dipped in Kodak NTB2 emulsion and exposed in 
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light-tight boxes at 4°C for 1-8 weeks.  After development, sections that were to be used 

for quantitative analysis of the hybridization signal were not counterstained.  Sections 

probed for fractalkine mRNA were counterstained with hematoxylin and eosin.   

Quantitative Analysis 

Quantitative analysis of the intensity of the hybridization signal was performed on 

non-counterstained emulsion dipped sections hybridized with CX3CR1 and HN1 

riboprobes.  Sections were imaged at 10X magnification using a color Spot RT digital 

camera (Diagnostic Instruments, Sterling Heights, MI) attached to a Zeiss Axioskop 2 

microscope and Spot Advanced (version 3.4.5) software running on a Dell PC.  The 

intensity of the hybridization signal within the facial nucleus was measured using the 

thick line profile feature in the measurements menu of Image Pro Plus software (version 

4.5.1, Media Cybernetics, Carlsbad, CA).  The intensity of the hybridization signal in the 

lesioned facial nucleus was expressed as the percent increase over the control side 

(unoperated) facial nucleus signal in the same section ([(exp.-con.)/con.] x 100) in order 

to account for possible processing-introduced variations in inter-brainstem section 

hybridization signal intensity.  Intensity was measured in 4-7 sections from each animal.  

Results are represented as mean values ± SEM.  Significant differences in CX3CR1 and 

HN1 hybridization signal were determined with t-tests at the respective time points 

examined using GraphPad Prism software (GraphPad Software, San Diego, CA).  A 

significance level of p ≤ 0.05 was used.  

Results 

Aging does not affect the time course of CX3CR1 mRNA expression in the 

lesioned facial nucleus.  The axotomy-induced increase in CX3CR1 mRNA 

hybridization signal was compared in the lesioned facial nucleus of young and old rats to 
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determine whether aging-induced changes in the transcription of CX3CR1 account for 

the attenuated downregulation of microglial proliferation in old animals.  Analysis of the 

intensity of the in situ hybridization signal demonstrated that the transient in increase in 

CX3CR1 mRNA followed the same general time-course in both age groups as previously 

reported (Harrison et al., 1998), peaking at roughly 4-7 days post-axotomy (Fig. 5-1).  No 

hybridization signal was observed with the corresponding sense riboprobe (not shown). 

 

Figure 5-1.  Aging does not affect the time course of CX3CR1 mRNA expression in the 
lesioned facial nucleus.  CX3CR1 mRNA expression in the rat facial nucleus 
after facial nerve axotomy was analyzed by measuring the intensity of the in 
situ hybridization signal in both the lesioned and control facial nuclei, and the 
results are expressed as the percent increase in lesion signal over control.  
CX3CR1 expression appears to peak at 4 days in old (30 m.o.) and 7 days in 
young (3 m.o.) animals, but the difference is not significant.   

The pattern of silver grain distribution in CX3CR1 ISH sections was similar in 

young and old animals in both the lesioned and unoperated facial nucleus (Fig. 5-2).  

Hybridized sections from both age groups show that the pattern of CX3CR1 expression 

parallels the pattern of microglial distribution.   
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Figure 5-2.  Photomicrographs of CX3CR1 mRNA expression in the lesioned (A and B) 
and control (C and D) facial nucleus of young (A and C) and old (B and D) 
rats 4 days following facial nerve axotomy.  The pattern of silver grain 
clustering is similar to the shape and distribution of microglia in the facial 
nucleus.  There is no discernable aging-related change in either the lesion-
induced or basal level of CX3CR1 mRNA. 

Aging does not affect fractalkine mRNA expression in the lesioned and non-

lesioned facial nucleus.  We examined the expression of fractalkine mRNA in the 

brainstem of young and old rats at several time points after facial nerve axotomy.  The 

hybridization signal in the facial nucleus was too faint to do accurate quantitative 

analysis, as motoneurons of the facial nucleus have a relatively low hybridization signal 

for fractalkine compared to neurons in other areas of the brainstem, and the signal 

appears to slightly decrease after axotomy.  Nonetheless, no evidence of an aging-related 

change in the fractalkine hybridization signal was observed in either the lesioned facial 

nucleus (Fig. 5-3C, D), control side (unoperated) facial nucleus (Fig. 5-3A, B), or in other 
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areas of the brainstem (Fig. 5-3E, F).  No hybridization signal was observed in sections 

probed with the sense fractalkine riboprobe (data not shown). 

Aging does not affect TGF-β1 mRNA expression in the lesioned facial nucleus.  

