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Little is currently known about microglial cells in the aging brain.  Recently, microglia 

have been shown to undergo senescence-related changes with advancing age, including 

dystrophy (i.e., degeneration) of their typically branched morphology and alterations in 

metabolic functions. The cause(s) and consequences of such alterations to microglial cells 

themselves as well as to the central nervous system as a whole are not known. In this study we 

characterized the defining morphological features of dystrophic microglia in both human and 

rodent brains. The central focus of this application was in the assessment of whether aging-

related degeneration of microglial cytoplasmic structure is secondary to prolonged iron storage 

via expression of the iron storage protein ferritin. Since aging in the brain is accompanied by an 

accumulation of iron in ferritin proteins, particularly L-rich ferritins expressed by microglia, it is 

hypothesized that aged microglia are highly susceptible to iron-induced oxidative damage. The 

findings presented herein shed light not only on the effects of the aging process on microglial 

structural and functional integrity, but they also introduce ferritin immunohistochemistry as a  

useful method for detecting microglial cells that are in danger of being lost. Furthermore, our 

findings support a possible connection between microglial cytoplasmic deterioration and 

impaired glial neuroprotection. Understanding the underlying mechanisms responsible for the 

 10



 

 11

degeneration of microglial cells in aged brains may be important for elucidating the pathogenesis 

of aging-related neurodegeneration and neurodegenerative diseases. 



 

CHAPTER 1 
INTRODUCTION AND LITERATURE REVIEW 

 
Microglia: An Overview 

Microglial cells constitute a functionally dynamic and morphologically heterogeneous 

cell population within the central nervous system (CNS; Hanisch and Kettenmann 2007). 

Ramified microglia, which are the most prevalent in the healthy CNS, are characterized by 

highly branched processes arising from the cell body in every direction. These processes engage 

in pinocytosis and are highly motile, continually going through renewal cycles as they inspect 

the CNS homeostatic status (Booth and Thomas, 1991; Nimmerjahn et al., 2005; Davalos et al., 

2005). Typically, ramified microglia are uniformly spaced in the healthy brain parenchyma 

(Streit, 2005) although on occasion they have also been shown to contact neuronal cell bodies, 

astrocytes, and blood vessels (Nimmerjahn et al., 2005). The implication is that in the normal, 

healthy brain, ramified microglia are constantly monitoring the well-being of neighboring cells 

as well as the status of their extracellular milieu. In response to a disturbing stimulus, the first 

immediate reaction of microglial cells is to project all of their ramified processes in the direction 

of the stimulus epicenter, forming a shield as a first line of defense (Davalos et al., 2005). Taken 

together, these findings strongly suggest that the highly branched morphology of microglia 

serves an essential purpose in CNS protection and normal functioning.  

Microglia can react to a number of endogenous (e.g., abnormal protein aggregation, 

neuronal dysfunction/death) and exogenous (e.g., blood brain barrier [BBB] disruption by injury/ 

infection) signals. When the disturbing stimulus persists, local ramified microglia become 

‘activated’. That is, they lose their fine branches, enlarge their processes (hypertrophy), increase 

expression of immunophenotypic markers, proliferate, and increase secretion of cytokines and 

other inflammatory mediators, including hydrogen peroxide (H2O2) and superoxide (Colton and 
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Gilbert, 1987; Perry et al., 1995). Activation of microglial cells is an elaborate, graded process, 

whereby precise immune effector functions are matched to the specific stimulus at hand (Streit, 

2002; Schwartz et al., 2006). Moreover, activation is under strict control and occurs only in 

response to strong stimuli (Kreutzberg 1996). In extreme levels of activation, when cellular 

debris must be cleared (i.e., phagocytosed and degraded), activated microglia metamorphose into 

rounded brain macrophages. The acquired functions of activated microglia are matched by 

changes in morphological configuration, going from ramified over rodlike to rounded 

morphology depending on the nature of the activating agent and accompanied by changes in 

gene expression profiles. Cumulatively, these observations emphasize the significance of 

microglial cytoplasmic structure for the proper execution of their cellular functions.   

Recently, several histological studies in human brain have identified microglial cells 

exhibiting an aberrant cytoplasmic structure, termed dystrophic microglia (Conde and Streit 

2006; Ferraro 1931; Lopes et al. 2008; Simmons et al. 2007; Streit 2002; Streit 2004; Streit et al. 

2004; von Eitzen et al. 1998; Wierzba-Bobrowicz T et al. 2004). Their morphology is marked by 

degenerative changes, such as thinning and loss of distal branches, fragmentation of cytoplasm 

(cytorrhexis), and the formation of rounded swellings (spheroids) along major processes. This 

type of microglia is more prevalent in the aged brain, and thus microglial dystrophy is thought to 

be a reflection of cellular senescence and ongoing degeneration (Flanary et al. 2007; Streit 2006; 

Streit et al. 2004).  It is not yet known what functional changes result from the degeneration of 

microglial cytoplasmic structure. It is possible that microglial dystrophy leads to an impairment 

of their normal cellular functioning, possibly resulting in a significant reduction of their normal 

neurotropic support functions.   
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Microglial Senescence 

Neurons, oligodendrocytes and astrocytes originate from the neuroectoderm. In contrast, 

microglia arise from myeloid progenitors derived from the hemangioblastic mesoderm (Streit 

2001). Reminiscent of their monocytic lineage is the ability of microglia to proliferate and 

undergo self-renewal. The proliferative capacity of microglia is relevant to the study of microglia 

in the aging brain because it underlies their senescence potential: microglia, as mitotic cells, have 

a finite replicative lifespan. Upon reaching a critical shortening of telomeres, the tandem-repeat 

sequences at the end of chromosomes, the cell enters the senescent state. Analyses of telomere 

length revealed that microglia become senescent with mitotic stimuli in vitro (Flanary and Streit 

2004) and with normal aging in vivo (Flanary and Streit 2003). The primary consequence of this 

replicative senescence is the cessation of cell division through the cell’s arrest in the G1-S 

boundary of the cell cycle (Yanishevsky et al. 1974).  

Cells that have entered the senescent state remain metabolic active, although there are 

gradual changes in cellular structure and function. For instance, senescent cells accumulate 

lipofuscin granules in their cytosol (Brunk and Terman 2002; Sitte et al. 2001; Vogt et al. 1998). 

Lipofuscin is a mixture of autofluorescent lysosomal lipo-pigments and proteins that cannot be 

excreted or degraded (Gary and Woulfe 2005; Seehafer and Pearce 2006). The amount of 

lipofuscin in mitotic cells is dependent on both its rate of formation and its rate of dilution by cell 

division (Sitte et al. 2001). Recently, microglia have been shown to progressively accumulate 

lipofuscin-containing dense bodies in their cytoplasm (Sierra et al. 2007; Xu et al. 2008; 

Yamasaki et al. 2007), thus providing further evidence for their replicative senescence potential 

with advancing age. Other age-related changes in microglial metabolic functioning include a 
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decrease in proteolytic activity, an increased production of pro-inflammatory mediators, and an 

apparent ‘primed’ state of activation. These results are summarized in Table 1-1.  

 
Structural Deterioration 
 

The morphology of senescent microglia is quite different from the ramified appearance of 

resting microglia or the bushy morphology of hypertrophic (activated) microglia (Figure 1-1) 

(Streit 2006; Streit et al. 2004). As a result, to emphasize their degenerative cytoplasmic 

structure, these cells were named ‘dystrophic’ microglia (Streit et al. 2004). The most pervasive 

feature of microglial cytoplasmic degeneration is the presence of atypical, tortuous processes, 

often found in deramified microglia (v Eitzen et al., 1998; Streit et al., 2004a; Wierzba-

Bobrowicz et al., 2004). Microglial dystrophy is also manifested by the formation of spheroids 

(various-sized bulbous formations) on branches, either singly or in succession (beading); by 

fusion with other microglial cells (clusters), indicative of loss of normal contact inhibition; by 

fragmentation (cytorrhexis) of processes (i.e., severing of main branches); and by atrophy (i.e., 

nearly complete loss of cytoplasmic structure). The observation that dystrophic microglia are 

found scattered randomly in the brain parenchyma, often alongside ramified microglial cells, 

suggests that they may form a subset of older (senescent) microglia (Streit et al. 2004).  

In regards to their incidence, microglial cells exhibiting dystrophic characteristics have 

been identified in the normal aging brain (Conde and Streit 2006; Flanary et al. 2007; Streit et al. 

2004), as well as in several neurological disorders, including Alzheimer’s disease (AD) (Ferraro 

1931; Streit 2002; Streit et al. 2004), Creutzfeldt-Jakob disease (von Eitzen et al. 1998), 

Huntington’s disease (HD) (Simmons et al. 2007), and schizophrenia (Wierzba-Bobrowicz T et 

al. 2004). Degenerative changes have also been reported in rat primary microglial cultures 

exposed to AD-associated amyloid-β deposits (Korotzer et al. 1993), and in murine disease 
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models of HD (Ma et al. 2003; Simmons et al. 2007) and amyotrophic lateral sclerosis (Fendrick 

et al. 2007). Recent findings on the characterization of microglial dystrophy in various animal 

species are summarized in Table 1-2.  Given that microglial functioning is highly dependent on 

their morphological state (Kreutzberg 1996), it is likely that these morphological alterations 

serve as an impediment to the normal surveillance function of these cells (Davalos et al. 2005; 

Nimmerjahn et al. 2005), which could lead to deleterious consequences for the CNS as a whole. 

 
Self-Renewable Capacity of Microglia in the Aging Brain 
 

Iron is indispensable for DNA synthesis and therefore it plays a crucial role in cell 

proliferation rate. As a cofactor of the enzyme ribonucleotide reductase, iron mediates the 

production of deoxy-ribonucleotides from the corresponding ribonucleotides (the rate-limiting 

step in the synthesis of DNA precursors and, therefore, a key control point in DNA synthesis) 

(Hoffbrand et al. 1976). Numerous studies have shown that iron limitation arrests cell 

proliferation (Le and Richardson 2002). In the aged brain, microglia proliferate more vigorously 

than in younger brain tissues (Conde and Streit 2005). A plausible explanation for this increased 

proliferation rate is the age-related increase in microglial intracellular iron levels. The observed 

increase in microglial proliferation rate likely reflects an imbalance in microglial self-regulatory 

mechanisms. Inevitably, higher levels of microglial proliferation in the aged brain would result 

in further propagation of microglial senescence in the affected tissue.  

An interesting question is how microglia can reach replicative senescence in the normal 

aging brain that is devoid of obvious inflammatory/proliferative stimuli such as infection, 

neurological trauma or extracellular proteinaceous aggregates. Although the underlying 

mechanisms of microglial proliferation are well-understood in specific injury models (e.g., facial 

nerve axotomy) and in cell culture systems, little is known about how normal aging may promote 
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microglial replicative senescence. It is possible, that in addition to stimuli inherent to the CNS, 

alterations in systemic functioning also play a role in microglial senescence. One such 

mechanism may be linked to the body’s response to stressful events. Microglia express receptors 

for stress-related hormones (Wang et al. 2002) and respond to physical/emotional stress and 

related hormones with proliferation (Nair and Bonneau 2006; Wang et al. 2003) and 

morphological and functional activation (Sugama et al. 2007). Similarly, microglial activation 

also occurs in response to closed head trauma (Schmidt et al. 2005), systemic infection (Lemstra 

et al. 2007; Semmler et al. 2005), and even diet (e.g., cholesterol-rich diet) (Crisby et al. 2004; 

Streit and Sparks 1997). The accumulation of these processes during a lifetime, in addition to 

age-related changes in neural homeostasis, is likely to lead to senescence of at least a 

subpopulation of microglial cells.  

Microglial senescence was once considered an immaterial process because microglia are 

self-renewable cells (Lawson et al. 1992). Besides mitosis, microglial replenishment can occur 

via recruitment of a specific subpopulation of bone marrow-derived cells, which migrate into the 

neural parenchyma and differentiate into microglia (Mildner et al. 2007).  However, the 

recruitment of microglial myeloid progenitors across the BBB has been shown to decline with 

age (Simard et al. 2006), albeit the change is not highly substantial. Nonetheless, the mechanisms 

of microglia replenishment described herein might put a heavy load on a system already 

compromised by old age. As a result, senescent microglia accumulate in the aged CNS. Higher 

incidences of senescent microglia may contribute to aging-related neurodegeneration and 

neurodegenerative diseases by at least two mechanisms: (i) Hyperactivation or hypersensitivity 

to stimuli and/or misregulation of the activation process, leading to an increased production of 

toxins, such as reactive oxygen species (ROS); and (ii) Hypoactivation and undernourishment of 
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neighboring neurons in both the quiescent and disturbed CNS.  Either one of these two 

possibilities would produce a devastating effect on the welfare of neural cells, potentially 

exacerbating cytotoxic signals already present in the tissue or directly ensuing cellular death. 

 
Brain Iron Metabolism 

 
Iron is an essential nutrient required for the proper functioning of virtually all cells. It is 

crucial for oxygen transport (function and biosynthesis of hemoglobin), energy production as a 

cofactor of several enzymes in the mitochondrial electron transport chain, immune function, 

cellular growth (i.e., RNA and protein synthesis), and proliferation (i.e., DNA synthesis) (Lieu et 

al. 2001). In the CNS, iron participates in additional roles, including: 1) The synthesis of 

monoamine (Ramsey et al., 1996; Beard et al., 2003) and GABA (Taneja et al. 1986) 

neurotransmitters; 2) Normal brain development, specifically in myelin synthesis (Connor et al., 

1995), 3) Cognition (Black, 2003); 4) Memory formation, through the development of dendritic 

spines in the hippocampus (Jorgenson et al., 2003) and many others. These examples highlight 

the importance of the availability of iron for brain cell viability. However, high levels of free iron 

in and around cells is very toxic due to its propensity to catalyze the generation of the highly 

reactive hydroxyl radical (•OH), which can lead to lethal consequences by permanently altering 

the molecular structure of lipids, DNA and proteins (Crichton et al., 2002). Physiologically, iron 

exists in one of two oxidation states: ferrous (Fe2+) iron or ferric (Fe3+) iron. The generation of 

•OH occurs via the oxidative conversion of Fe2+ to Fe3+ in the presence of H2O2 by means of the 

Fenton reaction: Fe2+ + H2O2 → Fe3+ + •OH + OH-   (Crichton et al., 2002). 

 The coordinated expression of two types of protein with high affinity (transferrin) and 

high capacity (ferritin) for iron is largely responsible for the maintenance of adequate levels of 

intracellular iron (Levenson and Tassabehji, 2004).  Apo (iron free)-transferrin is an iron carrier 
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glycoprotein primarily involved in iron uptake. Each molecule of transferrin (Tf) binds two ferric 

iron molecules. Iron is taken up by cells primarily after Tf, the principal iron-carrying protein of 

the plasma, binds to a specific cell surface receptor and the transferrin-receptor complex is 

internalized (Dautry-Versat et al., 1983).  The acidic environment of early endosomes induces a 

conformational change in Tf resulting in the release of Tf-bound Fe3+ (Bali et al. 1991). 

Subsequently, Fe3+ is reduced to Fe2+ by a yet unidentified reductase, allowing divalent metal 

transporter 1 (DMT-1; also known as DCT1 or Nramp2) to transfer Fe2+ to the cytosol (Fleming 

et al. 1998).  Apo-Tf and TfR are then recycled to the plasma membrane, where each can 

undergo further cycles of iron binding and uptake. Once iron enters the cell, any portion in 

excess (i.e., not needed for immediate use in enzymatic reactions) is stored by ferritin (Ft), a 

ubiquitous and highly conserved hollow protein shell that constitutes the main intracellular iron 

storage protein (Torti and Torti 2002). As a consequence of their inherent functional dichotomy, 

Ft and TfR expression levels are reciprocally related in their responses to changes in iron levels.  

