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Abstract

Background: Fragile X-associated tremor/ataxia syndrome (FXTAS) is a late-onset 

neurodegenerative disorder associated with premutation alleles of the FMR1 gene. Expansions of 

more than 200 CGG repeats give rise to fragile X syndrome, the most common inherited form of 

cognitive impairment. Fragile X-associated tremor/ataxia syndrome is characterized by cerebellar 

tremor and ataxia, and the presence of ubiquitin-positive inclusions in neurons and astrocytes. It 

has been previously suggested that fragile X-associated tremor/ataxia syndrome is associated with 

an inflammatory state based on signs of oxidative stress–mediated damage and iron deposition.

Objective: Determine whether the pathology of fragile X-associated tremor/ataxia syndrome 

involves microglial activation and an inflammatory state.

Methods: Using ionized calcium binding adaptor molecule 1 and cluster differentiation 68 

antibodies to label microglia, we examined the number and state of activation of microglial cells in 

the putamen of 13 fragile X-associated tremor/ataxia syndrome and 9 control postmortem cases.

Results: Nearly half of fragile X-associated tremor/ataxia syndrome cases (6 of 13) presented 

with dystrophic senescent microglial cells. In the remaining fragile X-associated tremor/ataxia 
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syndrome cases (7 of 13), the number of microglial cells and their activation state were increased 

compared to controls.

Conclusions: The presence of senescent microglial cells in half of fragile X-associated tremor/

ataxia syndrome cases suggests that this indicator could be used, together with the presence of 

intranuclear inclusions and the presence of iron deposits, as a biomarker to aid in the postmortem 

diagnosis of fragile X-associated tremor/ataxia syndrome. An increased number and activation 

indicate that microglial cells play a role in the inflammatory state present in the fragile X-

associated tremor/ataxia syndrome brain. Anti-inflammatory treatment of patients with fragile X-

associated tremor/ataxia syndrome may be indicated to slow neurodegeneration.

Fragile X-associated tremor/ataxia syndrome (FXTAS) is a late-onset neurodegenerative 

disorder associated with premutation alleles (55–200 CGG repeats) of the fragile X mental 

retardation 1 (FMR1) gene; larger expansions (>200 CGG repeats, full mutation) give rise to 

fragile X syndrome (FXS), the most common inherited form of cognitive impairment. 

Carriers of premutation alleles are common in the general population, with an estimated 

frequency as high as 1 in 130 females and 1 in 250 males.1,2 However, only around 40% of 

male carriers and 14% of female carriers will eventually develop FXTAS.3,4 FXTAS is 

characterized by progressive action tremor, gait ataxia, cognitive decline, parkinsonism, 

neuropathy, and autonomic dysfunction.5 Central nervous system (CNS) pathology includes 

dystrophic white matter, intranuclear inclusions in neurons and astrocytes, and iron 

deposition.6–10 Although neurological symptoms of FXTAS have only been observed in 

adults, it is now clear that children who carry premutation alleles may also have forms of 

clinical involvement that include anxiety, attention deficit hyperactivity disorder, and autism 

spectrum disorders related to the premutation.9,11,12 Additionally, premutation CGG-repeat 

expansions in the mouse Fmr1 gene have been shown to alter embryonic neocortical 

development.13

Premutation carriers display a form of gene dysregulation that is quite distinct from the gene 

silencing observed with FXS. It is manifested by substantially increased levels of FMR1 
mRNA and normal or moderately decreased levels of fragile X protein. The extent of this 

altered expression is a function of the size of the CGG-repeat expansion within the 

premutation range; larger CGG-repeat expansions are associated with higher levels of 

mRNA and lower levels of protein.14 Evidence from both human and animal studies 

implicates a direct toxic gain of function of the premutation CGG (pre-CGG) repeat-

containing FMR1 mRNA.14–19 FMRpolyG peptides produced by out-of-frame transla-tion 

are observed in the nucleus20; however, their functional significance is not known.