Because TGF-β1 has been shown to attenuate microglial proliferation, increase the 

transcription of CX3CR1, and modulate fractalkine-induced signaling pathways in 

cultured microglia, we investigated the expression of TGF-β1 mRNA after facial nerve 

axotomy in young and old rats to determine if aging-related changes in TGF-β1 mRNA 

account for the attenuated downregulation of microglial proliferation in old animals.  A 

281bp rat TGF-β1 cDNA fragment was generated via RT-PCR for use in creating a 

TGFβ1 ISH 33P-riboprobe.  The hybridization signal from this probe was weak and 

required prolonged exposure to film (2 weeks) and of emulsion-dipped slides (7-8 

weeks), which may be due to a combination of relatively low abundance of TGF-β1 

transcripts and low target hybridization of the relatively short riboprobe.  Ultimately, an 

axotomy-induced increase in hybridization signal over control was detected only at the 

previously reported (Kiefer et al., 1995) peak of TGF-β1 expression, 4-7 days post-

axotomy.  This increase was detected in sections from both young and old animals at 

these time points (Fig. 5-4).  It should be noted that even at the peak time points, the 

signal was not detected in all sections examined, but was generally detectable in sections 

from the central rostral-caudal region of each lesioned facial nucleus in both age groups.   

 



82 

 

Figure 5-3.  Fractalkine mRNA expression in the lesioned and unoperated facial nuclei 
does not change with aging.  A faint fractalkine hybridization signal (clustered 
silver grains, arrows) was detected over facial motoneurons in the unoperated 
facial nucleus of both young (A) and old (B) animals, and the signal decreased 
in the lesioned facial nucleus of both age groups (C and D).  Some groups of 
neurons outside the facial nucleus exhibited a stronger fractalkine 
hybridization signal in both age groups (E and F).  In film images of whole 
brainstem sections, less signal is evident over the lesioned facial nucleus 
(arrowheads) in both young (G) and old (H) animals. 
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There was a low TGF-β1 hybridization signal throughout the rest of the brainstem 

and cerebellum (including the unoperated facial nucleus) compared to the lack of signal 

from sections incubated with the sense probe (Fig. 5-4E). 

 

Figure 5-4.  Aging does not affect the axotomy-induced increase in TGF-β1 mRNA in the 
lesioned facial nucleus.  TGF-β1 mRNA expression is increased at 4 (A and 
B) and 7 (C and D) days following axotomy in the lesioned facial nucleus 
(arrows) of both young (A and C) and old (B and D) rats.  Note the presence 
of a low hybridization signal throughout the brainstem and cerebellum in all 
sections incubated with the anti-sense TGF-β1 riboprobe (A-D) compared to 
the sense riboprobe (E). 
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There is no evidence of an aging-related change in the basal or axtomy-

induced expression of HN1 in facial motoneurons.  HN1 is a putative marker of 

neuronal regeneration, and the time course its increased expression in axotomized facial 

motoneurons correlates with the time course of the increased expression CX3CR1 and 

microglial activation following facial nerve axotomy.  The purpose of examining HN1 

expression was to assess whether there are aging-related changes in neuronal 

regeneration that may in turn explain why microglia in old animals maintain a high rate 

of proliferation 4 days post-axotomy.  However, HN1 mRNA expression did not appear 

to differ between young and old animals 4 days following axotomy (Fig. 5-5A, B).  If 

HN1 is assumed to be a reliable marker of the state of neuronal regeneration, then aging 

does not appear to affect the neuronal regeneration program on post-axotomy day 4, and 

thus the higher level of microglial proliferation on day 4 in old animals is not because 

neuronal regeneration is lagging behind in those animals.  However, given previous 

observations of delayed neuronal regeneration with aging (Streppel et al., 1998; Vaughan 

1990; Vaughan 1992) and the lack of knowledge about the sensitivity of HN1 as a marker 

of regeneration, it is not possible to rule out delayed neuronal regeneration as the 

stimulus of prolonged microglial proliferation in old animals.   

Discussion 

Our finding suggesting that the downregulation of microglial proliferation is 

attenuated with aging led us to examine the possibility of aging-related changes in 

molecules involved in neuronal-microglial signaling.  We focused on the mRNA 

expression of the chemokine fractalkine and its receptor, CX3CR1, as well as the mRNA 

expression of TGF-β1, which has previously been shown to modulate fractalkine-

CX3CR1 signaling.  We found no evidence of aging-related changes in mRNA  
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Figure 5-5.  Levels of basal and axotomy-induced HN-1 mRNA in the facial nucleus do 
not change with aging.  The expression of HN1 mRNA, a putative marker of 
neuronal regeneration, was assessed via ISH in the 4-days post-axotomy (A 
and B) and unoperated (C and D) facial nuclei of young (A and C) and old (B 
and D) rats.  HN1 hybridization signal in intact facial motoneurons does not 
discernibly differ between young (C) and old (D) animals.  The percent 
increase in intensity of the hybridization signal over control (unoperated facial 
nucleus) was quantified 4 days following axotomy, and did not significantly 
differ between age groups (E).  Bar= 200 µm. 
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transcripts of these molecules.  There are at least two possible explanations for this 

finding: either there is no aging-related change in fractalkine-CX3CR1 signaling, or 

changes occur at the level of protein expression.  Fractalkine has the unique property of 

existing in both a membrane-tethered and a soluble form.  The form of fractalkine 

expressed likely depends on environmental cues, and cleavage of the membrane bound 

form into the soluble form has been shown to be moderated by proteases such as 

ADAM17 (TNF-α-converting enzyme) (Garton et al., 2001; Tsou et al., 2001).  The 

membrane-bound form of fractalkine functions in adhesion of CX3CR1-expressing cells, 

while the soluble form is associated with chemoattraction of CX3CR1-expressing cells 

