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Abstract
Aging remains the strongest risk factor for developing Parkinson’s disease (PD), and there is selective
vulnerability in midbrain DA neuron degeneration in PD. By tracking normal aging-related changes
with an emphasis on regional specificity, factors involved in selective vulnerability and resistance
to degeneration can be studied. Towards this end, we sought to determine whether age-related
changes in microglia and astrocytes in rhesus monkeys are region-specific, suggestive of involvement
in regional differences in vulnerability to degeneration that may be relevant to PD pathogenesis.
Gliosis in midbrain DA subregions was measured by estimating glia number using unbiased
stereology, assessing fluorescence intensity for proteins upregulated during activation, and rating
morphology. With normal aging, microglia exhibited increased staining intensity and a shift to more
activated morphologies preferentially in the vulnerable substantia nigra-ventral tier (vtSN).
Astrocytes did not exhibit age-related changes consistent with an involvement in regional
vulnerability in any measure. Our results suggest advancing age is associated with chronic mild
inflammation in the vtSN, which may render these DA neurons more vulnerable to degeneration.
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1. Introduction
Parkinson’s disease (PD) is an age-related neurodegenerative disease characterized by the
severe loss of dopamine (DA) neurons in the substantia nigra (SN). DA subregions in the
midbrain exhibit differences in their susceptibility to degeneration (Gibb and Lees, 1991;
Fearnley and Lees, 1991; Gibb, 1992; Damier et al., 1999; Kanaan et al. 2007). In PD, DA
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neurons in the ventral tier of the SN (vtSN) are most vulnerable to degeneration, while those
in the dorsal tier (dtSN) and ventral tegmental area (VTA) are more resistant to degeneration.
It is becoming increasingly clear that changes associated with normal aging represent key
components of the pathological processes that occur in PD. Recently, our group has shown
that age-related reductions in DA phenotype (tyrosine hydroxylase-immunoreactivity (TH-ir))
follow regional patterns similar to those seen in PD, and these changes are associated with
accumulation of intranuclear ubiquitin-positive inclusions and cytoplasmic non-aggregated
soluble α-synuclein, in vulnerable DA neurons (Chu and Kordower, 2007; Kanaan et al.,
2007). Given the proposed relationship between normal aging and PD, an approach that
simultaneously evaluates normal aging and regional differences in vulnerability to
degeneration represents a potent strategy towards understanding the factors involved in DA
neuron degeneration. Although microglia and astrocytes have been implicated in the
pathogenesis of PD (Vila et al., 2001; Hirsch et al., 2003; Teismann and Schulz, 2004), little
is known concerning age-related changes in the glial environment of different midbrain DA
subregions.

Microglia are considered the immune cells of the central nervous system. They produce
cytokines and phagocytize cellular debris following injury (Aloisi, 2001). Microglial activation
is characterized by morphological changes (e.g. increased cell soma size and shorter thicker
cell processes), increased expression of certain proteins (e.g. class-II major histocompatibility
complex glycoproteins (MHC-II) and cell surface receptors), and production of
proinflammatory cytokines, among an array of other responses (van Rossum and Hanisch,
2004). Activation of microglia may play a pivotal role in DA neuron degeneration and the
pathogenesis of PD (McGeer et al., 1988; Hunot and Hirsch, 2003; Kim and Joh, 2006). Normal
aging is associated with increases in microglial activation most dramatically in white matter
tracts, in addition to smaller changes in gray matter areas (e.g. cingulate and motor cortices,
hippocampus, and striatum) (Perry and Gordon, 1991; Ogura et al., 1994; Sheffield and
Berman, 1998; Sloane et al., 1999; Morgan et al., 1999). Little is known about normal age-
related changes in microglia of midbrain DA subregions. We are aware of one study, which
did not detect a change in number of activated microglia in the substantia nigra of middle-aged
(12 month old) rats (Ogura et al., 1994). There are no studies in primates examining age-related
changes in microglia of midbrain DA subregions with known differences in susceptibility to
degeneration.

Astrocytes provide structural support, neurotrophic support, and serve to buffer ions and
neurotransmitters in the extracellular environment in the central nervous system (Cotrina and
Nedergaard, 2002). Glial fibrillary acidic protein (GFAP) is an intermediate filament in the
cytoskeleton of astrocytes commonly used to identify astrocytes. In normal aging and in
response to injury, astrocytes become reactive. With an increase in the expression of GFAP,
activated astrocytes also display morphological changes such as swollen cell bodies and
thickened processes, and enhanced production of cytokines and neurotrophic factors (Pekny
and Nilsson, 2005). Normal aging has consistently been associated with increases in the amount
of GFAP protein and GFAP mRNA in astrocytes in numerous brain regions such as the cortex,
hippocampus, striatum, and cerebellum (Finch and Morgan, 1990; Cotrina and Nedergaard,
2002). Only a few studies have addressed age-related changes in GFAP-positive (GFAP+)
astrocytes in the midbrain, and in these studies detailed analyses were not performed (Beach
et al., 1989; Bronson et al., 1993). Furthermore, we are unaware of any studies describing age-
related changes in astrocytes located within DA subregions with known differences in
susceptibility to degeneration.