FXTAS presents with high levels of oxidative stress in the brain and has been associated 

with an inflammatory state.21,22 We previously demonstrated that an alteration in iron 

transport into the brain is a characteristic feature of FXTAS and found substantial iron bound 

to hemosiderin in the parenchyma of the putamen in FXTAS.9,10,23 This iron deposition can 

also be detected as a symmetric hypointensity in the putamen and caudate in T2-weighted 

spin-echo magnetic resonance images in FXTAS patients.24,25 We also reported a deficit in 

proteins that transport and eliminate extra iron from cells (transferrin, ferroportin, and 

ceruloplasmin) and a concomitant increase in deposition of cellular iron in the choroid 
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plexus.9,10 Iron is essential for cell metabolism; however, uncomplexed iron leads to 

oxidative stress and inflammation. The FXTAS proinflammatory state is also supported by 

an increase in oxidative/nitrative stress damage preceded by mitochondrial dysfunction in 

postmortem human brain samples.21 In addition, inflammation is supported by the lipid 

profile as well as the increase in oxidative stress–mediated damage to carbohydrates and 

proteins in serum of FXTAS patients.22 Fibroblasts from premutation individuals also show 

increased mitochondrial reactive oxygen species production accompanied by increased 

mtDNA deletions and increased biomarkers of lipid and protein oxidative–nitrative damage.
26 Overall, these data indicate the presence of an inflammatory state in the FXTAS brain.

Microglia-mediated neuroinflammation is a critical contributor to the pathogenesis of 

neurodegenerative diseases and has been implicated in numerous diseases and conditions, 

such as hypoxia, stroke, epilepsy, and neuropathic pain.27 Microglial morphology varies 

throughout the brain depending upon brain region, age, and presence or absence of immune 

challenge or injury. In healthy cortical gray matter, microglia typically have a small soma 

and multiple thin, ramified processes that radiate from the soma. In white matter, microglial 

cells orientate along fiber tracts and have an elongated soma. Under nonpathological 

conditions, microglial cells are highly motile and have a continuous extension and retraction 

of long and thin radial processes.28 In response to injury or pathology, microglial cells 

exhibit a series of molecular and morphological changes that include a distinct activated 

appearance with a rounded “amoeboid” soma and a few thick processes. Activated 

microglial cells phagocytose cellular debris that can be detected within their cytoplasm.28–31 

These morphological changes provide a tool to assess the activation status of microglia.32 

Microglial cells in brain tissue from a small number of subjects diagnosed with Alzheimer’s 

disease (AD) display a distinct morphology that is characterized as senescent. Senescent 

microglia appear dystrophic and show diverse structural deformities that are increasingly 

prevalent with aging, including cytoplasmic processes that are twisted, beaded, gnarled, and 

fragmented.33

We examined the number and state of activation of microglia in the putamen of FXTAS and 

control postmortem patients. We found that almost half of the cases of FXTAS presented 

with dystrophic senescent microglial cells and that the presence of senescent microglia was 

correlated with the number of CGG repeats and high levels of iron accumulation in the 

putamen. Cases that lacked senescent microglia presented with an increased number of 

microglial cells that exhibited an increased state of activation compared to controls. This 

pattern seems to be similar in other brain regions of FXTAS. These data suggest that 

microglial cells play a role in the inflammatory state that is present in the FXTAS brain. It is 

not clear whether microglial activation initiates neurodegeneration, or instead whether 

microglial activation is a response to neurodegeneration. However, the results we present 

suggest that anti-inflammatory treatment for patients with FXTAS may be indicated to 

counteract neurodegeneration.
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Materials and Methods

Sample Collection

Samples from 13 FXTAS postmortem human subjects and 9 postmortem control subjects 

were obtained from the FXTAS brain repository at the University of California, Davis 

(Sacramento, CA), School of Medicine (Table 1). Control tissue was obtained from the 

Pathology Department at the University of California, Davis, Health System. Tissue 

specimens were obtained through consented autopsies with institutional review board 

approval. FXTAS patients had symptoms for many years before death and were clinically 

diagnosed based on the presence of intention tremor, cerebellar ataxia, parkinsonism, 

memory and executive function deficits, and autonomic dysfunction, which were confirmed 

with the postmortem presence of intranuclear ubiquitin inclusions in brain cells. Control 

tissue was obtained from subjects who did not have any significant neurological history, 

including encephalitis, epilepsy, demyelinating disease, dementia, or concurrent 

neurodegenerative disease.