(Imai et al., 1997).  Additionally, the soluble form of fractalkine has been shown to 

inhibit Fas-mediated cell death of cultured microglia (Boehme et al., 2000), and to 

arbitrate microglial phenotype (Zujovic et al., 2000).  Despite the different properties of 

the two forms, few studies have examined how CNS injury affects membrane-bound 

versus soluble fractalkine expression in vivo.  Western blot analysis of fractalkine 

expression in the lesioned facial nucleus has demonstrated a transient increase in smaller 

molecular weight soluble fractalkine after axotomy (Harrison et al., 1998).  It is quite 

possible that rather than affecting transcription of fractalkine, aging may affect the 

mechanism of cleavage into the soluble form of the protein.  A better understanding of 

the role of membrane-bound versus soluble forms of fractalkine in the progression of 

CNS injury and recovery will be necessary in order to understand what changes may 

occur with aging.   

Further complicating the picture are variable data on whether or not fractalkine 

mRNA expression changes after CNS injury.  The results of the current study indicate 
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that facial motoneuron basal expression of fractalkine mRNA is low compared to neurons 

in other areas of the brain, and facial nerve axotomy slightly decreases the hybridization 

signal.  No indication of an aging-related change in basal or axotomy-induced expression 

of fractalkine in the brainstem was found.  Other studies have shown an increase in 

neuronal fractalkine mRNA after kainic-acid induced hippocampal seizure (Suzuki, 

2000), decreased expression in the ischemic striatal core accompanied by increased 

expression in intact neurons of the perifocal region after transient occlusion of the middle 

cerebral artery (Tarozzo et al., 2002), and a decrease in the expression of fractalkine 

mRNA in the lesioned facial nucleus (Harrison et al., 1998).  Thus, analysis of fractalkine 

mRNA expression by itself does not give a clear picture of changes in neuronal-

microglial signaling, and future studies might be improved by assessing aging-induced 

changes in the ratio of membrane-bound to soluble fractalkine in vivo.   

The axotomy-induced increase in the hybridization signal of CX3CR1 mRNA in 

the lesioned facial nucleus appeared to follow the same time course in both young and 

old animals, peaking at approximately 4-7 days following axotomy.  Likewise, the 

hybridization signal of TGF-β1 mRNA appeared to peak at the same time points in both 

young and old animals.  We chose to examine TGF-β1 mRNA expression because this 

cytokine has been previously shown to regulate the transcription of CX3CR1 (Chen et al., 

2002).  Because we found no evidence of an aging-related difference in the transcription 

of CX3CR1, further investigation of the expression of TGF-β1 at the protein level is not 

likely to demonstrate aging-related differences relevant to regulation of CX3CR1 

expression.  However, it should be noted that TGF-β1 also attenuates fractalkine-

CX3CR1 binding-induced ERK1/2 phosphorylation (possibly shifting fractalkine-
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dependent signaling towards alternate pathways) by inducing expression of RGS2 and 

RGS10 (Chen, 2004; Chen et al., 2002).  Thus, there exists the possibility that there may 

be aging-related changes in TGF-β1-induced expression of RGS2 or RGS10 without 

changes in TGF-β1 regulation of CX3CR1 transcription.  TGF-β1 has been shown to 

inhibit GM-CSF-induced microglial proliferation in vitro (Suzumura et al., 1993), and 

this inhibitory function of TGF-β1 is impaired when applied to microglia cultured from 

old donors (Rozovsky et al., 1998).  Aging-related attenuation of TGF-β1’s inhibitory 

effect on microglial proliferation may be independent of its regulation of CX3CR1 

expression, and may even be a sign of senescent changes in microglia.  Thus, further 

studies of aging-related changes in TGF-β receptor signaling and modulation of 

fractalkine signaling pathways are warranted.   