 
Iron-Dependent and –Independent Regulation of Ferritin mRNAs 
 
 Ferritin and transferrin receptor levels are primarily regulated by intracellular iron 

concentrations at the level of translation (Ponka and Lok 1999; Torti and Torti 2002). The 

nucleotide sequence of both Ft and TfR mRNAs contain a stem-loop structure, termed an iron-

response element (IRE), which in the case of Ft mRNA is located in its 5’ untranslated region 

(UTR), while in the TfR mRNA it is located in the 3’ UTR. When iron is scarce, the IRE binds a 

90-kDa IRE-binding protein (IRE-BP) which has an approximate 30% identical amino acid 

sequence with the citric acid cycle enzyme aconitase from mitochondria (Kim et al. 1996).  In 

the case of Ft, IRE-BP bound to IRE blocks the initiation of translation of the Ft mRNA, while 

inducing TfR mRNA stability and translation (Ponka and Lok 1999). When iron levels increase, 

 19



 

the IRE-BP binds iron as a 4Fe-4S cluster. Because the binding sites of iron and RNA overlap 

considerably, the resulting IRE-BP-iron complex cannot bind RNA. Thus, in condition of iron 

surplus, ferritin mRNA is released from the IRE-BP cap and translated to produce ferritin, which 

sequesters the excess iron. On the other hand, TfR mRNA freed from IRE-BP is rapidly 

degraded (Ponka and Lok 1999).  

In addition to iron levels, other factors have been demonstrated to affect cellular ferritin. 

Of interest to the present investigation are factors produced by microglial cells under activation 

conditions, including cytokines (Torti et al., 1988; Rogers, 1996) and oxidants (Cairo et al., 

1995; Mehlhase et al., 2006). Superoxide in particular has been shown not only to modulate Ft 

expression but also iron leakage from ferritin (Bolann and Ulvik, 1990; Yoshida et al., 1995). 

The propensity of labile iron to catalyze the generation of oxygen radicals means that the 

intracellular concentration and chemical form of the element must be kept under tight control. 

 
Structure and Function of Ferritin 
 

Apo-ferritin is a large (450 kDa) protein located in the cytosol of virtually every cell. It 

consists of a hollow protein shell composed of 24 functionally distinct heavy (H)-chain and light 

(L)-chain subunits, which store up to 4500 atoms of iron per molecule of protein (reviewed in 

Harrison and Arosio, 1996). The H-chain has a metal-binding site associated with its ability to 

catalyse the oxidation of the highly toxic Fe2+ to the less reactive iron form Fe3+ (Bakker and 

Boyer, 1986, (Lawson et al. 1989).  This ferroxidase activity occurs only at the H-chain subunit 

and it is of great importance because although ferritin can only take up iron in the Fe2+ form, this 

is a highly reactive cation and must be quickly converted to Fe3+ to prevent any iron-induced 

toxicity. H-rich ferritins take up iron faster than L-rich in vitro (Lawson et al. 1989; Levi et al., 

1988), and are found predominantly in such tissues as heart, kidney and brain (Harrison and 
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Arosio 1996). The L subunit lacks the ferroxidase site but contains additional glutamate residues 

on the interior surface of the protein shell which produce a microenvironment that facilitates 

mineralization of Fe3+ for long-term storage (Santambrogio et al., 1996).  L-ferritin subunits are 

mostly found in tissues principally involved in iron storage, such as the liver and spleen 

(Harrison and Arosio 1996). While ferritin is mainly a cytosolic protein, small amounts are 

present in the nucleus (Surguladze et al., 2004) and in mitochondria (Corsi et al., 2002) as well 

as in lysosomes where it is degraded (Sibille et al., 1989). 

Since all cells contain ferritins composed of both subunits (even though the H:L ratio is 

cell- and tissue-specific), iron enters the protein as Fe2+ by the action of the H-subunit, but is 

always stored as Fe3+ in the central core via the L-subunit. In order for iron release to occur a 

reductive conversion back to Fe2+ is required (Jones et al., 1978). Iron mobilization happens 

more quickly in H-rich ferritins, since most Fe3+ cations are not mineralized and can be easily 

recruited and released. This is a defining feature behind the cellular composition of ferritin 

proteins. In the CNS, H-rich ferritins are mostly present in neurons and oligodendrocytes, which 

are two cell types with high demand for iron participation in a number of enzymatic reactions. 

On the other hand, L-rich ferritins are primarily expressed by microglia and oligodendrocytes 

(Cheepsunthorn et al. 1998; Connor et al. 1994).  Because iron is constantly needed for normal 

myelin production, oligodendrocytes retain a large concentration of iron atoms in both L-rich and 

H-rich ferritin for their own use. As a consequence, microglia are the principal cells responsible 

for maintaining adequate iron levels within the CNS (Connor and Menzies 1995).  

 
Microglia and Iron Dyshomeostasis 
 

A common feature of both aging and several of the neurological diseases in which 

dystrophic microglia are present is iron dyshomeostasis. Iron levels must be tightly regulated to 

 21



 

prevent iron-mediated toxicity. Too little iron impedes the normal functioning of cells, whereas 

too much iron promotes iron-induced oxidative stress. Iron metabolism is thought to be 

disregulated with advancing age because iron progressively accumulates in the aged brain 

(Bartzokis et al. 1997; Benkovic and Connor 1993; Connor et al. 1990; Roskams and Connor 

1994), especially in brain regions affected by age-dependent neurodegenerative diseases such as 

AD, Parkinson’s disease (PD), and HD (Bartzokis et al. 1999; Connor et al. 1995; Dexter et al. 

1991). This increase in brain iron levels places a large toll on microglia, since prolonged storage 

of excess iron is performed primarily by microglial cells (Connor et al. 1994; Connor et al. 

1990). The combined effects of microglial senescence, in which cellular functions are at 

suboptimal conditions, and increased intracellular iron levels may predispose microglial cells to 

degeneration in the aging brain.  

 
Alzheimer’s Disease 

 
First described by Alois Alzheimer in 1907, AD is an incurable, late-onset 

neurodegenerative disorder that primarily affects areas of the brain that are essential for 

cognitive function. As the disease progresses, other brain regions are affected as well. The loss of 

memory, judgment and emotional stability that AD inflicts on its victims occurs gradually and 

inevitably, usually leading to death in a severely debilitated, immobile state between four and 

twelve years after onset. No treatment that retards the progression of the disease is known. AD 

affects approximately 20 million people worldwide, making it the leading cause of dementia in 

the elderly (Cummings and Cole 2002). As more people survive to the seventh, eighth, and ninth 

decades, AD is rapidly becoming an urgent public health problem. The clinical diagnosis of 

probable AD is based on family history, physical examination, neuropsychological testing, 

laboratory studies and neuroimaging techniques. However, there is no specific laboratory marker 
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to support the definite diagnosis of AD or for monitoring the progression of the disease. A 

postmortem histological examination is often required for confirmation of its clinical diagnosis. 

This is because AD is defined pathologically by specific abnormally folded proteins that 

aggregate extracellularly in senile plaques and as neurofibrillary tangles within affected neurons. 

In AD, acetylcholine-releasing neurons, whose cell bodies lie in the basal forebrain, 

primarily (and selectively) degenerate. These cholinergic neurons provide widespread 

innervation of the cerebral cortex and related structures and play an important role in cognitive 

functions, especially memory. Stereological and biochemical analyses have recently shown, 

however, that the loss of synaptic density correlates better with cognitive decline than either the 

decrease in neuronal cell numbers or the accumulation of plaques and tangles (DeKosky and 

Scheff 1990; Masliah et al. 1989). Despite rigorous efforts to understand the pathogenesis of AD, 

its etiology remains unknown. Most cases of AD occur sporadically, that is, without any known 

familial predisposition.  

 
Pathology 
 

Histopathologically, AD is characterized by a generalized atrophy of the cerebral cortex 

and the widespread appearance of senile plaques (SP) and neurofibrillary tangles (NFT). 

Extracellular SPs contain a core of beta-amyloid peptide (Aβ), which is derived from the 

proteolytic processing of the amyloid-β precursor protein (APP). When this proteolytic cleavage  

occurs by the actions of both β- and γ-secretases, a soluble Aβ peptide with a length between 39-

42 amino acids is generated, with Aβ40 being the most common isoform. The newly generated 

Aβ  peptide forms an α-helix structure and remains mostly soluble. For yet poorly understood 

reasons, in AD the multimeric γ-secretase complex cleaves APP preferentially at residue 42 

instead of 40. The resulting Aβ42 is highly susceptible to conformational changes leading to 
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aggregation into fibrils with an insoluble β-pleated sheet. Once Aβ forms a β-pleated structure it 

becomes resistant to degradation resulting in permanent extracellular deposition in the brain 

parenchyma as the main constituent of senile plaques. Similar to Aβ fibrils, NFTs are composed 

of misfolded proteins. NFts, however, aggregrate within the cell bodies of selectively vulnerable 

neurons as insoluble paired helical filaments containing hyperphosphorylated microtubule-

associated tau protein.  

Although these pathological lesions constitute the histological hallmarks of the AD brain 

they can also be found in nondemented elderly people (Arriagada et al. 1992). Thus, for the most 

part, the distinction between normal brain aging and AD is quantitative rather than qualitative. 

Usually patients with progressive dementia of the Alzheimer type have moderately or markedly 

more mature SPs and NFTs than age-matched nondemented people do. However,  the principal 

difference between demented AD patients and nondemented elderly people lies in the prevalence 

and distribution pattern of NFTs and SPs (Thal et al. 2006).  

In cognitively normal individuals, SPs are usually restricted to the cerebral cortex, the 

basal ganglia, the thalamus and hypothalamus, while in AD patients SPs are found not only in 

those areas but also in the midbrain, brain stem and cerebellum (Thal et al. 2006). Likewise, NFT 

pathology is only seen in the primary and secondary neocortical areas in AD patients (Braak and 

Braak 1991). The progressive incursion of anatomical regions by AD-related pathologies 

facilitated the establishment of histological staging systems for the NFT (Braak Stages I-VI) and 

SP (Stages 1-5) pathological expansion throughout the neuropil (Table 1-3) (Braak and Braak 

1991; Thal et al. 2006). Progression through these stages also symbolizes the increase in the 

severity of cortical destruction. Of note, at early (clinically silent) stages, plaques first 

accumulate in the neocortex, while tangles concentrate in the hippocampus. Only at late stages of 
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the disease the two pathologies become interactive. Taken together, these findings indicate that 

although these plaques and tangles are also present in normal aging brain, they are far less severe 

and less prevalent than in AD.  

 
Classification of Senile Plaques 
 

The senile plaque is a complex, slowly evolving structure and the time required to 

generate fully formed, “mature” plaques may be years or even decades. For unknown reasons, 

this maturation seems to occur much more commonly in the symptom-producing cerebral cortex 

than in, for example, the symptom-free cerebellum. SPs can be classified into two representative 

subtypes (diffuse and neuritic) based primarily on morphological and histological characteristics 

as illustrated in Figure 1-5 (Oide et al. 2006).  Amorphous, nonfilamentous deposits of Aβ 

protein that are sharply delineated are called ‘diffuse’ plaques. Significantly, most diffuse Aβ 

protein deposits contain few or no degenerating neurites or reactive glial cells. The presence of 

degenerating neuronal processes and reactive astrocytes and microglia within and around the 

plaque is often associated with the presence of a homogeneous appearing, darkly stained central 

core of Aβ protein and plaques containing such are called dense core plaques. Dense core 

plaques are also called ‘neuritic’ plaques. In the late 1990s several investigators noticed that 

diffuse plaques are actually much more abundant than the classic neuritic plaques (Yamaguchi et 

al. 1988), occurring in a variety of degenerative and non-degenerative conditions, while neuritic 

plaques are particularly likely to exist in persons with AD (Thal et al. 2006).  Electron 

microscopic examinations have revealed that much of the tissue in the vicinity of the diffuse 

plaque is indistinguishable from surrounding normal brain tissue, suggesting a potential 

innocuous effect at this stage of the disease (Yamaguchi et al. 1988).  
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Dystrophic Microglia and AD Pathogenesis 
 

Although the pathogenesis of AD is not yet understood, several risk factors have been 

associated with the development of the disease. Age is the strongest known risk factor. Most AD 

patients are 65 or older and according to the National Institute on Aging the number of patients 

approximately doubles every 5 years after age 65. Despite the apparent contribution to AD 

development, the exact mechanisms by which aging contributes to neuronal degeneration remain 

unresolved. To date several changes in brain homeostasis have been linked to the aging process,  

a large number of which is linked to microglial cell functioning, including an increase in 

oxidative stress markers, the accumulation of iron deposits within the brain parenchyma, and an 

apparent age-related increase in microglial activation.  

It is possible that among the various factors that are involved in AD pathogenesis, a loss 

of normal function by senescent dystrophic microglia, leading for example to an iron metabolic 

malfunction and/or a loss of neuronal trophic support, over an extended period of time may play 

a contributory or acceleratory role. This notion, which is based in the microglial dysfunction 

hypothesis originally proposed by Streit (2002), highlights the significance of microglial 

functioning for the maintenance of neuronal cell viability. Since increasing evidence implicates a 

role of iron in many neurodegenerative disorders (Dexter et al. 1991; Hallgren and Sourander 

1958; Qian and Wang 1998), the study of ferritin-containing microglia in the aged and AD brain 

can provide important clues about the changes that may lead to iron imbalance in the brain and 

possibly a model for therapeutic intervention in case of iron storage dysfunction. 

 
Facial Nerve Axotomy Paradigm 

 
The cell bodies of facial motoneurons (FMN) are located in the brainstem but axons are 

projected out of the CNS through the ipsilateral facial nerve (FN) to innervate the musculature of 
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the face (Fig. 1-2). Corollary to this anatomical structure, the axotomy of the rat FN offers a 

reliable and useful model in which to study the underlying principles of microglial activation in 

vivo as well as microglial responses to neurodegeneration and regeneration. In this model, the FN 

can be transected, resected or crushed near its exit from the skull at the stylomastoid foramen 

resulting in retrograde, non-lethal injury of cell bodies in the facial motor nucleus (FNu), which 

can then be microdissected and processed for histological examination. The advantages of the 

FN axotomy paradigm over other in vivo and in vitro models is sevenfold: 1) Remote lesion 

(responses not due to surgery itself); 2) BBB remains intact (no influx of peripheral macrophages 

that could confound the results); 3) High reproducibility; 4) Endogenous transient glial responses 

(as opposed to persistent glial activation in in vitro models); 5) Neuronal regeneration (mild 

severity); 6) Neuron-glia interactions (intrinsic microenvironment of the brain is maintained); 

and 7) Analytical strength (contralateral, unlesioned side serves as an internal control) (reviewed 

in Moran and Graeber, 2004). This type of lesion is reversible and does not lead to 

neurodegeneration, resulting primarily in a transient and graded activation of microglial cells in 

the vicinity of injured cell bodies (Moran and Graeber 2004; Streit 2000).  