CGG Sizing

Genomic DNA was isolated from brain tissue (100 mg) using standard procedures (Trizol; 

Invitrogen, Carlsbad, CA). CGG repeat allele size was determined using PCR and Southern 

blot analysis as previously described.34,35

Immunostaining

A block of tissue (2 × 2 × 0.25 μm2) containing mid-putamen for each case was immersed in 

30% sucrose (Thermo Fisher Scientific, Waltham, MA) and embedded in OCT (Thermo 

Fisher Scientific). Blocks were cut into 12-μm sections using a cryostat. We used the 

primary monoclonal rabbit anti-Iba (ionized calcium binding adaptor molecule; 1:500; Wako 

Chemicals USA, Inc., Richmond, VA) and rabbit anti-CD68 (1:200; Abcam, Cambridge, 

MA) antibodies, secondary antibody donkey antirabbit conjugated with biotin (1:150; The 

Jackson Laboratory, Bar Harbor, ME), amplified with avidin-biotin complex (Vector 

Laboratories, Burlingame, CA), and developed with 3,3’-diaminobenzidine (Vector 

Laboratories). Tissue was dehydrated and defatted, mounted on glass slides, and 

coverslipped with dibutylphthalate polystyrene xylene.

Perl Method

Tissue sections were submerged in a 1:1 ratio of 20% hydrochloric acid (Thermo Fisher 

Scientific) and 10% potassium ferrocyanide (Thermo Fisher Scientific) solution for 20 

minutes at room temperature. Slides were washed with water, dehydrated with ethanol, and 

cleared with xylene before being coverslipped with Permount (Thermo Fisher Scientific).

Microglial Activation Paradigm

We classified microglial cells into six morphological states of activation from nonactivated 

state (1) to a fully activated state (6).31,36,37 Stage 1: Microglia cell has processes that are 

ramified and spread out, with a small soma. Stage 2: The soma has increased in size to 

approximately 1.5 to 2 times the soma diameter of a stage 1 cell. The cell processes have 
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started to retreat, and the branches next to the cell soma are thickened. Stage 3: The cell 

soma diameter is enlarged to 2 to 3 times the soma diameter of stage 1. All cell processes 

have retracted and thickened. Stage 4: The soma diameter is 3 to 4 times larger than the 

stage 1 soma. All thin cell processes have completely retracted, and only the thick cell 

branches remain. Stage 5: Soma diameter is 5 times larger than the soma diameter in stage 1. 

The thick processes are replaced by thin processes oriented in the direction of cell 

movement. All branches are gone. Stage 6: transformation from microglia to macrophage. 

We referred to senescence stages 1 to 3 as early senescence and 4 to 6 as advance 

senescence.

Cell Quantification and Statistical Analysis—Cell quantification was performed in a 

Nikon Eclipse E200 microscope with Stereo Investigator software (MBF Bioscience, 

Williston, VT). A 300-μm2 area of the putamen was analyzed in three slides from each case. 

The average data collected from the three slices were used for analysis. Values were 

compared between FXTAS and control subjects using t-test analysis. A P value of 0.05 was 

used for statistical significance. To account for family-wise error, Bonferroni’s correction 

was applied using a P value of 0.01. After this correction, the effect of the CGG repetition 

number in the presence or absence of senescence was not significant.

Results

We previously reported increased iron deposition in the brain of FXTAS cases, with the most 

pronounced deposits being found in the putamen. To determine whether inflammatory 

activation is present in FXTAS, we gathered brain tissue from the putamen of the 13 FXTAS 

and 9 control cases. Age of FXTAS subjects ranged from 52 to 87 years, with an average of 

74.1 years. Control subjects ranged from age 44 to 82 years with an average of 60.5 years. 

FXTAS brains had an average postmortem interval (PMI) of 31.8 hours, whereas control 

brains had an average PMI of 49.3 hours. The number of CGG repeats in the FXTAS group 

was between 65 and 146, with an average of 87.1 repeats (Table 1).

Over One Third of FXTAS Cases Had Dystrophic Senescent Microglia

We performed immunostaining with an antibody against ionized calcium binding adaptor 

molecule 1 (Iba1), a marker of microglial cells and macrophages, in the putamen of all cases 

included in the study. Our analysis of Iba1-stained tissue revealed that 6 FXTAS cases (6 of 

13; 46%) presented with a notably distinct pattern of staining when compared to controls 

(Fig. 1). Iba1 immunostaining in these cases labeled cells and cellular processes that were 

beaded and punctate, similar to the pattern of Iba1 staining in dystrophic or senescent 

microglia in human tissue from some cases of AD.38–40 None of the control cases had 

senescent microglial cells. Dystrophic microglia in FXTAS cases had distinct morphologies 

that corresponded to a state of senescence. Some cases had recognizable Iba1+ microglial 

cells that exhibited spheroidal swellings of their processes, as well as beading and 

fragmentation (Fig. 1A–C). We referred to these as “early senescent” microglia (stages of 

senescence 1–3; see Materials and Methods). Other cases had microglia with very 

fragmented darkly stained punctate processes and isolated rounded soma/nuclei (Fig. 1D,F), 

as previously described.40 We referred to these as “advanced senescent” microglia (stages of 
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senescence 4–5). In early senescence cases, senescent microglial cells were present in some 

regions of the putamen, but not others; however once the senescence process was more 

advance, all microglial cells in the putamen showed the fragmented morphology typical of 

senescence. The senescent pattern of staining was not present in control cases.