 
 
 

 



 

CHAPTER 6 
REPEAT FACIAL NERVE INJURY AS A MODEL OF MICROGLIAL AGING 

Introduction 

In Chapter 2, we reported that the downregulation of microglial proliferation in 

response to facial nerve axotomy is attenuated in old rats, and we proposed two 

hypothetical explanations for this change.  The first hypothesis, that aging disrupts 

neuronal-microglial regulatory signals, was examined in Chapter 5.  The second 

hypothesis stated that the aging-related attenuation of the regulation of microglial 

activation is due to microglial senescence- cellular dysfunction as a product of the aging 

process.  Senescence may be the result of an accumulation of genomic DNA, mtDNA, 

and protein changes with aging that ultimately interrupt the proper functioning of the cell 

(Martin, 2002; Troen, 2003).  Cell division and exposure to reactive oxygen species 

increase the incidence of DNA and protein changes.  Because microglia have a high 

proliferative capacity and increased exposure to reactive oxygen species as part of their 

activation program, microglia may be particularly vulnerable to senescence.  Exposure to 

reactive oxygen species is also an unavoidable consequence of normal cellular 

metabolism (Barja, 2004; Droge, 2003; Shigenaga et al., 1994), and minor brain insults 

throughout the lifespan are probably an unavoidable factor of living for nearly every 

animal.  Thus, it is not surprising to find aging-related morphological changes (such as 

those described in Chapter 4) in microglia of otherwise normally aging, intact areas of the 

brain.  Previous brain injury has been associated with increased incidence of 

neurodegenerative disease with aging (Guo et al., 2000; Lye and Shores, 2000; Plassman 
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et al., 2000), and it is plausible that injury-accelerated senescence of microglia may 

contribute to an earlier onset of aging-related changes in the brain and lower the threshold 

for onset of neurodegenerative disease.  To investigate whether a previous insult can 

induce aging-like changes in microglia, we employed a repeat facial nerve injury model.  

We hypothesized that an earlier round of microglial proliferation induced by facial nerve 

crush would result in attenuated downregulation of microglial proliferation after a second 

facial nerve injury via axotomy, mimicking the effects found in old animals.   

Materials and Methods 

Experimental Design 

All animals used in this experiment were male F344BN hybrid rats obtained from 

the National Institute on Aging.  Animals receiving double facial nerve lesions were 

ordered at 2 months of age, subjected to facial nerve crush within 2 days of arrival, and 

housed in the University of Florida McKnight Brain Institute Animal Care Services 

facility between surgeries.  Animals receiving single lesions were ordered at 3 months of 

age in order to be the same approximate age as double injury animals at the time of 

axotomy.   

Repeat (double) injury animals were initially subjected to crush of the right facial 

nerve.  The crush surgery is similar to the axotomy surgery described in Chapter 2, with a 

minor modification.  Briefly, once the nerve was exposed, the nerve was gently lifted and 

crushed with sterile forceps for 10 seconds (rather than axotomized into 2 separate 

branches).  The incision was closed with a surgical staple, and once the animal recovered 

from anesthesia lack of whisker movement on the right side was verified.  Although 

facial nerve crush generates microglial activation in the same manner as axotomy, 

reinnervation proceeds much more quickly in the crush model, with recovery of whisker 
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function as early as 2-3 weeks after injury (Moran and Graeber, 2004).  From post-injury 

day 7, animals were monitored daily for recovery of whisker function, which began to 

appear by day 13-14 in all animals.  Approximately 5 weeks after the initial crush 

surgery, repeat injury animals were subjected to facial nerve axotomy of the ipsilateral 

nerve.  Animals were given 3H-thymidine injections and sacrificed (with age-matched 

single axotomy animals) at 2, 3 and 4 days post-axotomy as described in Chapter 2.  

Paraffin processing, sectioning, autoradiography, and development were also carried out 

as described in Chapter 2.   

Quantitative Analysis 

Quantitative analysis of single (N= 3-4 per time point) and repeat injury animals 

(N= 3-4 per time point) was carried out by counting the number of 3H-thymidine labeled 

cell nuclei within the outlined area of the lesioned facial nucleus and calculating the 

population density, as described in Chapter 2.  Results are represented as mean values ± 

SEM.  Data were analyzed with t-tests at each time point using GraphPad Prism software 

(GraphPad Software, San Diego, CA).  A significance level of p ≤ 0.05 was used.  

Results 

A previous facial nerve injury does not change the time course or extent of the 

microglial proliferative response after facial nerve axotomy.  The hypothesis behind 

this experiment was that previous episodes of microglial proliferation (i.e., from a 

previous injury) lead to the phenotype of microglial senescence (i.e., attenuated ability to 

downregulate the proliferative response) associated with aging.  However, we found no 

evidence that one previous episode of microglial proliferation after a facial nerve crush 

leads to a senescent phenotype after a second facial nerve injury.  Although there 

appeared to be a somewhat more robust initiation of the proliferative response on post-
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injury day 2 in double injury animals, the difference was not statistically significant (Fig 

6-1).  Microglial proliferation peaked at 3 days following facial nerve axotomy in both 

groups.  The density of 3H-thymidine labeled dividing microglia within the lesioned 

facial nucleus declined significantly by 4 days post-axotomy in both single and repeat 

injury animals.   