 
Microglial Response to Facial Nerve Axotomy 

 
The microglial response to FN axotomy proceeds though a series of graduated steps, 

commencing within 24 hours post-injury with hypertrophy of processes resulting in a ‘bushy’ 

appearance and an increase in the expression of the immune markers, such as type 3 complement 

receptors (CR3) and major histocompatibility complex (MHC) antigens (Graeber et al., 1988: 

Streit et al., 1989; Raivich et al. 1999). At this stage microglia are activated and approximately 2-

3 days post-axotomy they start to proliferate forming a sheath around the injured neuronal cell 

bodies (Fig. 1-3), and their numbers reach maximal levels after 4-7 days (Graeber et al., 1988b). 
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Activated microglia also begin stripping the injured neuron of synaptic terminals (Blinzinger and 

Kreutzberg 1968). Once the stimulus has dissipated, microglial cell numbers return to pre-injury 

levels by programmed cell death mechanisms (Gehrmann and Banati, 1995; Jones et al., 1997). 

Complete regeneration of motoneurons is dependent on the severity of the lesion, requiring for 

instance approximately 2 weeks in the mildest (crush) lesions (Moran and Graeber, 2004). The 

purpose of using the axotomy model in this investigation was two-fold: 1) To determine whether 

microglial activation by an acute injury (ie, FN axotomy) induces microglial ferritin expression; 

and 2) To determine whether the appearance of dystrophic microglia is increased after acute 

microglial activation in aged animals.  

Project  
 

  This thesis had two main objectives: 1) To elucidate the morphological similarities and 

differences between senescent microglia in human and rodent brains; and 2) To determine 

whether long-term iron storage function via expression of L-rich ferritin proteins can be 

associated with microglial dystrophy, possibly by increasing their vulnerability to iron-catalyzed 

oxidative stress reactions. In addition, we also wanted to assess the contribution of disease and 

injury conditions to indices of microglial cytoplasmic degeneration in aged brains. Our findings 

support a possible connection between microglial cytoplasmic deterioration and impaired glial 

neuroprotection. We propose that a loss of microglial neuroprotective function by dystrophic 

microglia may contribute to the neuronal dysfunction and/or death that characterize 

neurodegenerative diseases, such as Alzheimer’s disease.  
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Table 1-1. Age-related changes in microglial metabolic activity 
 

CHANGES IN PROTEOLYTIC ACTIVITY REFERENCE 

 Impaired protein turnover (Stolzing and Grune 2003) 

 Decline in proteasomal function (Stolzing and Grune 2003; Stolzing et al. 2002) 

 Decreased protein synthesis (Stolzing and Grune 2003) 

 Decreased degradation of proteins from apoptotic vesicles (Stolzing et al. 2006) 

 Accumulation of lipofuscin granules (Sierra et al. 2007; Xu et al. 2008) 

 Increase of inclusions, vacuoles, and granularity (Peinado et al. 1998; Sierra et al. 2007) 

CHANGES IN CELL SURFACE MOLECULE EXPRESSION  

 Increase in MHC class II antigen expression (McGeer et al. 1987; Sheffield and Berman 1998) 

 Increase in CD40, CD45, and CD86 expression (Stolzing and Grune 2003) 

CHANGES IN CYTOKINE PRODUCTION  

 Increased production of IL-6, TNF-α, and IFN-γ (Stolzing et al. 2006; Ye and Johnson 1999) 

 Increased production of TNF-α, IL-1β, IL-6, IL-10, and 
TGF-β1 mRNA expression 

(Buckwalter and Wyss-Coray 2004;  
Sierra et al. 2007) 

 Decreased production of IL-12 (Stolzing et al. 2006) 

CHANGES IN ROS PRODUCTION  

 Higher basal nitric oxide release (Stolzing and Grune 2003) 

 Higher production of ROS (Heppner et al. 1998; Stolzing et al. 2006) 

 Diminished capacity to evoke oxidative burst (Stolzing and Grune 2003; Stolzing et al. 2006) 

CHANGES IN ACTIVATION DYNAMICS  

 Ostensibly continuous activation (Dipatre and Gelmann 1997; Overmyer et al. 
1999; Rozovsky et al. 1998; Sloane et al. 1999) 

 Increased release of inflammatory mediators (Bodles and Barger 2004; Godbout et al. 2005; 
Sierra et al. 2007) 

 Insufficient de-activation by astrocytes (Stolzing et al. 2005) 
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Figure 1-1. Schematic representation of transformation of ramified microglia into hypertrophic 
and dystrophic forms. Microglia become hypertrophic when activated by CNS injury, resulting in 
the formation of greatly enlarged cytoplasmic processes. With aging, microglia develop 
dystrophic cytoplasmic processes characterized by slight enlargement, distinct loss of fine 
branches (deramification), formation of cytoplasmic spheroids, gnarling, beading, and 
fragmentation. It is rare to see all of these dystrophic changes occurring in a single cell; instead, 
most dystrophic microglia display just one or two of these characteristics. (Streit et al., 2004) 

 
 
Table 1-2. Microglial degeneration in the literature 
 

Species Method Classification Characteristics of degenerating cells Ref. 
     

Human IHC Aging Deramification, cytorrhexis (Streit et al. 2004) 
 

 
 

 
 

AD 
 

Deramification, bulbous swellings, 
cell clusters, cytorrhexis 

 

(Ferraro 1931; Streit 
2002; Streit 2004) 

     

  AD, HPC Atrophy, bulbous swellings, 
cytorrhexis 

(Flanary et al. 2007) 
     

  Schizophrenia Deramification, atrophy, 
cytorrhexis 

(Wierzba-Bobrowicz T 
et al. 2004; Wierzba-

Bobrowicz et al. 2005) 
     

  HD Tortuous processes, cytorrhexis (Simmons et al. 2007) 
     

Rat IHC SOD1G93A
 Deramification, cytorrhexis (Fendrick et al. 2007) 

     

 Cell 
Culture 

Aβ- exposed Atrophy, beaded processes, 
cytorrhexis 

(Korotzer et al. 1993) 

     

Mouse IHC R6/2 model of 
HD 

Deramification, bulbous swellings, 
cytorrhexis 

(Ma et al. 2003; 
Simmons et al. 2007) 

     
IHC, immunohistochemistry; AD, Alzheimer’s disease; HPC, High amyloid plaque pathology control; 
HD, Huntington’s disease  
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Table 1-3. Alzheimer’s disease-related pathological hallmarks develop in a hierarchical manner 
 

Stage Senile Plaque Pathology Neurofibrillary Tangle Pathology 

I • Neocortex • Transentorrhinal region 

II 
• Allocortical Areas 

– entorrhinal cortex 
– subiculum/CA1 region 

• Entorrhinal Cortex 
• Ammon’s Horn 

III 
• Basal Ganglia 
• Thalamus 
• Hypothalamus 

• Hippocampal Formation 

IV • Midbrain 
• Medulla Oblongata • Inferior Temporal Cortex 

V • Pons 
• Cerebellum 

• Neocortex Association Areas 
– Frontal 
– Parietal 
– Occipital 

VI  • Occipital Lobe 
 

Senile Plaque Pathology: stages 1-3= preclinical stages; 4-5= clinical stages. Neurofibrillary Tangle 
Pathology: Braak stages I-II (clinically silent); III-IV= (incipient AD); V-VI= (fully developed AD). 
Braak Stages V-VI are conventionally used as criteria for neuropathologic confirmation of the clinical 
diagnosis of AD.  (Based on Thal et al., 2006; Braak and Braak, 1991). 
 
 
 

 

Figure 1-2. Classification of senile plaques based on Bodian, Aβ and GFAP triple staining. 
(Oide et al., 2006) 
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Figure 1-3.  Schematic diagram of the facial nerve axotomy model. The facial nerve nuclei 
containing motoneuron cell bodies are located on either side of the ventral region of the brain 
stem (dotted-line area). The motoneuron axons loop around the genu of the abducens nucleus in 
the dorsal region of the brainstem and exit the skull at the stylomastoid foramen to innervate the 
musculature of the face. In the axotomy procedure, the facial nerve is either crushed or 
transected after its exit from the skull, inducing a reaction that is propagaded retrogradely to the 
motoneuron cell bodies. Signals released from the injured neurons activate microglial cells 
locally, resulting in proliferation as well as morphological (hypertrophy) and immunophenotypic 
alterations in parenchymal microglia within the ipsilateral facial nucleus.   
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CHAPTER 2 
MATERIALS AND METHODS 

 
Supplier Information  

Adobe Photoshop (San Jose, CA), Assay Designs (Ann Arbor, MI), Calbiochem (Gibbstown, 

NJ), DAKO (Carpinteria, CA),  Chemicon (Temecula, CA), Fisher Scientific (Pittsburg, PA), 

Media Cybernatics (Silver Spring, MD), Molecular Probes (Eugene, OR), MP Biomedicals 

(Santa Ana, CA), Promega (Madison, WI), SAS Institute Inc. (Cary, NC), Serotec (Raleigh, NC), 

Sigma Aldrich (St. Louis, MO), Spot Diagnostic Instruments (Sterling Heights, MI), Vector Labs 

(Burlingame, CA), Wako Chemicals (Richmond, VA). 

 
Tissue Specimens 

 
Human brain specimens were obtained from the Sun Health Research Center (SHRC) 

Brain Bank, Sun City, Arizona. Brain tissues were obtained at autopsy from 24 subjects aged 34-

97 years. Subject groups were classified based on clinical history and neuropathological findings 

as follows: 1- Younger (mean age 36.66 ± 2.08 years), nondemented individuals (Y) free of 

amyloid-β immunoreactivity; 2- Aged (mean age 79.86 ± 8.05 years), nondemented and 

amyloid-free individuals (ND); 3- Aged (mean age 83.43 ± 5.19 years), non-demented 

individuals with high amyloid-β burden, designated as high pathology controls (HPC); and 4- 

Demented individuals (mean age 80.29 ± 11.64 years) that met the clinicopathological criteria of 

AD, including high amyloid load. There was no significant difference in age between the AD 

and the elderly nondemented control groups (P > 0.5). The postmortem intervals (PMI) between 

death and tissue retrieval ranged from 1.5 to 4.83 hours. Age at death, gender, and PMI are 

shown in Table 2-1.  
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In order to study the potential relevance of postmortem autolysis to microglial 

degeneration, nine additional brain tissue samples were obtained from the Kentucky Medical 

Examiner’s Office. These specimens ranged in PMI from 3 to 20 hrs as summarized in Table 2-

2.  For the FN axotomy study, young adult (3 months; n= 15) and old (30 months; n=15) male 

Fisher 344-Brown Norway F1 hybrid rats obtained from the National Institute on Aging were 

used.  

 

Antibody List 
 

The list of primary antibodies used in this study can be found on Table 2-3, along with 

specificity of the antibody, dilution used, application and source. The following secondary 

antibodies were used: Biotinylated anti-rabbit and anti-mouse raised in goat (1:500; Vector  

Labs); Alexa Fluor-488 and -568 goat anti-mouse (1:500; Molecular Probes); and Alexa Fluor 

488  and -568 goat anti-rabbit (1:500; Molecular Probes). 

 
Methods 

 
Facial Nerve Axotomy 

Experiments were done in accordance with the regulations of the University of Florida 

Institutional Animal Care & Use Committee (IACUC). Under isofluorane anesthesia, the right 

facial nerve of both groups of rats was exposed near its exit from the stylomastoid foramen and 

crushed with a fine pair of hemostats for 10s. Animals were euthanized at 1, 3, 7, 10, and 14 days 

postaxotomy (n=3 for each time point) by an overdose of pentobarbital and perfused with 4% 

paraformaldehyde (PFA). The brains were removed, postfixed for 24hr in 4% PFA, and 

cryoprotected by infiltration with 30% sucrose overnight.  
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Tissue Sectioning and Storage 
 

After fixation in 4% PFA for 48 hours at 4ºC, human brain samples were sectioned at the 

SHRC in the coronal plane in a vibratome at 50μm prior to shipment to the University of Florida 

and stored in 30% glycol solution until use. The brain areas represented in this study are the 

superior frontal gyrus, the superior, middle and inferior temporal gyri, the hippocampus and 

amygdala. From the 50μm free-floating tissue samples obtained, equivalent regions of gyri, 

hippocampi or amygdala were cut from adjacent sections using a razor blade and rinsed with 

PBS. For the PMI study, serial 50μm-thick sections were cut from formalin (10%)-fixed, tissue 

blocks of temporal and frontal cortices in a vibratome and rinsed with PBS.  

For the rat axotomy study, brainstem sections containing both right (axotomized) and left 

(control) sides of the rat FNu were serially cut either on a vibratome at 50μm for free floating 

sections or on a cryostat into 20μm coronal sections., in which case the sections were 

immediately mounted onto SuperFrost Plus slides (Fisher Scientific).  

 
Single Label Immunohistochemistry 
 

After inhibition of endogenous peroxidase with 3% H2O2 for 5 min, rat and human free-

floating sections were incubated for 2 hr in blocking buffer composed of 10% normal goat serum 

(NGS) diluted in PBS, pH 7.4. The sections were then incubated overnight at 4◦C with an 

antiserum to rabbit anti-horse spleen (L) ferritin (Sigma) diluted 1:500 in PBS containing 5% 

NGS. In the case of human samples, adjacent tissue sections were also stained with a mouse 

monoclonal antibody (mAb) against human HLA-DR (LN-3; MP Biomedicals; 1:500). On the 

following day, the sections were incubated for 1 hr with biotinylated secondary antibodies raised 

in goat (anti-mouse or anti-rabbit) diluted 1:500 in 5% NGS/PBS solution. Next, the sections 

were incubated for 45 min with horseradish peroxidase (HRP)-avidin D (Vector Labs) diluted at 
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1:500 in PBS. Between each step, the sections were rinsed three times in PBS for 5 min. 

Following peroxidase development with 0.05% 3,3'-diaminobenzidine tetrahydrochloride (DAB; 

Sigma) and 0.01%  H2O2 for 1-15 min, the sections were rinsed in PBS, mounted on subbed 

slides and air dried.  The sections were then dehydrated through ascending series of ethanol and 

coverslipped out of xylene with Permount (Fisher Scientific). In the human study, a few sections 

were also processed for double staining immunohistochemistry. As a negative control, omission 

of either the primary or secondary antibodies yielded no immunoreactivity. Selected sections 

were counterstained with either hematoxylin or cresyl violet, dehydrated through ascending 

alcohols, cleared in xylenes, and coverslipped with Permount.   

 
Double Label Immunohistochemistry 
 

In double staining experiments on human brain specimens, after development with 

DAB/H2O2 stained sections were incubated overnight at 4◦C with mouse anti-human β-amyloid 

clone 6F3D (6F3D; Dako; 1:100) in 5% NGS in PBS. 6F3D is a monoclonal antibody reactive to 

amino acid residue 8-17 of the human β-amyloid peptide. Some sections labeled first with LN-3 

were also processed for double immunohistochemistry using Ferritin as a primary antibody in the 

second reaction. After the same sequences of washes as for the first label, the antigen was 

visualized by incubating biotinylated anti-mouse or anti-rabbit secondary antibodies (1:500; 1h 

at RT) followed by a 45 min incubation with HRP-avidin D diluted 1:500 in PBS. The color 

reaction product for Aβ was developed using a PBS solution containing 0.05% DAB, 0.01% 

H2O2 and 1% cobalt chloride as the chromogenic substrate for horseradish peroxidase. This 

substrate produced a dark black color which could be differentiated from the brown color 

obtained after staining with the first primary antibody. These double labeled sections were then 
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mounted, dehydrated and coverslipped as described for the single label procedure. In all cases, 

elimination of either primary or secondary antibodies yielded no immunoreactivity.  