We found no correlation between the presence or absence of senescent microglia with age or 

with PMI (age, average [AVG] nonsenescence = 77.0 years, AVG senescence = 70.8 years; P 
= 0.3; PMI, AVG nonsenescence = 46.3 hours, AVG senescence = 24.5 hours; P = 0.07). 

However, there was a correlation between the presence or absence of senescent microglia 

and number of CGG repeats (repeat no.: AVG nonsenescence = 76.0, AVG senescence = 

96.2; P = 0.05). We next compared the presence or absence of senescent microglia with the 

amount of iron accumulation in the same region of the putamen. An increased amount of 

iron in the putamen of these cases was reported by our team in a previous publication.9 We 

compared previously reported levels of iron and the presence of senescence and found that 

cases with senescent microglia accumulated an average of 5 times more iron in the putamen 

that those without senescent microglia. However, this correlation was not statistically 

significant (fractional area of putamen parenchyma occupied by iron deposits in AVG 

nonsenescence = 0.3, AVG senescence = 1.5; P = 0.1; Fig. 1). We next tested whether 

senescent microglial cells expressed the activated microglial/macrophage marker, CD68, and 

found that they do, suggesting that a state of activation may precede the process of 

senescence (Fig. 2O). The remaining FXTAS cases (7) did not have apparent senescent 

microglial cells. We excluded the 6 cases classified as senescent from further analysis.

The Number of Microglial Cells Was Increased, and Microglial Activation Was Elevated in 
FXTAS

We quantified the number of Iba+ microglial cells in the putamen (300 μm2), and found that 

the number of microglia was higher in FXTAS than in control patients (control [CT], 13.6 

± 1.8; FXTAS, 23.1 ± 1.1; P < 0.001; Fig. 2C). Sections of brain tissue from controls 

showed Iba1+ microglial cells that were largely “resting,” characterized by thin, finely 

branched cellular processes radiating from small cell bodies. In contrast, brain tissue from 

FXTAS patients had a striking number of activated microglia with large cell bodies and 

thick, short processes. Based on morphological criteria, we classified microglial cells into 

six activation states from nonactivated state (1) to a fully activated state (6).31,36,37 We 

determined that activation status of microglial cells in FXTAS and control cases differed, 

and that microglial cells in FXTAS were significantly more activated than in control cases 

(Fig. 2D). An average of 80.9% of microglial cells in control cases were classified in the 

lower states of activation (states 1–3), and only 17.2% were classified in the higher states of 

activation (states 4–6). In contrast, 23.9% of microglial cells in FXTAS cases were classified 

in the lower states of activation (1–3), whereas 74.1% of cells were in the highest states of 

activation (4–6; Fig. 2D). These data demonstrate a significant change in morphological 

activation of microglia cells in the putamen of FXTAS cases and suggest a role for 

microglial cells in the neuropathological disease process.

To further verify the increase of microglial activation in FXTAS, we stained the putamen 

with an antibody against CD68, a marker for activated microglia cells. We quantified the 
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number of CD68+ cells (300 μm2), and found that, compared to controls, FXTAS putamen 

had an increase in cells expressing CD68 (CT, 2.7 ± 10.9; FXTAS, 14.4 ± 2.6; P < 0.004; 

Fig. 2P,Q).

These data, together, indicate that the majority of microglial cells were activated in FXTAS.

Changes in Microglial Activation Present in the Putamen Seem to Affect Most Brain 
Regions

We stained other brain regions of 2 FXTAS cases with microglial cell activation, and our 

qualitative analysis indicated that microglial number and activation status were also 

increased in the cerebral cortex (frontal, parietal, occipital, and temporal), hippocampus, 

amygdala, thalamus, midbrain, hindbrain, and cerebellum (Fig. 3). These results suggest that 

increased microglial activation may be widespread throughout the CNS in FXTAS.