 

Figure 6-1.  The time course of microglial proliferation in single vs. repeat (double) facial 
nerve injury animals.  An increase in the robustness of proliferative response 
was noted on post-axotomy day 2 in animals receiving a previous facial nerve 
injury, but the increase was not statistically significant.  Microglial 
proliferation peaked at 3 days and declined sharply by 4 days post-axotomy in 
both single and repeat injury animals. 
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Figure 6-2.  Photomicrographs of 3H-thymidine labeled dividing microglia (silver grains, 
arrows) in the lesioned facial nucleus 2 days after facial nerve axotomy in 
single (A) and repeat (B) injury animals.  At this time point, there was a trend 
towards more labeled microglia in repeat injury animals. 

Discussion 

We hypothesized that aging-related changes in microglial activation may be a sign 

of microglial senescence, and that microglial senescence may be accelerated by previous 

stimulation of microglial mitosis.  Thus, we employed a model of repeat facial nerve 

injury to determine if previously activated microglia would mimic the senescent (i.e., 

attenuated downregulation of proliferation) phenotype of old microglia.  Repeat injury 

rats were subjected to a facial nerve crush, followed 5 weeks later by an axotomy of the 

same nerve.  Using 3H-thymidine labeling, the density of dividing microglia in the 

lesioned facial nucleus of these animals was compared at 2, 3 and 4 days following 

axotomy to the density in animals sacrificed at the same time points after receiving only a 

single axotomy.   

On the second day following axotomy, the repeat injury animals appeared to have a 

more robust proliferative response of microglia than single injury animals.  This may be 

due to “priming” of the microglia by the first injury.  However, the general time course of 

proliferation did not differ significantly between the two groups, and proliferation was 
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significantly downregulated in both groups by the fourth day following axotomy.  Thus, 

microglia in repeat injury animals did not mimic the attenuated downregulation of 

proliferation phenotype of old microglia.  However, this does not dismiss the hypothesis 

that microglial senescence may be accelerated by microglial activation and proliferation.  

The facial nerve crush and axotomy models are models of neuroregeneration and do not 

elicit the full extent of the microglial activation program compared to degenerative 

conditions (e.g., traumatic brain injury).  Thus, a single previous stimulus of microglial 

proliferation by facial nerve crush is probably not enough to generate the cellular changes 

that result in microglial senescence.  In fact, our finding is not surprising in light of recent 

data from our laboratory demonstrating that telomerase activity is increased and 

telomeres lengthened in microglia stimulated by a single facial nerve axotomy (data 

submitted for publication by Flanary and Streit).  Increased microglial telomerase activity 

after a short burst of proliferation in young animals may be a mechanism to protect 

microglia from senescence, as telomerase activity initially increases in stimulated 

microglia in vitro, but chronic stimulation of cultured microglia gradually results in 

decreased telomerase activity, shortened telomeres and, ultimately, in cellular senescence 

(Flanary and Streit, 2004).  It is reasonable to postulate that chronic stimulation of 

microglial proliferation in vivo may also eventually result in microglial senescence.  A 

more extensive exploration of this hypothesis could be accomplished through future 

studies in which the facial nerve is crushed at regular intervals throughout the lifespan, 

and axotomy-induced microglial proliferation assessed at various ages in these animals to 

determine if the putative threshold of microglial senescence is reached earlier in these 

animals compared to single axotomy controls.   

 



 

CHAPTER 7 
CONCLUSION 

Summary of Findings 

Because little is known about how aging affects microglia beyond changes in cell 

surface marker expression, we decided to examine the effects of aging on facial nerve 

axotomy-induced microglial activation, proliferation, and turnover.  We found no 

discernable difference in the robustness of the initiation of the microglial proliferative 

response to motoneuron axotomy, and proliferation peaked at 3 days in both age groups.  

However, while microglial proliferation was strongly downregulated by day 4 in young 

animals, a significantly higher number of dividing microglia remained in the lesioned 

facial nucleus of old animals at this time point.  We speculated that the prolonged period 

of proliferation might be balanced by a subsequent higher rate of microglial turnover via 

programmed cell death in old animals, but we did not detect an aging-related difference 

in the number of TUNEL-positive microglia at 7, 14 or 21 days following axotomy.  

Furthermore, the unusual cytoplasmic labeling of fragmented DNA in TUNEL-positive 

microglia was found in both young and old animals, and the distribution of labeled cells 

in the lesioned facial nucleus did not differ between age groups at any of the time points 

examined.  Using lectin histochemistry to label microglia, we examined if there was an 

aging-related change in the axotomy-induced increase in lectin-positive area in the 

lesioned facial nucleus during the first 21 days following axotomy.  We hypothesized that 

there may be a greater axotomy-induced increase in lectin-positive area within the 

lesioned facial nucleus of old animals at 7, 14 and/or 21 days given the prolonged period 

95 
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of microglial proliferation without a corresponding increase in microglial turnover.  