 
Immunofluorescence 
 
Human samples 

 Free-floating, adjacent tissue sections from the superior frontal gyri of all groups 

examined were pre-treated with 0.5% Triton-X in PBS for 15 min followed by 30 min incubation 

with 0.3% Triton-X/10% NGS blocking solution. The sections were then incubated overnight at 

4ºC with both LN-3 and Ferritin antibodies at the same concentrations listed above in 0.3% 

Triton-X/3% NGS/PBS. Next, the sections were rinsed in PBS and incubated for 1 hr at 37ºC 

with goat anti-rabbit IgG conjugated to Alexa Fluor 568 and goat anti-mouse IgG conjugated to 

Alexa Fluor 488 diluted 1:500 in 0.3% Triton-X/3% NGS/PBS. After another series of PBS 

rinses, the sections were immersed in 70% ethanol for 5 min, followed by a 3 min treatment with 

Autofluorescence Eliminator Reagent (Chemicon). This fluorescence immunohistochemistry 

counterstain reduces the intensity of the autofluorescent pigment lipofuscin which accumulates 

in the cytoplasm of post-mitotic cells with increasing age. Next, the sections were rinsed with 

70% ethanol, mounted onto slides and coverslipped with Vectashield anti-fading mounting 

media (Vector Labs). Fluorescent images of tissue sections were obtained using a Zeiss 

Axioskop-2 Plus fluorescent microscope and photomicrographs were adjusted for contrast and 

brightness using Adobe Photoshop C2S.   

 
Rat samples 
 

Frozen sections at the level of the brainstem containing both axotomized and uninjured 

FNu of young and old rats were processed for double-label immunofluorescence. These sections 
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were pretreated with 10% NGS/0.3% Triton-X-100 in PBS for 1 hr at 37ºC, followed by 

overnight incubation at 4ºC in a primary antibody cocktail diluted in 5% NGS/0.1% Triton-X-

100 in PBS. The following primary antibody combinations were used: 1) anti-ferritin (1:1000) 

plus the microglial marker OX-42 (Serotec; 1:500); and 2) the macrophage marker ED1 (Dako; 

1:300), plus a microglial marker against ionized calcium binding adaptor molecule 1 (Iba-1; 

Wako Chemicals; 1:500). Following several PBS washes, the sections were incubated at room 

temperature for 2 hr with corresponding Alexa-Fluor 568 and Alexa-Fluor 488 IgGs each diluted 

1:500 in the same buffer solution as for the primary antibodies. Next, the sections were washed 

again in PBS, coverslipped using anti-fading Vectashield mounting media with DAPI (Vector 

Labs) and photographed with a Zeiss Axioskop 2 Plus microscope equipped with an RT Color 

Spot camera model 2.2.1 (Spot Diagnostic Instruments). For all staining procedures, omission of 

primary antibodies resulted in the absence of immunoreactivity and served as negative controls.  

 
Morphometric Analyses and Cell Quantification 

 
Human Study 

 The quantitative evaluation of microglial cells immunolabelled with either anti-HLA-DR 

or anti-ferritin was performed in all 24 cases on adjacent sections by randomly sampling 10 

microscopic fields of gray matter, each measuring 0.3 × 0.225 mm2. Digital images of fields 

were acquired through a 20x objective lens with a Zeiss Axioskop 2 Plus microscope using a 

Spot RT Color CCD camera and Spot RT software (Spot Diagnostic Instruments). Image Pro 

Plus v.4.6 image analysis software (Media Cybernetics) was used to manually calculate the 

instances (i.e., number of cells per microscopic field) of microglial cells stained with either 

marker as well as the instances of immunoreactive dystrophic microglia. Only microglia with a 

clearly visible cell body were counted.  
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Incidences of microglial structural abnormalities were evaluated based of a set of 

predefined criteria (Streit 2006; Streit et al. 2004), including deramification and tortuosity of 

processes, cluster formation, processes containing small but conspicuous spheroid-like 

structures, and cytorrhexis. Figure 3-2 shows representative sections used for quantitative 

analysis of each of the four cohorts in this study. The photomicrographs presented were taken 

using a higher magnification lens (40x) for better visualization of the microglial cytoplasmic 

structure. All cell counts and morphometric analyses were performed without knowledge of the 

case number by coding the specimens. 

 
Rat Axotomy Study 
 

The quantitative evaluation of lipofuscin (LF)-containing microglial cells was performed 

‘blind’ on coded slides using a 40x objective lens. Six adjacent FNu sections per animal at each 

time point postaxotomy were selected and ten microscopic fields per section, each measuring 

200 x 400 μm2, were randomly sampled within both control and axotomized sides of the FNu. 

Because LF residues also accumulate in other neural cells, ImagePro Plus v.4.6 analysis software 

(Media Cybernetics) was used to manually calculate the instances of LF-positive microglia in 

Iba-1/ED1 double labeled sections by merging digital photographs of fluorescent material using 

ultraviolet, blue, and green excitation lights (360-460, 440-490, and 490-570 nm, respectively). 

Only immunoreactive microglial cells with a clearly visible cell body and a DAPI-positive 

nucleus were counted in order to carry out a consistent semi-quantitative evaluation of the 

number of cells stained between and within groups. 

 

Statistical Analyses 
 

Data were expressed as the mean ± standard error of the mean.  In the human study, 

differences among groups were determined by one-way ANOVA followed by Bonferroni’s t test 
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for multiple comparisons. All data were analyzed using the software program SAS 9.1 (SAS 

Institute Inc.). For the rat axotomy study, statistical significance among the means was 

determined using the paired Student’s t test also using the SAS 9.1 program. In all instances, P 

values less than 0.05 were considered statistically significant. 
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               TABLE 2-1. Clinical and pathological features of human cases 
 

Case ID Age Gender PMI (h) Group 
 

Younger controls (n=3)
1 34 F 3 Y 
2 37 M    3.25 Y 
3 38 M    2.25 Y 

Average         36.33                       2.83 
   S.D.              2.08                       0.52 
 

Non-demented aged controls (n=7) 
4 69 M 2.16 ND 
5 73 M 2.25 ND 
6 74 M 2 ND 
7 81 M 2.75 ND 
8 85 M 3.16 ND 
9 86 F 2.5 ND 

10 91 M 2.5 ND 
Average        79.86                         2.53 
   S.D.             8.05                         0.41 
 

Non-demented high plaque pathology controls (n=7) 
11 77 F 3.25 HPC 
12 78 M 2.25 HPC 
13 82 M 3 HPC 
14 83 F 4.83 HPC 
15 84 M 3 HPC 
16 89 M 1.5 HPC 
17 91 M 2.5 HPC 

Average         83.43                        2.90 
   S.D.              5.19                        0.98 
 

Demented high plaque pathology cases (n=7) 
18 60 M 3.33 AD 
19 73 F 2 AD 
20 79 M 2 AD 
21 81 M 3 AD 
22 85 F 1.66 AD 
23 87 M 2.41 AD 
24 97 F 1.5 AD 

Average         80.29                        2.27 
   S.D.             11.64                       0.82 

 
Y, younger controls; ND, non-demented aged controls; HPC, aged, non-demented high plaque 
pathology controls; AD, sporadic, Alzheimer’s disease cases 
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TABLE 2-2. Profile of postmortem interval (PMI) cases 
 

Case ID PMI (h) Expired Age (y) Gender

1 3 40 M 
2 4 57 M 
3 8 60 M 
4 9 47 M 
5 11 57 M 
6 12 15 F 
7 14 54 M 
8 17.5 19 M 
9 20 43 M 

 
 
 
 
 
 
 
 
Table 2-3. Source, species reactivity, cell specificity and dilution of primary antibodies 
 
Antigen (Ab name) 

 

     Reactivity Specificity Antibody/ dilution     Source 
     

L-Ferritin Human/rodent microglia/oligodendrocytes Rabbit pAb/ 1:1000 Sigma 
HLA-DR (LN-3) Human microglia Mouse mAb/ 1:500 MP Biomedicals 
Iba-1 Rodent microglia Rabbit pAb/ 1:500 Wako Chemicals 
CR3 (OX-42) Rodent microglia Mouse mAb/ 1:500 Serotec 
CD-68 (ED-1) Human/rodent macrophages Mouse pAb/ 1:300 Dako 
Myelin CNPase Human/rodent oligodendrocytes Mouse mAbl/ 1:500 Calbiochem 
6F3D Human/rodent β-amyloid peptide Mouse mAb/ 1:100 Dako 

 
Ab, Antibody; CR3, complement receptor type 3; HLA-DR, human leukocyte antigen D-related; 
mAb, mouse monoclonal antibody; pAb, polyclonal antibody;  
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CHAPTER 3 
RESULTS 

 
Morphological Analyses of Senescent Microglia in the Human Brain under Conditions of 

Normal Aging and Neurodegenerative Disease 
 

Ferritin-Positive Microglia Exhibit Abnormal Morphological Features 

 The ferritin antibody used in this thesis specifically labels the light (L)-chain subunit of 

ferritin proteins (Kaneko et al. 1989), therefore both microglia and oligodendrocytes could be 

resolved by light microscopy. Both cell types were promptly distinguished from one another 

based on morphological characteristics. Identification and distribution of microglia was 

confirmed by using LN-3, an antibody specific for human leukocyte antigen (HLA-DR) 

expressed by microglia in both normal and pathological human brain (Miles and Chou 1988). Ft-

positive cells exhibiting a dense perinuclear staining, a large rounded nucleus and a lack of 

processes (Fig. 3-1A) fitted the morphological criteria of oligodendrocytes, which was verified 

by immunostaining for CNPase, a protein expressed exclusively by oligodendrocytes in the CNS 

(Fig. 3-1D). Other Ft-positive cells, however, presented a highly branched morphology with 

small, rounded and/or irregularly-shaped nuclei (Fig. 3-1C), all of which are hallmark features of 

microglial cells as evidenced by immunoreactivity for HLA-DR antigens (Fig. 3-1F). Based on 

these morphological characteristics Ft-positive oligodendrocytes could be readily distinguished 

from Ft-positive microglia (Fig. 1B, 1E). For the purposes of the present study, analysis of 

ferritin expression was limited to microglial cells.  

 Figure 3-2 shows typical staining patterns of microglial cells labeled with either LN-3 or 

Ferritin antibodies in adjacent tissue sections. In all groups examined, microglia immunoreactive 

for HLA-DR exhibited the typical branched morphology of ramified microglia with small cell 

bodies, multiple long proximal branches extending in all directions, and extensive ramification of 
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the distal processes (Fig. 3-2A, -2C, -2E, -2G). Ferritin-positive microglia in the younger control 

group appeared less ramified, but still maintained mostly a branched morphology (Fig. 3-2B). In 

contrast, the majority of ferritin-positive microglia in aged groups (ND, HPC, and AD) exhibited 

aberrant cytoplasmic structures indicative of dystrophy (Fig. 3-2D, -2F, -2H), which suggests an 

age-related component.  

 
Morphological Characteristics of Dystrophic Microglia 
 

In all groups examined, the majority of HLA-DR immunoreactive (IR) microglia 

exhibited a ramified morphology (Table 3-1). In sharp contrast, most Ft-positive microglial cells 

exhibited dystrophic changes, including deramification of processes, which produced unilateral 

ramification patterns and long, single processes devoid of distal branches. Any remaining fine 

processes on dystrophic microglia were often unusually tortuous and coiled (Table 3-1).  

In many instances, Ft-positive microglial cells appeared in clusters of two or more cells, 

suggesting that dystrophic cells had lost contact inhibition that normally keeps microglia apart. 

Another defining characteristic of Ft-positive, dystrophic microglia was the formation of 

spheroid-like structures occurring either singly or in succession to produce beading. These 

changes often coincided with atrophy of processes. A cardinal feature of microglial dystrophy 

was cytorrhexis, in which cytoplasmic processes were broken up into two or more parts. These 

defining dystrophic morphological characteristics are depicted in Table 3-1, along with their 

frequency in the various cohorts examined in this study. What appears to be the most severe 

form of cytoplasmic deterioration, cytorrhexis, was most widespread in AD tissues than in aged-

matched controls, while in younger brains, no examples of microglial cytorrhexis were 

encountered.  
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Ferritin-Positive Microglia Are Less Abundant than HLA-DR-Positive Microglia and 
Appear Mostly Dystrophic 
 
 Comparing the total number of stained cells with either marker showed that only a 

fraction of microglial cells was immunoreactive for L-ferritin (Fig. 3-3A). The difference in the 

number of ferritin-positive versus HLA-DR-positive microglial cells was highly significant for 

all the groups examined (P < 0.01). The number of HLA-DR-positive microglial cells increased 

significantly with age (P < 0.05) (Fig. 3-3A), particularly with AD pathology, in accordance with 

previous reports (Carpenter et al. 1993; Luber-Narod and Rogers 1988). Although comparison of 

the number of HLA-DR-positive microglia in the ND and HPC groups showed no significant 

difference (P > 0.5), the number of HLA-DR-positive microglia was significantly different 

between all other groups (i.e., Y and ND, Y and HPC, Y and AD, HPC and AD groups) (P < 

0.01). In contrast to HLA-DR expression, microglial L-chain Ft expression appeared to decrease 

with advancing age (P < 0.05), although a smaller subject pool in the young control group (n=3 

versus n=7 in aged groups) may preclude a conclusive comparison of the number of stained 

microglial cells among aged groups and young controls. In HPC and AD tissues, the number of 

Ft-IR microglia was slightly higher than in ND tissues but this difference did not reach statistical 

significance. 

 Figure 3-3B shows the number of stained cells quantified in Fig. 3-3A that presented 

dystrophic changes. Microglial dystrophy was more prevalent in Ft-positive microglia than in 

HLA-DR-positive microglia for all groups (P < 0.01), except for the Y subjects (P > 0.5).  Table 

3-2 shows the percentage of microglial cells stained with either LN3 or Ferritin (Fig. 3-3A) that 

shows dystrophic changes (Fig. 3-3B). In younger brains, about 8% of Ft-IR microglial cells and 

4% of HLA-DR positive microglia exhibited dystrophic changes. In ND tissues, approximately 

5% of the HLA-DR-IR microglia were found to exhibit dystrophic changes whereas 83% of Ft-
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positive microglia appeared dystrophic. In the HPC group, HLA-DR-positive, dystrophic 

microglia amounted to 11% of the total number of LN-3 stained microglial cells. For this group, 

approximately 57% of the Ft-IR microglial cells exhibited signs of dystrophy. Microglial cells 

immunoreactive for HLA-DR antigens in the AD tissues were found to exhibit mostly ramified 

and hypertrophic profiles, with only about 9% of these cells showing signs of dystrophy. In 

contrast, 83% of Ft-IR microglial cells in AD tissues possessed a dystrophic morphology.    

 In younger brains, Ft-positive dystrophic microglia were less conspicuous in comparison 

with Ft-IR dystrophic microglia in aged tissues. Moreover, in regards to the instances of 

dystrophic microglia immunoreactive for HLA-DR antigens, independent t-tests showed 

statistically significant differences (P < 0.01) in multiple comparisons between all groups, except 

for HPC versus AD (P > 0.5) (Fig. 3-3B). Similar comparisons were made for the instances of 

Ft-positive dystrophic microglia. The only non-significant comparison found was between the 

ND and HPC groups (P > 0.5) (Fig. 3-3B).  