Discussion

FXTAS presents with signs of oxidative stress damage that have been associated previously 

with an inflammatory state. We previously reported that there is a large increase in iron 

deposition in the brain of FXTAS patients, with the highest increase in the putamen.9,10,23 

These findings may be related to an increase in free radicals and oxidative stress that occurs 

in FXTAS.21,22 To investigate an inflammatory state in FXTAS and a potential role for 

microglial cells in inflammation, we analyzed the nature of microglial cells in FXTAS. 

Because we previously found that increased iron deposition is most notable in the putamen 

in FXTAS, we analyzed the number and state of activation of microglial cells in the putamen 

of 13 FXTAS cases.

Dysmorphic Senescent Microglial Cells Are a Pathological Trait of FXTAS

We found that almost half of the FXTAS cases analyzed (6 of 13) presented with 

dysmorphic microglial cells in the putamen. These cells were characterized by a beaded, 

punctate, and fractured morphology. Dysmorphic morphology of microglia in 

neuropathology was first described in the 1930s.41 However, since then there have not been 

many reports about this phenotypic trait of microglia in neuropathological brain tissue. Most 

of the work on this topic has been performed by the Streit group.38,40,42 Streit and 

colleagues demonstrated that the degree of microglial dysmorphism is linked to age and 

senescence. With aging, an increasing proportion of microglial cells display abnormal 

morphological features, such as shortened, gnarled, beaded, or fragmented cytoplasmic 

processes, as well as loss of fine ramifications and formation of spheroidal swellings. These 

changes are designated collectively as microglial dystrophy.40 Depending on how far 

senescent degeneration has progressed, fragmentation of the microglial cytoplasm 

(cytorrhexis) may be partial or it may involve the entire cytoplasm leaving multiple 

fragments that in some cases still delineate the cells’ contours, or in the most advanced case 

of disintegration are widely scattered about.42 They also showed that senescent microglial 

cells are present in some diseases; specifically, they described dysmorphic senescent 

microglial cells in a small number of cases of Down syndrome with AD and dementia with 

Lewy bodies.38,39,43–46 The altered morphology of senescent microglia is a reflection of 
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abnormal cellular function. Our finding of microglial dysmorphism in FXTAS could reflect 

aging, but the dysmorphism we observed in FXTAS did not correlate with age. In addition, 

the extent of dysmorphic microglia in FXTAS went beyond that described in the aging brain. 

We found that the cellular processes of senescent microglial cells in FXTAS were almost 

completely degraded and appeared as individual puncta. Microglial soma/nuclei were 

disconnected from processes and appeared as round or oval isolated structures. Presence of 

senescent microglia was not correlated with the state of preservation of the tissue, given that 

the PMI was much lower in cases with no senescence than in those with senescence. 

Moreover, previous reports have shown that the dystrophic appearance of microglial cells is 

not affected by PMI.43 However, we found that senescence was significantly correlated with 

the number of CGG repeats in FXTAS, pointing to a threshold in severity of disease at 

which the process of microglial senescence takes place.

Dystrophic microglial cells would be expected in neurodegenerative disorders characterized 

by excessive iron accumulation, as is the case in FXTAS, and have been described 

previously in AD.43–45 Because iron promotes oxidative damage, iron storage increases 

susceptibility to cell degeneration. Microglial cells are especially susceptible, because they 

participate in the maintenance of brain iron homeostasis through storage of excess iron.47,48 

Accordingly, senescent microglial cells have been previously found in AD; however, this 

finding is not very common.46

Microglial cells, in contrast to other neural types such as neurons, have the capacity to 

proliferate in the adult brain. This process occurs because of microglial state of activation. It 

has been proposed that upon a given number of mitoses, microglial cells cease proliferating 

and become senescent. Under specific disease conditions that produce constant activation, 

the proliferative capacity of microglial cells may accelerate, and senescence could occur 

earlier in life.49 In FXTAS, we found that half of the cases presented with senescent 

microglia, the highest proportion ever reported for a neurodegenerative disease. Senescence 

of microglial cells, and therefore their lack of function and death, would be expected to alter 

proper function of the brain. This would potentially be associated with a process of 

neurodegeneration. Accordingly, presence of senescent microglial cells in half of FXTAS 

cases could be used, as is the presence of intranuclear inclusion and presence of iron, as a 

biomarker for postmortem diagnosis of FXTAS.