However, there was no significant aging-related difference in the fold increase in lectin-

positive area at any of the time points analyzed.  Upon light microscopic examination of 

lectin-positive microglia, we found conspicuous aging-related morphological changes, 

including perinuclear hypertrophy and dense lectin reactivity, in microglia of the 

unoperated facial nucleus.  Furthermore, because they already exhibited perinuclear 

hypertrophy in the unoperated facial nucleus, the axotomy-induced increase in microglial 

cell size did not appear to be as significant in old animals compared to young animals.  

Thus, the lack of a detectable aging-related difference in axotomy-induced increase in 

lectin-positive area may be due to less of an axotomy-induced increase in cell size (and 

lectin reactivity) in old animals. 

The finding of an attenuated down regulation of axotomy-induced microglial 

proliferation with aging led us to two possible hypotheses: either aging affects neuronal-

microglial regulatory signals (for example, delayed regeneration may prolong the 

upregulation of a signal stimulating microglial activation or the downregulation of an 

inhibitory signal), or microglia become inherently senescent with aging and are unable to 

downregulate their proliferative response in spite of regulatory signals from neurons.  To 

explore the neuronal-microglial signaling hypothesis, we compared the axotomy-induced 

change in mRNA expression of fractalkine, its G-protein coupled receptor (CX3CR1), 

and the regulatory growth factor TGF-β1 in young and old animals.  Aging did not 

appear to affect expression of fractalkine or CX3CR1 mRNA in the lesioned facial 

nucleus, but possible aging-related changes in fractalkine or CX3CR1 protein expression 

have not yet been examined.  Additionally, aging did not appear to affect the axotomy-
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induced transient increase in TGF-β1 mRNA or TGF-β1 regulation of CX3CR1 

transcription.  Previous studies have shown that TGF-β1 has an inhibitory affect on 

microglial proliferation in vitro (Suzumura et al., 1993) that is impaired in cultures from 

old donors (Rozovsky et al., 1998), and we initially hypothesized that the aging-related 

impairment of TGF-β1’s inhibitory effect may involve disregulation of CX3CR1 

transcription.  The lack of a detectable aging-related change in CX3CR1 mRNA 

expression suggests that this hypothesis is wrong.  However, the inhibitory effect of 

TGF-β1 on microglial proliferation may be independent of its regulation of CX3CR1 

expression, and it is possible that the aging-related attenuation of the regulation of 

microglial proliferation may be due to changes in TGF-β receptor signaling and TGF-β1 

modulation of fractalkine signaling pathways.   

Such changes in signaling pathways within microglia would also lend support to 

the alternative hypothesis of microglial senescence.  Microglia have high mitotic and 

phagocytic potential that may make them particularly vulnerable to aging-related 

mutations and oxidative damage.  We employed a repeat facial nerve injury model to 

examine whether previous stimulation of microglial proliferation via facial nerve crush 

would cause changes that mimic aging when microglia are later subjected to a second 

proliferative stimulus via facial nerve axotomy.  We were unable to detect changes in the 

microglial proliferative response (such as those which occur with aging) between single 

and double-injury animals, but it must be acknowledged that a single previous stimulus is 

not likely enough to mimic the effects of aging.  Stimulation of chronic microglial 

proliferation would be a more suitable model for examining the hypothesis of microglial 

senescence in future studies, as described in Chapter 6.   
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We have shown that aging does affect regulation of microglial proliferation, but we 

have only begun to examine the many potential factors that may change with aging to 

result in the deregulation of the microglial proliferative response.  For example, while we 

did not find changes in the mRNA expression of fractalkine and its receptor, CX3CR1, 

transcription of these molecules are only two potential points at which aging may affect a 

complex signaling process (e.g., neuronal expression of soluble vs. membrane-bound 

fractalkine protein).  Aging-related changes in the microenvironment, such as the 

presence of aberrant inhibitory molecules in the extracellular space or changes in the 

expression of moderating molecules, may also disrupt the neuronal-microglial signal.  

Whether it is a product of changes in neuronal signals or microglial dysfunction, 

deregulation of microglial activation with aging may have significant implications for 

older individuals with brain, cranial nerve or spinal cord injuries, and may play a role in 

the aging-related increase in susceptibility to neurodegenerative diseases.  

Future Studies 

Beyond the Facial Nerve Axotomy Model 

The choice of the facial nerve axotomy model for use in the studies conducted in 

this dissertation was explained in Chapter 1.  The model is advantageous because of its 

well established time course of microglial activation and neuronal regeneration, and 

because it involves a remote lesion that ensures that microglial activation is due to 

changes in neuronal signals rather than from direct tissue injury.  However, information 

gained from this model, however insightful, does not necessarily apply to other regions of 

the CNS.  The microglial population is heterogeneous in phenotype and density 

throughout the CNS (Lawson et al., 1990; Streit et al., 1988; Streit et al., 1999), and the 

microglial reaction to neuronal injury also varies with region of the CNS (Gehrmann et 
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al., 1991; Streit et al., 2000).  Comparing microglial proliferation, turnover, morphology, 

and neuronal-microglial signaling between age groups after lesion to another region of 

the brain may provide additional insight into the effects of aging on the microglial 

activation response.  A lesion of the entorhinal cortex, which leads to anterograde axonal 

degeneration in the molecular layer of the dentate gyrus, would be a good choice for 

future studies because microglia are known to proliferate in response to the injury (Fagan 

and Gage, 1994; Gehrmann et al., 1991); and any detected aging-related changes in 

microglia of the hippocampus would have more relevance to aging-related memory 

deficits.   