 
Ferritin-Positive Microglia Constitute a Subset of the Larger Microglial Pool 
 
 Direct evidence for the finding that Ft-positive microglia constitute a subpopulation of 

the overall microglial pool was obtained by fluorescently double labeling microglial cells with 

both HLA-DR and Ft markers (Fig. 3-4). In immunofluorescence staining preparations, HLA-

DR-positive microglial cells outnumbered Ft-positive microglia, as evidenced by comparing 

single labeling for each marker. By merging color channels, it was confirmed that only a subset 

of microglial cells express L-Ft by co-localization with HLA-DR antigens. Moreover, in a given 

microscopic focal plane, Ft immunoreactivity was found to occur throughout the extent of 

microglial cell processes in a similar manner as for HLA-DR immunoreactivity, suggesting a 

similar cellular localization for the antigens analyzed in this study.   
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Microglial Dystrophic Changes are Not Due to Postmortem Tissue Autolysis  
 

Postmortem delay defines the time interval in hours from death to tissue preservation. In 

order to determine whether or not microglial dystrophic changes could be caused by tissue 

autolysis during prolonged post-mortem intervals (PMIs), ferritin immunohistochemistry was 

performed on the frontal and temporal cortices of 9 forensic cases with postmortem delays 

ranging from 3 to 20 hours (Table 2-2). The subjects studied included 8 men and one woman; 

their mean age at death was 43.56 years with a standard deviation of 16.52 years. Review of 

clinical records and general autopsy reports revealed no evidence of neurologic disease, drug 

intake, or metabolic disease. Moreover, temperature, mode of fixation and storage, and staining 

technique were thoroughly controlled.  

At a PMI of 3 hrs, Ft-IR microglial cells exhibited a mostly branched morphology (Fig. 

3-5A), although distal processes were largely devoid of fine ramifications. Similar 

morphological characteristics were observed at longer PMIs (Fig. 3-5B-D), and most Ft-positive 

microglia in these tissues displayed deramified and beaded processes as described before (Table 

3-1). Instances of deramified microglial cells remained constant from shortest to longest PMI. 

However, non-specific background staining was found to increase after a PMI of 8 hrs. These 

results suggest that Ft antigenicity is resistant to postmortem delay autolysis. In contrast, HLA-

DR immunoreactivity, as demonstrated by LN-3 staining, proved very sensitive to prolonged 

postmortem delay and was of poor quality following immunohistochemistry (data not shown). 

Taken together, our results suggest that the structural changes associated with microglial 

dystrophy are not associated with postmortem interval tissue autolysis, but instead to inherent 

metabolic changes.  
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Ferritin-Positive Dystrophic Microglia are Prominent in the Brains of Alzheimer’s Disease 
Patients 

 
 In our evaluation of microglial dystrophy, it became apparent that dystrophic microglia in 

aged specimens differed in the extent of cytoplasmic degeneration from those in younger brain 

tissue samples. Consequently, we set out to analyze in detail the morphological characteristics of 

both ramified and overtly dystrophic (i.e., cytorrhectic) microglia immunoreactive for both HLA-

DR and Ferritin markers in all groups examined. In both control and AD tissues, HLA-DR-

positive microglia predominantly exhibited a highly branched morphology including distal 

ramifications (Fig. 3-6A-D). However, a few HLA-DR immunoreactive microglia presented 

signs of dystrophy (Fig. 3-6B). Cytorrhexis, which appears to be the most severe form of 

microglial degeneration, could be observed in HLA-DR-positive microglia but only in aged 

groups (Fig. 3-6F-H) and not in young controls (Fig. 3-6E). In most cases, only a small number 

of HLA-DR-positive microglia in younger control subjects presented deramification of processes 

(Fig. 3-6E), which often did not progress into further degeneration of cytoplasmic structure. 

Cytorrhexis is thought to progress from deramified, beaded processes (as shown in Fig. 3-6F) 

into a complete fragmentation of cytoplasmic processes (Fig. 3-6G-H).  

 Ferritin-positive microglial cells ramified to the same extent as HLA-DR-IR microglia 

were rarely observed. For the most part, Ft-positive microglia never fully exhibited the branched 

morphology of HLA-DR positive microglia. Instead, they appeared in a deramified, atrophied 

morphology regardless of the age group in question (Fig. 3-6I-L). The majority of L-Ft-positive 

microglia in aged groups displayed all of the previously established characteristics of dystrophy 

(Table 3-1), while in young control subjects most Ft-positive microglia presented only a 

deramified morphology (Fig. 3-6M). Cytorrhectic microglia in ferritin-stained sections were 
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more readily identified as well as more pronounced than in LN-3 stained sections and they were 

largely limited to aged groups (Fig. 3-6N-P and Table 3-1), particularly in AD brain specimens. 

 In contrast to the other two aged groups examined, only 57% of Ft-positive microglia in 

HPC tissues appeared dystrophic (Fig. 3-3B; Table 3-2). The remainder of Ft-IR microglial cells 

did not fit the criteria for microglial dystrophy as outlined in Table 3-1, but their processes were 

often stripped of fine ramifications similar to Ft-positive microglial cells in younger tissues 

(Figs. 3-6I, 3-6M).  AD tissue specimens exhibited the most severe dystrophic changes compared 

to the other groups, both for HLA-DR-positive and Ft-positive microglia.  

 
Morphological analyses of microglia in the proximity of senile plaques 
 
 Because microglial cells exhibiting characteristics of cytoplasmic deterioration were 

readily noticeable in the AD brain (Figure 3-7), we subsequently wanted to know whether there 

was any relationship between AD-related histological pathologies (i.e., SP and NFT) and the 

occurrence of degenerative features in microglia. Therefore, to determine whether the incidence 

of dystrophic microglia was higher in the proximity of extracellular deposits of Aβ proteins 

(senile plaques), double immunohistochemistry was performed for both Aβ (6F3D) and 

microglia (Ferritin or LN3). Although amyloid deposition is considered a prerequisite for the 

unequivocal diagnosis of AD, they also occur in the brains of non-demented individuals, albeit to 

a lesser degree and in a more restricted distribution (Arriagada et al. 1992). Consequently, we 

chose to analyze and compare the instances of dystrophic microglia near Aβ deposits in both 

cognitively normal (HPC) and demented (AD) individuals.   

In both HPC and AD tissues, HLA-DR-positive microglia showed mostly a ramified 

morphology (Fig. 3-8A-B), even in close proximity to SPs (Fig. 3-8C-D). These double labeling 

experiments corroborated the quantitative analysis of the proportion of dystrophic microglia in 
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HLA-DR immunoreactive microglia (Fig. 3-3B), which indicated that only approximately 10% 

of HLA-DR-positive microglia in HPC and AD tissues presented signs of degeneration. The 

dystrophic microglia in these tissues showed predominantly morphological features of atrophy 

and spheroid formation. Moreover, the few dystrophic microglia that could be identified in these 

tissues appeared randomly distributed throughout the brain parenchyma. Thus, there was no 

obvious spatial correlation between HLA-DR-positive, dystrophic microglial cells and SPs.  

Similarly, Ft-positive dystrophic microglia were not concentrated around SPs, but 

scattered throughout the brain parenchyma of both HPC and AD tissues (Fig. 3-9). Taking into 

consideration that the incidence of dystrophic changes is higher in Ft-IR microglia (Fig. 3-3B), 

most Ft-positive microglia in both AD and HPC tissues appeared morphologically aberrant 

irrespective of proximity to Aβ deposits. Interestingly, this result was already apparent in our 

quantification of dystrophic microglia in Fig. 3-3B; Aβ deposition as a common denominator 

between HPC and AD tissues appeared to be insufficient in promoting dystrophic changes, since 

only roughly half of all Ft-positive microglia in HPC tissue samples appeared dystrophic while 

the large majority (about 90%) of Ft-positive microglia in AD subjects showed signs of 

dystrophy (Fig. 3-3B). Perhaps because of the higher incidence of dystrophic changes in Ft-IR 

microglia compared to HLA-DR-positive microglia, nearly all Ft-positive microglia appeared 

dystrophic at or near SPs (Fig. 3-3C-D).  

 
Brain Specimens Used in This Study Represent Early AD 
 
 Because we did not observe any correlation in the proximity of microglial cells exhibiting 

dystrophic features to Aβ deposits in both HPC and AD brain specimens, next we were interested 

in determining the identity of the SPs present in our brain specimens. We noticed that the 6F3D-

immunoreactive SPs were prevalent mostly in the neocortical brain regions (SFG, temporal 
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gyrus), particularly in cortical layers III-V (Fig. 3-10A). Morphologically, the stained SPs 

appeared amorphous and surrounded by a well-defined outline contour, all of which are defining 

characteristics of diffuse SPs (Fig. 3-10B). This morphological characterization was corroborated 

by the finding that most microglial cells surrounding the plaques appeared ramified and not 

hypertrophic (Fig. 3-10C). We also attempted to stain NFTs in adjacent tissue sections using 

various established markers of NFTs (CNPase [Calbiochem]; PHF-Tau clone AT8 [Thermo 

Scientific]; RIP [BD Transduction labs]) and immunohistochemical procedures with no success, 

however (data not shown). The predominance of diffuse SPs in the neocortex and the absence of 

NFT pathology and neuritic plaques suggest that our brain specimens are staged in the early 

phase of the disease.  

 
Analyses of Microglial Ferritin Immunoreactivity in Young and Aged Rats 

 
Acute Activation of Microglial Cells Does Not Induce Ferritin Expression 

Because dystrophic microglia exhibit some morphological similarities with activated 

microglial cells (Lopes et al. 2008; Streit 2006), namely deramification and spheroid formation 

(Table 3-3), we subsequently wanted to determine whether microglial activation induces Ft 

expression and if perhaps the appearance of dystrophic microglia is increased under injury-

induced activation conditions in aged animals. To this end, we analyzed Ft immunoreactivity in 

microglial cells activated in vivo by the well-characterized FN axotomy paradigm in both young 

and aged rats.  

To examine whether Ft immunoreactivity is upregulated in activated microglial cells, the 

right FN of rats was acutely injured while leaving the left FN intact to serve as an internal 

control. Brain sections from the axotomized rats were then immunostained for L-ferritin. No 

difference in staining patterns was found between the axotomized and control (contralateral) 

 51



 

sides of the rat FNu, regardless of the time interval following the nerve injury or the age of the 

animal (Figure 3-11). However, Ft immunoreactivity within the FNu increased with age,. At 3 

months of age, Ft immunohistochemistry showed a light staining of both axotomized and control 

FNu where only a few intensely stained cells could be identified (Figure 3-11, top panel). In rats 

aged 30 months, there was a visible increase in Ft background staining in both sides of the FNu, 

which appeared to spread to adjacent areas accompanied by an increase in the number and 

distribution of immunoreactive cells (Figure 3-11, bottom panel).  

 In order to find out whether the few Ft-IR cells observed in the FNu were microglial 

cells, double immunofluorescence staining was performed using both Ft and microglial markers. 

Microglial cells were visualized by staining with OX-42, a mouse monoclonal antibody (mAb) 

that specifically recognizes type 3 complement receptors (CR3) expressed by both ramified and 

activated microglia (Ling et al. 1992; Milligan et al. 1991). Induction of microglial activation 

was confirmed by changes in cell morphology (hypertrophy), cell number (proliferation), and 

immunophenotype (upregulation of CR3 antigens) within the axotomized FNu of both young 

(Figure 3-12B) and aged (Figure 3-12H) rats compared to the control side (Figures 3-12A, 3-

12G). This microglial activation response did not induce an upregulation of Ft, as evidenced by 

an equivalent number of Ft-positive cells in both sides of the FNu (Figures 3-12C-D, 3-12I-J). 

However, a higher number of Ft-IR cells was observed in aged rats (Figure 3-12I-J) compared to 

the younger group (Figure 3-12C-D) in accordance with the increased staining shown in Figure 

1. In both axotomized and control FNu these Ft-IR cells did not colocalize with OX-42-IR 

microglia (Figures 3-12E-F, 3-12K-L), although a few did in aged animals (Figure 3-12K-L).  

Although the majority of Ft-positive cells within the rat FNu did not colocalize with CR3 

antigens, their identity could be resolved based on defining morphological characteristics. Ft-
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positive cells had a larger and rounder nucleus than OX-42-positive microglia as well as fewer 

(if any) processes stained (Figure 3-13), and these morphological features identified them as 

oligodendrocytes by comparison with previously published oligodendroglial 

immunohistochemical data using L-ferritin (Cheepsunthorn et al. 1998; Cheepsunthorn et al. 

2001; Koeppen and Dickson 2001; Ogawa et al. 1994).  

 
Ferritin Immunohistochemistry Labels Predominantly Oligodendrocytes in Rat Brains 
 
 Our Ft histological studies on human brain specimens indicated that only a subset of 

microglial cells express L-rich ferritins (see Figs. 3-3 and 3-4). We noticed similar results in FNu 

sections in rats (Fig. 3-12). In order to determine the validity of our results in rats, we decided to 

also stain rat coronal sections that contained the hippocampus, an area previously established to 

contain a high number of L-Ft-positive cells (Huang and Ong 2005). Our histological analysis 

corroborated earlier studies in that Ft-positive cells were found predominantly in the 

hippocampal region of rats, irrespective of the age of the animal (Fig. 3-14). Morphological 

evaluation of these Ft-positive cells under high power magnification revealed cells with a darker 

perinuclear staining and few stained processes, all of which are suggestive of oligodendroglial 

phenotype (Fig. 3-14). Our histological characterization of L-Ft-positive cells in the rat 

hippocampus was supported by our double immunohistrochemisry findings that OX-42-positive 

microglia do not colocalize with L-Ft markers (Fig. 3-15). In addition, Ft-IR cells did not colabel 

with OX-42-positive microglia in either cortical or cerebellar regions (Fig. 3-15). Moreover, 

these Ft-IR cells presented a morphology different from OX-42-IR microglia, including a 

rounder and slightly larger perinuclear regions and fewer, punctate (thin) branches, all of which 

are hallmark characteristics of oligodendroglial cells.    
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Morphological Analyses of Microglial Senescence in the Rat Brain under Conditions of 
Normal Aging and Acute Injury 

 
Accumulation of Lipofuscin Granules are Prevalent in Dystrophic Microglia of the Aging 
Rat Brain 
 

Since the FN axotomy procedure performed represents a mild, reversible injury that does 

not lead to debris accumulation, no phagocytic activity by activated microglial cells should take 

place. As stated previously, microglial cells have been shown to senesce with advancing age 

(Flanary and Streit 2003; Streit 2006), the outcome of which remains unknown. Therefore, our 

next aim was to investigate whether there were any microglial cells in the aged rat brain that 

would exhibit an altered activation response. Since prior work had reported microglial 

hypertrophy in aged rats (Conde and Streit 2006), we wanted to investigate whether these 

enlarged microglia were expressing lysosomal proteins normally found in phagocytic cells. ED1 

is a mouse mAb that recognizes a single chain glycoprotein of 110kDa expressed predominantly 

on the lysosomal membrane of phagocytic cells (i.e., microglia/macrophages) (Dijkstra et al. 

1985). Double labeling immunofluorescence was, therefore, performed in axotomized rat brain 

tissues using both ED1 and ionized calcium binding adaptor molecule 1 (Iba-1) markers, the 

latter of which is a rabbit polyclonal antibody whose antigen is specifically expressed in 

microglial cells (Ito et al. 1998). As expected and confirming prior by Graeber et al. (1998), our 

immunofluorescence analyses revealed that ED1 immunoreactivity is absent in both the 

unoperated and axotomized FNu of young rats (Fig. 3-16A-B). However, in aged brain, a large 

fraction of Iba-1-positive microglia co-localized with ED1 in aged tissues, however (Figure 3-

16C-D). Surprisingly, these ED1-IR microglia were found predominantly and more 

conspicuously in the control side of the FNu (Fig. 3-16C) compared to the axotomized side (Fig. 