The Number and State of Activation of Microglial Cells Is Increased in FXTAS

Cases of FXTAS that were not senescent had a generalized increase in number and state of 

activation of microglial cells. Microglial cell activation takes place in response to injury and 

degeneration and is accompanied by changes in immune profile, morphology, proliferation, 

migration, and inflammatory cytokine production. The increased number of microglial cells 

in FXTAS may indicate that microglial proliferation has taken place, and therefore it is an 

indication of a process of microglial activation. Accordingly, we found an increase in the 

apparent morphological state of activation of microglial cells and expression of the 

microglial activation marker CD68. Proinflammatory cytokines released by activated 

microglia can exacerbate inflammation inducing neuronal degeneration, which could 

accelerate the progression of FXTAS. Both inflammation and reduced function of senescent 
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microglial cells may together contribute to the pathological and functional decline in 

FXTAS.

Microglial Senescence May Be Preceded by a Prolonged Period of Microglial Activation in 
FXTAS

Senescence and activation of microglial cells may be independent processes; however, 

senescence may be the natural progression after a prolonged state of activation in microglia. 

Microglial senescence is not present in aged rodents because of the short life of these 

animals, but it can be achieved by inducing a severe neuropathological state; for example, 

through administration of the G-series nerve agent, soman,50 or in the SOD1G93A transgenic 

rat, an animal model of motor neuron disease, after infection with bacillus bacteria.51 In this 

rat model, microglial cytorrhexis occurs after prolonged microglial activation, supporting the 

idea that long-lasting microglial activation leads to immune exhaustion and microglial 

burnout.51 This is also supported by FXTAS cases with early microglial senescence in some 

brain areas and activated microglia in others. In addition, the senescent microglial cells, or 

the debris remnant of them, expressed CD68, a marker for activated microglia.

Conclusion

Senescence and activation characterize the pathology of FXTAS. Both inflammation and 

reduced microglial function are probably contributors to the pathological and functional 

decline in FXTAS. However, it is not clear whether microglial senescence and activation 

play a role in initiation of neurodegeneration and/or progression. Our data suggest that anti-

inflammatory treatment of patients with FXTAS may be indicated to slow 

neurodegeneration.
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FIG. 1. 
Senescent microglial cells are present in half of the cases of FXTAS. Dystrophic microglia 

with distinct morphologies corresponding to early and advanced states of senescence. (A–C) 

Early senescent microglial have spheroidal swellings of their processes, beading, and 

fragmentation. (D–F) Advance senescent microglia have very fragmented processes with 

punctate morphology and isolated rounded soma/nuclei. (G) Presence of senescent microglia 

was correlated with the number of CGG repeats in FXTAS. (H) Cases of FXTAS with 

senescent microglia accumulated more iron in the putamen; however, this was not 

statistically significant. (I–L) Microglial cells (Iba1, brown) contain high amounts of iron 

bound to hemosiderin (dark blue, Perl method) in the putamen in FXTAS. Scale bar in (A–

D): 100 μm; in (I–L): 25 μm. [Color figure can be viewed at wileyonlinelibrary.com]
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FIG. 2. 
The number and state of activation of microglial cells is increased in FXTAS. (A) 

Representative images of Iba1+ microglial cells in the putamen in FXTAS (A) and control 

cases (B). (C) Microglial cell number is increased in FXTAS cases when compared to 

control cases. (D) The pattern of activation between the FXTAS and control cases was 

inverted, and microglial cells in FXTAS were more activated than in control cases. Blue: 

control; orange: FXTAS. (E–I) Activated microglial cells in the putamen of FXTAS cases. 

(J–N) Resting microglial cells in the putamen of control cases. (O–Q) CD68+ in senescent 

microglial cells (O), activated microglial cells (P), and control tissue (Q). Scale bar in (A,B): 

100 μm; in (E–Q): 25 μm. [Color figure can be viewed at wileyonlinelibrary.com]
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FIG. 3. 
The increase in the number and state of activation described in the putamen seems to be 

present in other cortical and subcortical brain areas. (A,K) Frontal cortex; (B,L) temporal 

cortex; (C,M) parietal cortex; (D,N) occipital cortex; (E,O) hippocampus; (F,P) thalamus; 

(G,Q) midbrain; (H,R) pons; (I,S) medulla; (JT) cerebellum. Scale bar (A–J): 250 μm; (K–

T): 25 μm. [Color figure can be viewed at wileyonlinelibrary.com]
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