Aging and Neuronal-Microglial Signaling 

As discussed above, changes in neuronal-microglial signaling are one possible 

cause of aging-related changes in the regulation of the microglial activation program.  

Fractalkine was considered the best candidate for the putative regulatory neuronal-

microglial signal for multiple reasons as discussed in Chapters 1 and 5 of this 

dissertation.  Although we did not find aging-related changes in the axotomy-induced 

change in mRNA expression of fractalkine or its receptor, the next logical step would be 

to examine their expression at the protein level.  It has previously been shown that 

fractalkine protein expression in the intact facial nucleus is primarily the larger molecular 

mass (65 kDa) membrane-bound form, but after axotomy includes expression of smaller 

molecular mass soluble forms, with a peak in the expression of the 50 kDa form on post-

axotomy day 4 (Harrison et al., 1998).  The peak in expression of the soluble form 

coincides with the peak expression of CX3CR1, and there is much evidence that the two 

different forms of fractalkine have different functions.  Thus, any change in the time 

course of axotomy-induced soluble fractalkine expression would likely affect activation 
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of CX3CR1-expressing microglia.  A Western blot comparative analysis of fractalkine 

protein expression in the facial nucleus of young and old animals at various times after 

axotomy would be useful in determining if there is an aging-related change in the 

induction of soluble fractalkine expression.   

Another aspect of the fractalkine-CX3CR1 signaling mechanism that may be 

affected by aging is the TGF-β1-induced increase in microglial RGS10 expression, which 

attenuates G-protein coupled receptor (i.e., CX3CR1) signaling and may shift fractalkine-

triggered signaling away from the MAPK pathway to other signaling pathways (Chen, 

2004).  Future studies may examine the effects of aging on RGS10 expression in the 

lesioned facial nucleus.  Aging related changes in microglial signaling pathways, 

including changes in RGS10, may also be a reflection of microglial senescence. 

Neuronal expression of the cytokine IL-6 has previously been shown to induce 

robust activation of microglia in the regenerating facial nucleus (Streit et al., 2000), and 

because, among many of its pleiotropic functions, IL-6 is known to induce cellular 

proliferation (Kishimoto et al., 1995), IL-6 is a potential stimulator of microglial 

proliferation.  Thus, any aging-related changes in the time course of expression of IL-6 

and IL-6 receptor in the lesioned facial nucleus would possibly provide an explanation 

for the prolonged period of microglial proliferation with aging, and should be 

investigated in future studies.    

Ultrastructural Analysis of Aging-Related Morphological Changes in Activated 
Microglia 

An ultrastructural comparison of microglia activated by neuronal injury in young 

and old animals has not yet been performed.  In the study described in Chapter 4, dense 

perikaryal lectin reactivity (suggestive of membrane-bound inclusions) was observed in 
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both resting and activated microglia of old animals, and old activated microglia had 

shorter processes with a fragmented appearance to the lectin staining compared to their 

younger counterparts.  Comparing young and old activated microglia at the ultrastructural 

level using electron microscopy may provide further insight into the nature of the 

membrane bound inclusions and other aging-related effects on the structure of activated 

microglia.  Microglial morphology is an indication of the functional state of microglia, 

and significant aging-related changes in the ability of microglia to morph their 

cytoarchitecture during activation may affect their ability to provide protection and 

support to regenerating neurons (e.g., perineuronal microglia with shorter processes may 

be less able to envelope the motoneuron soma).  Additionally, a comparison of 

cytoskeletal protein (i.e., actin, beta-actin and tubulin) expression in young and old 

activated microglia may provide further insight into aging-related morphological 

changes.   

Potential Causes of Aging-Related Microglial Dysfunction/Senescence 

Microglia exhibit clearly discernable morphological changes with aging, including 

the observation of somatal hypertrophy and dense perinuclear lectin reactivity described 

in Chapter 4 and previous reports of dystrophic changes (Streit et al., 2004) and cytosolic 

inclusions (Peinado et al., 1998; Peters et al., 1991; Sandell and Peters, 2002; Vaughan 

and Peters, 1974), but it remains unclear if such morphological changes are signs, or 

possibly even the cause (in the case of inclusions), of microglial senescent dysfunction.  