3-16D), indicating that expression of ED1 antigen was unrelated to microglial activation.  
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Upon closer examination of the ED1-positive microglia, we noticed that in the non-

axotomized FNu these cells had shorter, less complex branches and a stout perinuclear region 

than ED-1-negative microglia (Fig. 3-16E). Although less ramified, there was no hypertrophy of 

major processes as is typical of activated microglial cells. In the axotomized FNu, the 

morphology of ED1-positive microglia was indistinguishable from ED1-negative microglia (Fig. 

3-16F). Lastly, we noticed that ED1 antigens accumulated preferentially in the perinuclear area 

of the cytoplasm (Fig. 3-17). Interestingly, we also noticed that the ED1-positive signal in 

microglia was detectable by fluorescence microscopy across a wide spectral range (excitation: 

350-580 nm; emission: 400-603 nm) (Fig. 3-18), suggesting that the ED1 positive signal was 

congruent with autofluorescence.  

 Autofluorescence refers to the intrinsic emission of light from endogenous compounds 

other than the fluorophore of interest. It is a common occurrence in aged tissues, due primarily to 

the accumulation of autofluorescent lipofuscin (LF) granules within long-lived cells (Brunk and 

Terman 2002; Terman and Brunck 2004). In our analyses, all ED1-positive signal in microglia 

coincided with autofluorescent LF granules by excitation with ultraviolet, blue, and green light 

as illustrated in Figure 3-18A-C (also see the merged image in Fig. 3-19A). Although LF 

appeared in all morphological subtypes of microglia, their intensity and size was more noticeably 

visible in microglial cells exhibiting signs of dystrophy (Figure 3-19A-C), namely loss of distal, 

and sometimes proximal, branches compared to LF-negative ramified microglia (Figure 3-19D). 

Most LF granules in Iba-1-IR microglia accumulated in the nuclear periphery (Figures 3-19A-B). 

Occasionally, we also found LF particles localized within cytoplasmic spheroids away from the 

perinuclear cytoplasm (Figure 3-19C). Spheroid formation in human microglia is considered a 

characteristic trait of dystrophy. In regards to the anatomical localization, LF-containing 
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microglia were found predominantly in the non-axotomized FNu of aged rats (Table 3-4), 

reinforcing the idea that LF accumulation occurs independent of microglial activation. 

 

 

Figure 3-1. Morphological characteristics differentiate ferritin-positive microglia from ferritin-
positive oligodendrocytes. Photomicrographs taken from serial SFG sections from an 85-year-
old ND individual. (A) L-ferritin-positive oligodendrocytes exhibit strong perinuclear staining, 
few processes and a large nucleus, characteristics that facilitate the differentiation of ferritin-
positive oligodendrocytes (B, arrowhead) from ferritin-positive microglia (B, arrow). In turn, 
ferritin-immunoreactive microglia present fine cytoplasmic ramifications and a small, rounded or 
irregularly shaped nucleus (C). Oligodendrocyte-like morphology in (A-B) was verified by 
comparison to cells immunoreactive to the oligodendrocyte-specific marker CNPase (D). 
Likewise, microglial morphology in (B-C) was similar to HLA-DR-positive microglia (F). In 
gray matter, most ferritin-positive cells present a branched morphology similar to microglia (E). 
Scale bar = (A-C) 10μm, (D-F) 3μm. 
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Figure 3-2. Representative photomicrographs of the number of microglia immunoreactive for 
either HLA-DR antigens or ferritin proteins. Microglia immunoreactive for either HLA-DR 
antigens (A, C, E, G) or L-ferritin proteins (B, D, F, H) in adjacent SFG sections of a 34-year-old 
control individual (A-B), an 81-year-old control individual (C-D), an 83-year-old HPC subject 
(E-F), and an 81-year-old AD subject (G-H). The photomicrographs are representative of the 
number of microglial cells stained with each marker. Note the extensive branched morphology of 
ramified microglia immunoreactive for HLA-DR. L-ferritin-positive microglia exhibit mostly a 
dystrophic morphology. In all groups, microglial labeling was less prominent for ferritin 
expression (B, D, F, H) than for HLA-DR antigen expression (A, C, E, G). Scale bar = (A-H) 
20μm. 
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Figure 3-3. Comparison of the average number of immunoreactive (A) and dystrophic (B) 
microglia stained for either HLA-DR antigens (open bars) or ferritin proteins (closed bars). 
After scoring the number of immunoreactive microglia for each marker in (A), each 
immunoreactive microglial cell was evaluated qualitatively based on a predefined set of 
morphological criteria for dystrophic changes (B). Values are means ± SEM.  
* p < 0.05 versus HLA-DR for each group. 
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Table 3-2. Proportion of HLA-DR- and ferritin-immunoreactive microglia in human brain 
specimens that exhibit dystrophic characteristics. 
 

 Y ND HPC AD 

HLA-DR 4% 5% 11% 9% 

Ferritin 8% 83% 57% 89% 

 
 
 
 
 
 
 
 

 
 
Figure 3-4. Ferritin immunoreactive microglia constitute a subpopulation of the larger HLA-DR-
positive microglial pool. Immunofluorescence microscopy of microglial cells for HLA-DR 
(green) and ferritin (red) antigens in temporal lobe cortex of a 34-year old Y individual (a-c) and 
in a 77-year-old HPC subject (d-f). Merged images of both channels are included, with yellow 
representing overlapping signal. Note that not all microglia express ferritin proteins (b, e). Scale 
bar = (a-f) 20 µm. 
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Figure 3-5. Postmortem interval study. Representative photomicrographs of L-ferritin 
immunoreactive microglia in cortical specimens with ascending postmortem intervals (PMIs): 
(A) 3 hrs, (B) 8 hrs, (C) 14 hrs, and (D) 20 hrs. No increases in the instances of microglial 
dystrophy were observed with increasing PMI. Scale bar = (A-D) 10μm. 
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Figure 3-6. Cytorrhectic microglia are present in aged but not in young human brain tissues. 
Adjacent serial sections of superior frontal cortex of a 37-year old Y individual (A, E, I, M), an 
85-year old ND individual (B, F, J, N), an 84-year old HPC subject (C, G, K, O), and an 85-year 
old AD patient (D, H, L, P) were immunohistochemically labeled for either HLA-DR (A-H) or 
L-ferritin antigens (I-P). Instances of ramified microglial cells were readily visible in HLA-DR-
stained sections for all groups examined (A-D). A small number of HLA-DR-positive microglia 
presented a cytorrhectic morphological profile in all aged groups (F-H) except in young controls 
(E). Cytorrhexis appears to progress from thin, beaded processes (F) to overtly cytoplasmic 
degeneration (G-H). These HLA-DR-positive dystrophic microglia were observed scattered 
randomly in the brain parenchyma among ramified microglia and were relatively few in number. 
In contrast, ferritin-positive microglial cells never fully exhibited the highly branched 
morphology of ramified microglia (I-L), including in young controls (I). Cytorrhectic microglia 
were more numerous in ferritin-stained sections for all aged groups (N-P) except for in young 
controls (M), in which ferritin-positive microglia only exhibited a deramified profile. Scale bar = 
(A-P) 20μm. 
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Figure 3-7. Microglial cells in AD specimens exhibit abnormal morphological features. 
Photomicrographs of microglial cells immunoreactive for HLA-DR antigens in the frontal 
cortical gray matter of a 38-year-old individual (A) and an 87-year-old AD subject (B).  
(A) Ramified microglial cells predominate in the tissue from younger individuals. (B) In the AD-
tissue, the incidence of dystrophic microglia increases, although ramified microglial cells are still 
visible. Here, signs of dystrophy included deramification, formation of multicellular clusters, and 
spheroid formation. The higher incidence of dystrophic microglia in AD brain tissues implicates 
a role for microglial senescence in AD pathogenesis. Scale bar: (A-B) 100μm. 
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Figure 3-8.  HLA-DR-positive microglia (brown) in the vicinity of senile plaques (black) 
present mostly a ramified morphology in both HPC and AD tissues. Nearly all HLA-DR 
immunoreactive microglia around senile plaques exhibited a ramified morphology in the 
temporal cortex of an 89-year old HPC individual (A,C) and in an 87-year old AD subject 
(B,D). A few dystrophic microglial cells could be identified in these tissues and they were 
for the most part scattered randomly in the brain parenchyma irrespective of the location 
of amyloid deposition. Scale bar = (A,B) 10μm; (C,D) 20μm. 
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Figure 3-9. Ferritin-positive microglia (brown) present mostly a deramified profile in 
both HPC and AD tissues irrespective of the vicinity of senile plaques (black). 
Adjacent serial sections labeled for HLA-DR antigens in Figure 7 were labeled for 
ferritin proteins in the 89-year old HPC (A,C) and 87-year old AD (B,D) subjects. 
Dystrophic microglial cells could be readily identified in these tissues. They were 
distributed randomly in the brain parenchyma, occurring both near and away of 
amyloid deposits. Ferritin-positive dystrophic microglia within senile plaques often 
exhibited gnarling and deramification of processes (C) as well as thin, tortuous, 
beaded processes (D). Scale bar = (A,B) 10μm; (C,D) 20μm. 
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Figure 3-10. Morphological characteristics of senile plaques in the AD brain specimens under 
study. These photomicrographs were taken from the SFG of a 85 year old AD patient and are 
representative of other specimens within the AD cohort. (A) Senile plaques immunoreactive for 
6F3D (black) concentrate in cortical gray matter. (B) These plaques appear homogeneous and 
with a sharply defined rim, all of which are characteristics of ‘diffuse’ plaques. (C) HLA-DR-
positive microglia (brown) maintain a ramified morphology in the proximity (and even within) 
the plaques. All of these characteristics pinpoint an early stage for the AD brain specimens under 
study.
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Table 3-3. Morphological Characteristics of Activated and Dystrophic Microglia 
 

 Dystrophic Microglia Activated Microglia 

Hypertrophy ± + + + 

Atrophy ± – 

Deramification + + + ± 

Beading + +  – 

Spheroids + + ± 

Fragmentation + – 

Symbols: –, absent; ±, less pronounced; + present; + + often present; + + +, always present.  
 
 
 

 
Figure 3-11. Ferritin protein levels increase with age in the rat. Ferritin 
immunohistochemistry through the brainstem containing the facial nucleus 
(outlined area) of a 3-month-old (top panel) and a 30-month-old (bottom panel) 
rat at 3 days postaxotomy. Light ferritin staining in younger tissues increased in 
intensity and size with age. No difference in ferritin immunoreactivity was 
observed between control (asterisk) and axotomized sides of rat facial nucleus. 
Scale bar = 500 μm applies to both panels. 
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Figure 3-12. L-ferritin expression is induced by the aging process in microglial cells and not by 
acute activation conditions. Double-immunofluorescence staining of the facial nucleus region of 
both young (A-F) and aged (G-K) rats using the microglial marker OX-42 (red) and ferritin 
(green). OX-42-immunoreactive microglia in the unoperated side of the facial nucleus appear 
ramified and evenly distributed both in young (A) and aged (G) rats. Within the axotomized 
facial nucleus, OX-42-positive microglia are more numerous and hypertrophic (B, H). Few 
ferritin-positive cells were identified in the rat facial nucleus, irrespective of whether or not 
motoneurons were injured (arrowheads in C-D, I-J). Most of these ferritin-positive cells did not 
co-localize with the microglial marker (E-F, K-L) although some colocalization was apparent but 
in aged tissues only (K-L, arrows). Yellow color in merged images (K-L) defines co-expression. 
Insets show a higher magnification view of the double labeled cells. Scale bar= 10μm (A-L). 
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Figure 3-13. Cellular characterization of ferritin-positive (red) and OX-42-positive (green) 
cells within the rat facial nucleus. The majority of ferritin-immunoreactive cells did not co-
localize with the microglial marker OX-42. Moreover, these cells had a larger cell nucleus 
and fewer processes compared to OX-42-positive microglia, fitting the morphological 
appearance of oligodendrocytes. Scale bar= 10μm 
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Figure 3-14. Ferritin positive cells are prevalent in the rat hippocampus. Ferritin 
immunohistochemistry on a coronal section of a 3-month-old rat at the level of the hippocampal 
formation. Composite of low magnification images (2.5x objective lens) show that the highest 
density of ferritin-positive cells are concentrated in the CA3 region of the hippocampus. At 
higher magnification, the morphology of these cells become apparent as that of microglia, with 
small cell bodies and numerous processes.  
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Figure 3-15. Double immunofluorescence staining for ferritin and CR3 receptors in the 
hippocampal, cortical, and cerebellar regions of a 30-month-old rat.  L-ferritin-imunoreactive 
cells (green) do not colocalize with CR3-positive microglia (red) as shown in merged images. Ft-
IR cells exhibit a larger and more densely stained perinuclear regions and fewer IR processes 
compared to OX-42-labeled microglia.  
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Figure 3-16. Immunofluorescence staining using Iba-1 (green) and ED1 (red) in the control (A, 
C) and axotomized (B, D) facial nuclei of a 3-month-old rat (A-B) and a 30-mo old rat (C-D) 10 
days postaxotomy. There is no co-labeling between Iba-1 and ED1 immunoreactive microglia in 
younger brains (A-B). However, colocalization of the markers is readily visible (yellow) in aged 
tissues (C-D). (E-F), higher magnification of boxes in C-D.  Note that ED1 immunoreactivity 
(red) is confined to the perinuclear region of OX-42 positive microglia (green). (E) ED1-positive 
microglia exhibit a dystrophic morphology (arrowhead) in the control facial nucleus compared to 
ED1-negative microglia (arrow). (F) The morphology of ED1-positive microglia in the 
axotomized FN (arrowhead) is indistinguishable from that of ED1-negative microglia. Scale bar 
= 100 μm (A-D), 20μm (E-F). 
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Figure 3-17.  ED-1 immunoreactivity (red) is limited to the perinuclear region (B) of Iba-1-
positive microglia (green; A). Yellow color in (C) indicates co-localization. DAPI-positive 
nuclear DNA is depicted in (A-C). Scale bar = 10 μm (A-C).  
 

 
 

 
 
Figure 3-18. Autofluorescence of lipofuscin particles using ultraviolet (A), green (B), and blue 
(C) excitation lights (360-460, 490-570, and 440-490 nm, respectively). Scale bar= 20 μm (A-C). 
Lipofuscin granules (arrowhead) can be seen with various wavelengths of light in the same cell. 
Scale bar= 20 μm (A-C). 
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Figure 3-19. Lipofuscin granules accumulate in senescent dystrophic microglia of aged rats. 
Fluorescence staining using Iba-1 (green) and ED1 (red) immunohistochemical markers in the 
non-axotomized facial nucleus of a 30-month-old rat. Photomicrographs represent merged 
images taken with ultraviolet, green, and blue excitation lights. Cell in (A) is the merged image 
depicted in Fig. 3-18A-C. The majority of Iba-1 immunoreactive microglia (green) that exhibit 
signs of dystrophy are double labeled for lipofuscin (red), which appears yellow in merged 
images (A-C). Dystrophic morphologies in these cells include an abnormal enlargement of the 
perinuclear region (arrowhead in A-B), which often occurs in severely deramified microglia, and 
spheroid formation (C) at distal branches. (D) Representative image of the ramified morphology 
of lipofuscin-negative, OX-42-positive (green) microglia. DAPI-positive nuclear DNA is 
depicted in (A-D). Scale bar= 10 μm (A-D). 
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 Table 3-4. Cell counts of immunoreactive microglia in the unoperated and axotomized facial   
nucleus† 
 
 

 Young Group  Aged Group 
  

Control F.N. 
 

Axotomized F.N.   
 

Control F.N. 
 

Axotomized F.N. 
 

Iba-1 
 

10.05 ± 0.7 
 

30.83 ± 10.6*
  

 

 10.55 ± 0.13 
 

        30.70 ± 7.73*
 

Lipofuscin 
 

0.3 ± 0.2 
 

            0.20 ± 0.11  
 

   2.28 ± 0.49**
  

 

1.68 ± 0.13**

 

† Values are expressed as the mean ± S.E.M. Symbols: F.N., facial nucleus; * p <0.05 compared 
with the corresponding numbers in the unoperated facial nucleus; ** p <0.001 compared with the 
corresponding numbers in younger animals. 
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CHAPTER 4 
DISCUSSION AND CONCLUSION 

 

Overview of Findings 

 The primary aim of this investigation was to compare and contrast degenerative 

morphological traits in microglial cells of both human and rodent brains. Our histological 

analyses provide evidence that although microglial degeneration is not a unique phenomenon to 

humans, the degree of structural deterioration that microglia undergo as a function of senescence 

in aging brains differs between humans and rats (see Table 4-1). In humans, microglial dystrophy 

appears to be an elaborated process commencing with thinning and deramification of distal 

processes followed by the formation of bulbous swellings along remaining branches, atrophy, 

and finally complete degeneration of the microglial cytoplasmic structure. We found that the 

end-stage of degeneration (cytorrhexis) is particularly widespread in cortical gray matter 

microglia of the early-stage Alzheimer’s disease brain.  In turn, dystrophic microglia of aged rats 

do not develop as many stages and/or severity of degeneration. Furthermore, ostensibly 

degenerative microglia in rodents exhibit a considerable enlargement of the cytoplasmic regions 

immediately adjacent to the cell’s nucleus, the principal location for many organelles, including 

lysosomes. These so-called “pot bellies” are absent in dystrophic microglia of human brains. In 

regards to similarities, we noticed that dystrophic microglia in both human and rodent brains 

present primarily a deramified morphology. In some instances, spheroid-like structures along the 

remaining stripped-down processes can be found in both species.  

In this chapter, I will address and interpret our findings taking into account the possibility 

that overtly dystrophic microglia of aged human brains may facilitate the pathogenicity of age-

dependent neurodegenerative disorders, such as AD. In light of the differences we found 

between dystrophic microglia in human versus rat brains (Table 4-1), it seems worthy of note 
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that although rodents are also affected by deterioration of cellular and systemic functions that are 

associated with the normal aging process, no neurodegenerative disorder has ever been shown to 

occur spontaneously in rodents. Subsequently, I will consider here the possibility that one of the 

reasons why rodents do not develop neurodegenerative diseases is related to their lack of overtly 

dystrophic microglia. Moreover, the findings reported herein underscore the importance of a 

thorough evaluation of the microglial morphological status in order to appropriately assess their 

contribution to age-related neurodegeneration and neurodegenerative diseases. As a final point, 

our immunohistochemical analyses of senescent microglia also reduced the listing of potential 

causes of cytoplasmic degeneration by providing evidence that microglia immunoreactive for the 

iron storage protein ferritin are significantly more likely to exhibit dystrophic traits with aging 

than ferritin-negative microglia. The implication here is that the degeneration of microglial 

cytoplasmic structure may be the outcome of iron-mediated free-radical reactions.  

 
Only a Subset of Microglial Cells Express L-rich Ferritin Proteins 

 
 It has long been known that microglial cells form a heterogeneous cell population within 

the CNS, both in terms of morphological features and present functional status. More recently, 

subsets of microglia that selectively express certain antigens have further increased our 

knowledge of the complexity of the parenchymal microglial pool. For instance, expression of 

such epitopes as the 5D4 keratan sulfate proteoglycan (Bertolotto et al. 1998), the membrane-

bound scavenger receptor CD163 (Roberts et al. 2004), the leukocyte chemotactic factor and the 

leukocyte common antigen (Mittelbronn et al. 2001) as well as the hematopoietic stem cell 

marker CD34 (Wirenfeldt et al. 2005) have all been shown to identify a subpopulation of 

microglial cells in the normal, diseased, and injured CNS. The immunohistochemical results we 

report herein support the concept of microglial cells as a specialized cell population of the CNS 
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by showing that only a subset of microglia participate in long-term iron storage via the 

expression of L-rich ferritin proteins. We hypothesize that the reason only a subset of microglial 

cells participate in prolonged iron storage is to minimize the potential for iron-dependent 

oxidative damage in ferritin-positive microglia.  

 
Potential Link between Iron Storage, Senescence and Microglial Dystrophy 

 
In our immunohistochemical analyses of human brain specimens from elderly and AD 

subjects, we found that microglial degeneration appears to be associated with iron-mediated 

oxidative stress by providing evidence that L-ferritin immunoreactive microglia are particularly 

susceptible to dystrophic changes, especially in the aged brain where more than 60% of L-Ft-

positive microglia exhibited signs of cytoplasmic deterioration. Similar findings were obtained in 

tissue specimens from HD patients and the r6/2 mouse model of HD (Simmons et al. 2007). 

From these results we concluded that both long-term iron storage and cell senescence contribute 

to microglial dystrophy.  

One potential mechanism by which iron storage and senescence may interact relates to 

the age-related increase in ferritin-to-iron ratio. In young animals, when iron levels are relatively 

low, ferritin expression efficiently maintains iron in a non-reactive form due to the high ferritin-

to-iron ratio, but as the brain ages and accumulates iron, ferritin becomes overloaded with iron 

and increased ferritin levels may not be sufficient to contain the elevated iron concentrations 

(Kaur et al., 2007). The iron saturation of ferritin proteins in older animals would likely enhance 

the risk of iron release during ferritin turnover (Kaur et al., 2007), thus increasing the probability 

of iron-induced oxidative damage. On the other hand, microglial dystrophy may be the 

consequence of improper cellular functioning due to intrinsic senescence mechanisms in ferritin-

positive microglia. As reported earlier, microglia undergo age-related changes in metabolic 
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activity, including a decrease in proteolytic activity and a higher production of ROS (Streit et al. 

2008). An extension of this premise in the context of the current study is the possibility that 

senescent microglia gradually lose their ability to maintain viable ferritin-bound iron stores and 

to fight extracellular and intracellular stressors, all of which could result in greater vulnerability 

to degeneration and/or death. 

The microtubule network is probably the first to be affected by the unwanted release of 

iron from ferritin proteins due primarily to two factors: 1) Ferritin molecules bound to 

microtubules contain twice as many iron atoms compared to unbound ferritin (Hasan et al., 

2006);  and 2) OH• generated by the reaction of labile Fe2+ with H2O2, which is controlled in 

large part by microglia, is the most reactive and short-lived ROS, capable of near instant 

oxidation of nearby molecules (Kruszewski 2003). Thus, the high iron concentration of 

microtubule-bound ferritin proteins and their close proximity to microtubules increase the 

susceptibility of the microtubule network to iron-catalyzed oxidative stress reactions. This 

premise may account, at least in part, for the degenerative changes observed in microglial 

cytoplasmic structure, of which their microtubule-rich processes seem to be the most vulnerable.  

 
Microglial Cells are Vulnerable to Oxidative Stress Reactions in Aged Brains   

 
Because oxidative stress is the outcome of an inadequate balance between production and 

elimination of ROS, a diminished microglial antioxidant capacity may be necessary in order for 

microglial dystrophy to occur. Immunocytochemical studies of the antioxidative capacity of 

microglial cells have revealed that among other neural cells microglia are strongly 

immunoreactive for glutathione peroxidase (GPx), an enzyme that uses glutathione to reduce 

H2O2 to water (Hirrlinger et al. 2000; Lindenau et al. 1998). The predominance of this 

antioxidant system in microglia pinpoints the potentially deleterious effects of iron-mediated 
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oxidative stress and the need for endogenous protective mechanisms. It is not yet known whether 

microglial GPx potential is maintained at sufficient levels in the aged brain to account for the 

age-related increase in brain iron levels.  

Despite the lack of evidence for an altered microglial antioxidative potential with aging, 

oxidative stress markers have been identified in microglia. Specifically, the reactive carbonyl 

crotonaldehyde, which is generated during lipid peroxidation, localizes in microglial cells in the 

AD brain (Kawaguchi-Niida et al. 2006). Moreover, striatum microglia of aged (> 11 weeks), but 

not young, R6/2 mice (a mouse model of Huntington’s disease) was found to be immunoreactive 

for 8-OHdG, a DNA base oxidized in free radical reactions by •OH (Simmons et al. 2007). Taken 

together, these findings suggest that the microglial antioxidative capacity may be insufficient in 

neutralizing ROS within the aging brain, where senescence microglia prevail.  

In general, every antioxidative protective biomolecule (e.g., GPx) has at least one target 

oxidant molecule (e.g., H2O2), thus providing an efficient means for ROS detoxification. The 

exception to this is •OH, which is produced from the interaction of Fe2+ with H2O2 and is 

extremely reactive. Mitochondrial reactions are the main cellular sites of H2O2 production and 

dystrophic microglia have been shown to contain degenerated mitochondria (Wierzba-

Bobrowicz T et al. 2004). Activated microglial cells are also capable of producing H2O2 by the 

activity of the enzyme NADPH oxidase at the cell membrane (Twig et al. 2001). As a nonpolar 

molecule, H2O2 is able to diffuse across membranes. Hence, chronic microglial activation may 

lead to increased H2O2 exposure intracellularly. Taken together, these observations suggest that 

L-ferritin-positive microglia are highly dependent on iron and H2O2 homeostasis to prevent iron-

induced oxidative damage.   

 
Hallmarks of Microglial Degeneration in Human and Rodent Brains 
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Our meticulous morphological analyses of immunoreactive microglia under the light 

microscope revealed important characteristics between dystrophic microglia in human and rodent 

brains. These findings, which have been previously described, are summarized in Table 4-1. 

Here, I will place emphasis on the defining characteristics that distinguish dystrophic microglia 

in human brains from dystrophic microglia in rodents. In both species, cytorrhexis, or the 

fragmentation of the cell’s cytoplasm into two or more parts, appears to be the most severe form 

of cytoplasmic degeneration. Whereas cytorrhectic microglia are rare in rodents of all ages and 

in tissue specimens from young human adults, they are prevalent in aged human brains, 

especially in AD patients. Cytorrhexis in microglia range in severity from a relatively small nick 

on a distal process to nearly complete obliteration of the cell’s cytoplasmic structure as shown in 

Fig. 3-6. The blatantly abnormal morphology of these cells suggests that they are in the process 

of degeneration, though the underlying mechanisms by which cytorrhectic microglia execute 

cellular demise are not presently known.  

 Typically, pathways leading to cell death are discussed as discrete, independent entities 

that are separated dichotomously into either apoptosis or necrosis. Just like the initial 

morphological characterization of cytorrhexis reported herein, the detection of apoptotic and 

necrotic cell death mechanisms were initially based on cell morphology by using light and 

electron microscopy (Kerr et al. 1972). Nowadays, morphological features that distinguish 

apoptosis from necrosis as well as their biochemical and physiological characteristics are well-

characterized. Apoptosis is a form of caspase-mediated cell death that exhibit, among other 

features, chromatin condensation and cytoplasmic fragmentation into apoptotic vesicles (see 

Table 4-2). Apoptotic cells are readily recognized and phagocytosed by tissue macrophages 

resulting in an anti-inflammatory outcome. Necrosis, on the other hand, describes the 
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postmortem observation of dead cells that have lost membrane integrity from cell swelling and 

subsequent lysis (Table 4-2). In vivo necrotic cell death is often associated with extensive tissue 

damage resulting in intense inflammatory reaction.  

Although dystrophic microglia share some features with apoptotic cells and necrotic cells 

(as summarized in Table 4-2), they do not wholly conform to either cell death pathway. In 

particular, cytorrhexis (i.e., end-stage dystrophy) affect individual microglial cells (akin to 

apoptosis) but do not form apoptotic cell bodies (unlike apoptosis). Moreover, preliminary 

immunohistochemical studies using the terminal deoxynucleotidyl transferase-mediated dUTP 

nick end labeling (TUNEL) method to visualize DNA fragmentation in individual nuclei, which 

is often used as a defining characteristic of apoptotic cells, yielded only negative results in 

previous histological preparations from our laboratory (data not shown). Notably, although tissue 

debris resulting from either apoptosis or necrosis is phagocytosed by macrophages, no evidence 

of activated microglia and/or macrophages are observed in the vicinity of dystrophic microglia. 

In all, because so little is currently known about the biochemical pathways leading to microglial 

cytorrhexis, it seems unreasonable to classify cytorrhectic microglia into a specific mode of cell 

death just yet.  

Despite the widespread use of a dichotomous classification of cell death into either 

apoptosis or necrosis, recent observations suggest that the true biological spectrum of cell death 

is much more diverse than initially appreciated. Other pathways of cell death identified thus far 

include autophagy, oncosis, and pyroptosis, among others. Today it is also evident that the 

molecular processes that mediate cell death may actually overlap considerably in dying cells. 

Futher investigations into molecular and biochemical alterations in dystrophic microglia is likely 
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to aid in the elucidation of whether dystrophic microglia are degenerating based on yet 

unidentified pathways or on a combination of known cell death programs.  

 In the aged rodent brain, cytorrhectic microglia are infrequent. Instead, overtly dystrophic 

microglia in aged rats exhibit a gross enlargement of their perinuclear region, which under 

fluorescence microscopy has been determined to contain autofluorescent LF granules. In turn, in 

our immunohistochemical analyses no LF-positive microglia were detected in human brains. It is 

not yet known what the cellular and physiological relevance of this discrepancy is. Labile iron 

acts as a catalyst in LF formation and accumulation within the lysosomal compartment of 

senescence cells (Jolly et al. 1995; Terman and Brunck 2004), the same site of normal Ft 

turnover. It is possible, therefore, that senescent microglia become inadequate in maintaining 

their intracellular ferritin-to-iron homeostasis, probably due to an impairment of their 

degradative pathways (Stolzing and Grune 2003) that terminates in labile iron incidence within 

lysosomes.  

For yet unknown reasons, it is possible that rats have a propensity to accrue lipid-laden 

LF particles, and the resulting labile iron from lysosomes may catalyze LF-formation instead of 

Fenton-type reactions, which is thought to occur in humans. This hypothesis would provide a 

basis as to why cytorrhectic (i.e., degenerating) microglia are found primarily in humans while 

LF-positive microglia are predominant in rodents. Altogether, it seems that even though the 

morphological features of dystrophic microglia differ somewhat between humans and rats, they 

are still interlinked by their association with iron chemistry.   

 
Microglial Dystrophy Is Not Due to Postmortem Tissue Autolysis 

 
Our immunohistochemical analyses revealed that the morphological signs of microglial 

degeneration in L-ferritin positive microglia were manifested by shortening, thinning, twisting, 
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and fragmentation of processes. These changes were in accordance with previous reports of 

microglial degeneration cited in the literature (see Table 1-2). In order to determine whether 

these aberrant morphological characteristics could actually be an artifact of postmortem tissue 

autolysis, we compared the morphology of ferritin-positive microglia in tissues with PMI 

ranging from 3 to 20 hours. Our investigation provided no correlation between microglial 

dystrophy and increased postmortem delay, supporting the idea that microglial degeneration is a 

true pathophysiological event. Additional support for this notion is derived from our recent 

observations in an animal model of amyotrophic lateral sclerosis (where autolysis is not an issue) 

demonstrating widespread microglial dystrophy in areas undergoing motoneuron degeneration 

(Fendrick et al. 2007).  