The potential causes of aging-related microglial dysfunction run the gamut of all the 

theories of aging discussed in Chapter 1.  For example, the high mitotic potential of 

microglia throughout the lifespan of the organism may make them vulnerable telomere 

shortening.  Obviously, the extended proliferative response observed in the aging animals 
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demonstrates that these microglia have not yet reached replicative senescence (the point 

where the shortest telomere has shortened to the critical length such that mitosis is 

stopped), but there are aberrant effects on genes near the telomeres as telomere 

shortening progresses, referred to as the telomere position effect (Wright and Shay, 

1992).  It is possible that telomere position effect may result in microglial dysfunction.  

Microglial dysfunction as a result of telomere shortening is consistent with the 

observation that previous traumatic insults to the brain, which would initiate microglial 

proliferation, are a risk factor for early onset of aging-related brain changes.  Previous 

studies in our lab have demonstrated that telomere shortening occurs over time in 

cultured microglia (Flanary and Streit, 2004) and with aging in the rat cerebellum and 

cortex (Flanary and Streit, 2003), but a study of whether microglia isolated from old 

donors have shorter telomeres than those from young donors has not been conducted yet.  

Additionally, expansion of the repeat facial nerve injury model (as discussed in Chapter 

6) to include multiple injuries throughout the lifespan may provide further insight as to 

whether chronic microglial activation hastens the appearance of putative characteristics 

of microglial senescence, including telomere shortening and impaired regulation of 

activation/proliferation.   

Aging-related microglial dysfunction may also be a product of oxidative damage.  

Microglia exhibit risk factors for vulnerability to oxidative damage, including their 

release of reactive oxygen species as part of their defense function (Colton and Gilbert, 

1987; Hu et al., 1996), and along with oligodendrocytes, a decreased ability to repair the 

effects of oxidative damage to mtDNA than astrocytes (Hollensworth et al., 2000; 
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Ledoux et al., 1998).  Future studies of aging-related changes in microglial mtDNA may 

provide insight into the putative phenomenon of microglial senescence.   

Aging and Exogenously Derived Microglia 

In the 3H-thymidine labeling experiments it was noted that early in the response to 

facial nerve axotomy a large percentage of proliferating microglia were found outside of 

the injured facial nucleus (i.e., in the white matter between the ventral border of the facial 

nucleus and edge of the brainstem), which suggested that injured neurons release some 

sort of diffusible signal that is capable of recruiting and inducing mitosis in microglia 

from adjacent areas.  In light of evidence showing that blood-derived monocytes or bone 

marrow precursors are capable of infiltrating the adult CNS and differentiating into the 

ramified phenotype of endogeneous parenchymal microglia (Bechmann et al., 2005; Beck 

et al., 2003; Kennedy and Abkowitz, 1997; Krall et al., 1994; Lawson et al., 1992; 

McMahon et al., 2002; Priller et al., 2001; Schilling et al., 2003; Simard and Rivest, 

2004; Vallieres and Sawchenko, 2003), the possibility that some of the recruited 3H-

thymidine labeled cells observed in this study were exogeneously derived should be 

considered.  One study of exogeneously derived microglia found evidence that such cells 

have higher antigen presenting potential than resident microglia (Simard and Rivest, 

2004).  Future studies might investigate if there are aging-related differences in the 

degree of exogenous infilitration after injury.  If there are a greater percentage of 

exogenously derived microglia with higher antigen presenting potential in old animals, 

this could have implications in the manifestation of neurodegenerative diseases of aging.    

Aging and Basal Levels of Microglial Proliferation 

Low levels of microglial proliferation occur in the normal, intact brain and spinal 

cord, but no previous study has examined if the basal rate of microglial proliferation 
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changes with aging.  As discussed in Chapter 1, several studies have found an aging-

related increase in the density and/or total number of microglial immunophenotypic sub-

populations, including those expressing MHC class II (DiPatre and Gelman, 1997; 

Morgan et al., 1999; Perry et al., 1993; Sheffield and Berman, 1998), ED1 macrophage 

marker (Kullberg et al., 2001; Perry et al., 1993) and IL-1α (Sheng et al., 1998).  

However, there are conflicting reports as to whether the total microglial population 

density changes with aging (Long et al., 1998; Ma et al., 2003), probably because of 

variances in the method of analysis, as well as species and regional heterogeneity of the 

microglia population.  As part of the 3H-thymidine labeling experiment in Chapter 2, 

aging-related differences in proliferation of microglia in the unoperated facial nucleus 

were examined.  Very few proliferating microglia were found in the unoperated facial 

nucleus, or anywhere else in the brainstem outside the immediate vicinity of the injured 

facial nucleus, in all of the animals examined.  Thus, there is no aging-related difference 

in the basal level of microglial proliferation in the brainstem.  It is not known, however, if 

the observations in the brainstem reflect the rate of basal microglial proliferation in other 

areas of the brain.  Because changes in the basal rate of microglial proliferation in other 

intact areas of the aging brain may result in, or be a reflection of, a disruption of CNS 

homeostasis, a comparison of microglial proliferation in various regions of the intact 

brain between young and old animals should be a subject of future studies.
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