 
Dystrophic Microglia Are Most Prevalent in the Alzheimer’s Disease Brain  

Than in Age-Matched Non-Demented Control Tissues 
 
In our immunohistological characterization of dystrophic microglia, it became readily 

apparent that the incidence and severity of microglial dystrophy was considerably greater in AD 

tissues compared to young and even age-matched controls. Why dystrophic microglia are 

preferentially localized in the AD brain is presently unknown, however. The predominance of 

specific dystrophic morphologies (i.e., formation of spheroid-like protuberances [bulbous 

swellings] along major processes and multicellular clusters) in brain tissues that have 

extracellular Aβ aggregates in common (HPC and AD tissues), raised the possibility that the 

proximity to histopathological hallmarks of AD played a contributory role in the demise of 

microglial cells. To address this question, we first investigated whether these dystrophic changes 

could be linked to the amyloid-β deposition that is present in both of these tissues.  
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Although both HPC and AD tissues contained Aβ deposits, the incidence of L-Ft-positive 

dystrophic microglia was significantly higher in AD tissues, which suggests that Aβ deposition 

alone does not seem to predispose microglial cells to degeneration. Furthermore, we found no 

correlation between dystrophic changes and proximity to SPs for both HLA-DR- and ferritin-

positive microglia. Taken together, it seems likely that an altered homeostatic milieu, instead of 

SP accumulation per se, may play a more significant role in the occurrence of dystrophic 

microglia. Of interest, changes in calcium and iron homeostasis, as well as higher indices of 

oxidative stress markers have been reported in AD brains (Selkoe 2004), the significance of 

which to microglial dystrophy remains unknown. On one side, it is possible that senescent 

microglia contribute to the altered brain homeostasis that occurs in AD tissues due to altered 

microglial functioning. Alternatively, senescent microglia may be particularly vulnerable to such 

changes, which may then predispose this subset of older microglia to degeneration secondarily.  

 In regards to the relationship between NFTs and dystrophic microglia, our analysis was 

hindered by the fact that no positive immunohistochemical signal was obtained for NFTs in any 

of the tissues used in this study. These negative data was corroborated by evaluating the 

morphological characteristics of the 6F3D-positive senile plaques. In all tissues examined, both 

HPC and AD, we found that the SPs had a diffuse morphology and were distributed primarily in 

the gray matter region of the SFG. Additionally, we were unable to stain these SPs with Congo 

Red. In all, these findings suggest that the AD tissues under study can be situated in the early 

stages of the disease (see Tables 1-3 and 1-4).  

 Since dystrophic microglia are prevalent in early AD, it is possible that microglial 

degeneration actually contributes to AD pathogenesis and/or progression.  Further studies are 

necessary to delineate the precise effect of degenerating microglia in AD brains. Since AD 
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dementia is best correlated with loss of synapses rather than the accumulation of protein 

aggregates (DeKosky and Scheff 1990), it is possible that with aging and the ensuing progressive 

accumulation of dystrophic microglia in the brain parenchyma, results in more and more 

widespread malnourishment of neurons, which could first have an effect on the maintenance of 

synapses and subsequently on the well-being of neurons themselves.  

The current findings offer additional evidence for the microglial dysfunction hypothesis 

of AD (Streit 2004) by demonstrating a direct relationship between microglial dystrophy and the 

expression of L-rich ferritin proteins. The dysfunction hypothesis states that a principal cause for 

development for aging-associated neurodegeneration is found in an age-related decline in 

microglial neuroprotection which occurs because microglial cells themselves are subject to 

cellular senescence, as evidenced primarily by the increased incidence of dystrophic microglia in 

aged brains. The current findings offer a possible mechanism as to why dystrophic changes occur 

in microglia, namely, that dystrophy is a result of iron-mediated oxidative damage.  

 
Dystrophic Microglia are Associated with Aging and Not Injury Conditions in Aged Rats 

 
Axotomy by brief constriction of fibre tracts of FMNs produces a mild neuronal injury 

that induces a transient microglial activation response within the FNu (Graeber et al. 1988a; 

Graeber et al. 1988b; Moran and Graeber 2004). Because there is no cell death (i.e., injured 

motoneurons regenerate their peripheral axons), activated microglial cells normally do not reach 

the advanced phagocytic stage of activation (Streit et al. 2000). In order to determine whether the 

degree of microglial activation to such reversible neuronal injury is disregulated in dystrophic 

microglia of aged rats, we analyzed microglial immunoreactivity to the macrophage-specific 

marker ED1 in FNu sections from axotomized young and aged rats. The antigen recognized by 

ED1, which is the rat homologue of human CD68, is expressed on the lysosomal membranes of 
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phagocytic (i.e. myeloid) cells and is often used as a marker of phagocytic activity (Dijkstra et al. 

1985; Flaris and Hickey 1992). Macrophages (constitutively ED-1-positive) and microglia 

(facultatively ED1-positive) are functionally and developmentally related, expressing a similar 

repertoire of genes (Sedgwick and al. 1991). 

First, we noticed occasional ED1-immunoreactive cells but mostly in the control FNu of 

aged rats (not the axotomized side as expected). Aging appears to promote ED1 

immunoreactivity in rats after cortical stab injury (Kyrkanides et al. 2001) and stroke (Badan et 

al. 2003a; Badan et al. 2003b). However, since in the rodent FN axotomy model there is no 

disruption of the BBB (Moran and Graeber 2004), it seemed unlikely that ED1-positive cells 

would be present in the axotomized FNu, especially in the uninjured side. The possibility that the 

rapid microgliosis observed in the lesioned FNu is dependent on the recruitment of blood-borne 

progenitors (i.e., ED1-positive macrophages) has been recently dismissed in a study using 

chimeric animals obtained by parabiosis (Ajami et al. 2007). More specifically, the authors 

reported that although rare ED-1-positive cells were present in the axotomized FNu area, they 

were located inside blood vessels and not in the brain parenchyma (Ajami et al. 2007).  

Upon closer examination of the ostensibly ED1 immunoreactive microglia present in 

aged rat tissue sections, it was noticeable that immunofluorescence was achieved irrespective of 

the fluorophore used, raising the possibility that the positive signal was in fact derived from 

autofluorescence. Instead of disregarding these data as artifact, we analyzed the characteristics of 

these seemingly autofluorescent microglia. Based on spectral properties and cellular localization, 

it was determined that the autofluorescent material was derived from intracellular LF granules. 

Lipofuscin, or age pigment, is a heterogeneous nondegradable lipophilic material that 

accumulate within lysosomal compartments as residual bodies (Brunk and Terman 2002; Terman 
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and Brunk 2004). We concluded, therefore, that the combined effect of staining lysosomal 

membrane proteins with the autofluorescent signal from lysosomal LF particles led to our 

conspicuous detection of LF material in microglial cells of aged rats.  

Our in-depth analysis of these ‘autofluorescent’ microglia also led to the discovery that 

lipofuscin-positive microglia, observed primarily in the non-axotomized FNu of aged rats, 

exhibit dystrophic morphological characteristics. In particular, LF-positive microglia presented 

deramification of distal processes, an abnormal swelling of the perinuclear region and spheroid-

formation, all of which were readily noticeable in the control FNu. Because the axotomized FNu 

is populated by hypertrophic microglia, which also exhibit deramification patterns and an 

enlargement of the cell body, the differentiation between dystrophic and activated microglia was 

significantly more difficult to achieve. Nonetheless, the finding of LF particles in microglial cells 

seems to be in itself a strong enough indicator of microglial dystrophy in aged rats as highlighted 

below.  

 Lipofuscin accumulates progressively with advancing age, which explains why 

autofluorescent LF signals were absent in young rat brain tissues. Interestingly, we observed 

only a neglibible number of LF-positive microglia in the axotomized FNu of aged rats. Because  

LF accumulation is usually seen in cells that have reached a postmitotic phase (Brunk and 

Terman 2002), our results can be interpreted as a sign that LF-positive microglial cells are, in 

fact, senescent cells. That is, the low numbers of LF-positive microglia in the axotomized FNu 

may stem from the fact that  upon activation conditions that demand cell proliferation (e.g., FN 

axotomy), LF-positive microglia, which are incapable of undergoing cell proliferation, are 

outnumbered by mitotic LF-negative microglia. Altogether, our findings suggest that senescent, 

dystrophic microglia in aged rats are manifested predominantly as LF-positive microglia. LF 
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granules has been previously shown to accumulate in aging microglia from rodent brains (Sierra 

et al. 2007; Xu et al. 2008), although this study is the first known account of the probable 

association between LF accumulation with microglial senescence and dystrophy. 

 
Ferritin Immunoreactivity Is Not Upregulated in Activated Microglial Cells 

 
Because Ft immunohistochemistry has been used in the past to identify activated 

microglial cells (Grundke-Iqbal et al. 1990; Kaneko et al. 1989) and activated microglia share 

some morphological similarities with dystrophic microglia, namely atrophy of distal branches 

(Table 4-1;(Lopes et al. 2008; Streit 2006), a secondary goal of this thesis was to investigate 

whether microglial activation induces Ft expression. To answer this question we utilized the FN 

axotomy paradigm, since the microglial activation response in this model is well-characterized 

(Graeber et al. 1988a; Graeber et al. 1988b; Moran and Graeber 2004; Streit et al. 2000). 

Previously, the rat FNu has been shown to express very low levels of L-Ft mRNA (Han 

et al. 2002), while to our knowledge the present study is the first to report on L-Ft protein levels 

in the rat FNu. We hypothesized that if Ft immunoreactivity is indeed supposed to specifically 

label activated microglial cells, Ft expression should be upregulated during activation conditions. 

Our histological analysis revealed that microglial Ft expression is not affected by injury-induced 

activation conditions by comparison of Ft-staining patterns between axotomized and uninjured 

sides of the FNu from both young and aged rats. The only difference found was a higher level of 

Ft immunoreactivity in aged animals. We also noticed that the majority of Ft-IR cells found in 

either side of the rat FNu exhibited morphological characteristics of oligodendrocytes, while 

only occasionally Ft-positive microglial cells were identified in the aged rat FNu. 

 Several observations can account for such findings. First, cellular Ft expression is 

regulated primarily by iron availability at the posttranslational level, with high iron levels 
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inducing Ft upregulation (Hentze et al. 2004). Since brain iron levels increase steadily with 

advancing age (Benkovic and Connor 1993; Focht et al. 1997), the increase in Ft expression with 

aging is attributed to ferritin’s role as an intracellular scavenger of excess iron (Focht et al. 

1997). Second, it is possible that in the rat FNu most L-Ft proteins are expressed primarily by 

oligodendrocytes instead of microglial cells due to an intrinsic region- and species-specific Ft 

subunit distribution (Benkovic and Connor 1993; Connor et al. 1994). Third, axotomy of the FN 

has been shown to upregulate the expression of TfR, which are responsible for an increased 

cellular iron uptake in regenerating FMNs (Graeber et al. 1989). TfR expression is inversely 

related to Ft expression, that is TfR levels increase in conditions of low iron availability 

(Harrison and Arosio 1996), thus providing another explanation for the low levels of Ft 

immunoreactivity in the rat FNu observed in the present study. Overall, we observed that 

activation conditions were insufficient to upregulate Ft expression levels in microglia. Aging and 

the resulting increase in brain iron levels, on the other hand, appeared to promote microglial Ft 

expression within the rat FNu. In all, our data suggests that ferritin immunoreactivity is a poor 

indicator of activated microglial cells. 

Concluding Remarks 
 

In summary, although ferritin immunohistochemistry has been known for its use as a 

generic microglial marker (Grundke-Iqbal et al. 1990; Kaneko et al. 1989), our current results 

suggest that ferritin immunoreactivity could be used more specifically as a selective marker of 

those microglial cells that are in danger of being lost. An extension of the current findings 

suggest a possible mechanism as to why dystrophic changes occur in microglia, namely, that 

dystrophy is a result of iron-mediated oxidative damage.  
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In our morphological analyses of microglial cells in the normal and diseased human 

brain, we found that ferritin-positive dystrophic microglia predominated in the aged brain, 

particularly in postmortem tissue from Alzheimer’s disease brains. Because microglial 

degeneration is widespread in tissues undergoing age-related neurodegeneration associated with 

disease conditions (i.e., AD), it is speculated that dystrophic microglia may participate in the 

disease process. This hypothesis is based on the probability that the morphological abnormalities 

that characterize dystrophic microglia likely reflect aberrant functional states. More specifically, 

degeneration of the microglial cytoplasmic structure would clearly be an impediment to the 

normal surveillance functions of these cells, particularly by affecting the structural identity of 

ramified microglia and consequently impairing constitutive neuroprotective functions in such 

dystrophic microglia.  

A secondary aim of this thesis was to determine whether the graded repertoire of 

microglial activation is misregulated in aged animals to permit activated microglia to reach the 

phagocytic stage, which should not occur in response to such a reversible neuronal injury. In this 

study, we also provided evidence that neither Ft nor ED1 immunoreactivity is affected by mildly 

acute activation conditions in microglial cells of either young or aged rats. On the other hand, we 

report on the discovery of lipid-laden autofluorescent granules (i.e., lipofuscin) in predominantly 

dystrophic microglia of aged rats.  

Collectively, our findings provide a theoretical basis on which to probe the specific 

molecular mechanisms that contribute to microglial senescence. More specifically, iron 

dyshomeostasis emerged as a potential culprit in the degenerative potential of microglial cells in 

both aged human and rodent brains. Further studies are required to investigate the extent to 

which alterations in ferritin and iron homeostasis may correlate with microglial dystrophy.  
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Table 4.1. Comparison of dystrophic morphological characteristics between humans and rodents 
 

DYSTROPHIC MORPHOLOGIES HUMAN RODENT 

Deramification + + 

Thinning/Tortuous Processes + – 

Spheroid Formation + ± 

Cell Clusters + – 

Cytorrhexis + – 

Lipofuscin Accumulation – + 

Enlargement of perinuclear cytoplasm ± + 

 
Symbols: –, absent;  ±, sometimes present;  +, common. 
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Table 4.2. Differential features between dystrophy, apoptosis, and necrosis 
 

MMiiccrroogglliiaall  DDyyssttrroopphhyy  AAppooppttoossiiss  NNeeccrroossiiss  

- No loss of membrane 
integrity 

- Membrane blebbing, but 
no loss of membrane 
integrity 

- Loss of membrane 
integrity 

- Begins with decrease in 
arborization and volume  
of cell processes 

- Begins with shrinking of 
cytoplasm 

- Begins with swelling of 
cytoplasm and 
mitochondria 

- Ends with random 
fragmentation of the 
cytoplasm (cytorrhexis) 

- Ends with fragmentation 
of cells into smaller cell 
bodies 

- Ends with total cell lysis 

- No vesicle formation 
- Formation of membrane-

bound vesicles (apoptotic 
bodies) 

- No vesicle formation, 
complete lysis 

- Chromatin condensation: 
Unknown - Chromatin condensation - No chromatin 

condensation 

- Intact Nucleus - Non-random DNA 
fragmentation 

- Random DNA 
fragmentation 

- Degenerating 
mitochondria reported 

- Mitochondria becomes 
leaky due to pore 
formation involving 
proteins of the bcl-2 
family 

- Disintegration (swelling) 
of organelles, including 
mitochondria 

- Caspase-independent - Caspase-dependent - Caspase-independent 

- Affects individual cells - Affects individual cells - Affects groups of 
contiguous cells 

- Unknown if dying cells  
       are phagocytosed 

- Phagocytosis by 
macrophages 

- Phagocytosis by 
macrophages 

- Unknown if energy is 
required - Energy (ATP)-dependent - Energy (ATP)-

independent 

- Anti-inflammatory - Anti-inflammatory - Pro-inflammatory 
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