The current study was designed to determine the patterns of changes in microglia and astrocytes
during normal aging in the midbrain of rhesus monkeys and to determine whether changes
suggest a role for glial involvement in regional differences in susceptibility to degeneration.
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Based on the association between normal aging and PD, we tested the hypothesis that aging-
related changes in the glial environment that may participate in the pathogenesis of PD occur
differentially in DA subregions with known patterns in selective vulnerability to degeneration.
Specifically, we tested the hypotheses that during normal aging, microglial reactivity would
be part of a deleterious process, thus occurring in the vulnerable vtSN region, while astrocyte
reactivity would serve a protective role, thus occurring in the resistant dtSN and VTA regions.
Glial reactivity was determined by quantifying the number of each cell type using unbiased
stereological cell counting methods, measuring fluorescence intensity for human leukocyte
antigen-DR protein (HLA-DR; an MHC-II glycoprotein) and GFAP immunoreactivity (-ir),
and qualitatively rating established morphological characteristics of glia that correlate with
activation state in the vtSN, dtSN, and VTA of young, middle-age, and old-age rhesus monkeys.
We found that microglia exhibit age-related changes consistent with an involvement in the
enhanced vulnerability of vtSN DA neurons, while changes in astrocytes did not suggest an
involvement in vulnerability or resistance.

2. Materials and methods
2.1. Animals and tissue collection/preparation

Tissues from the same young male (9-10yrs, n=3), middle-aged male (14-17yrs, n=6), and old-
aged female (22-29yrs, n=5) naïve rhesus monkeys described by Kanaan et al. (2007) were
used in this study. The animals were born in captivity and were not used in previous studies.
The current study was approved by the Institutional Animal Care and Use Committees of Rush
University Medical Center and the Biological Research Laboratory at the University of Illinois
at Chicago. All laws and regulations outlined in the National Institutes of Health, United States
Public Health Service Guide for the Care and Use of Laboratory Animals were adhered to
during the project. Tissue was collected and prepared for immunohistochemistry (IHC) and
immunofluorescence as described previously (Kanaan et al., 2007). All samples were coded
and analyzed by a blinded investigator.

2.2. Antibodies
The following primary antibodies were used to label microglia, astrocytes, and DA neurons,
respectively: mouse anti-human B-lymphocyte clone LN-3 IgG2b antibody (HLA-DR; MP
Biomed, 693031, lot R13319), rabbit anti-cow GFAP antibody (Dako, Z0334, lot 00015316),
and mouse anti-tyrosine hydroxylase (TH) IgG1 antibody (Chemicon, MAB318). The mouse
anti-human B-lymphocyte clone LN-3 monoclonal antibody was raised against the non-
polymorphic HLA-DR (Ia-like) antigen and recognizes a band at 29-33 kDa in western blot
preparations. HLA-DR is an MHC-II glycoprotein, which is integral in immune responses of
microglia, and is commonly used to identify activated microglia with the ability to present
antigens in humans and monkeys (Aloisi, 2001; Hurley et al., 2003). The rabbit anti-cow GFAP
polyclonal antibody was generated against GFAP isolated from cow spinal cord. GFAP is
considered one of the best markers for identifying astrocytes and determining astrocyte
reactivity (Pekny and Nilsson, 2005). The mouse anti-TH antibody has been described in detail
previously (Kanaan et al., 2007).

Since HLA-DR and TH antibodies are different IgG isotypes, isotype-specific secondary
antibodies were used. The specificity of the isotype-specific antibodies was confirmed
empirically using mismatched secondary antibodies. When the IgG2b primary antibody (HLA-
DR) was paired with the IgG1 secondary, and when the IgG1 primary antibody (TH) was paired
with the IgG2b secondary no staining was present (data not shown). These results confirmed
the isotype-specific secondary antibodies did not cross-react with the other IgG isotype.
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2.3. HLA-DR and GFAP IHC
Following a similar protocol to those previously published (Kanaan et al., 2006; Kanaan et al.,
2007) a 1-in-12 series of tissue was processed for HLA-DR or GFAP IHC to label microglia
and astrocytes for cell counting and morphological rating. In addition, sections containing
cortex, putamen (post-commissural), globus pallidus (externa), and hippocampus
(polymorphic layer) were stained for GFAP to confirm established patterns of age-related
astrocytosis in these regions. Briefly, tissues were rinsed, incubated in H2O2 to block
endogenous peroxidase (45 min), rinsed, incubated in blocking solution (10% goat serum (GS)/
2% bovine serum albumin/0.5% Triton-X 100 tris buffered saline (TBS)), and incubated in
primary antibody (72 hrs at 4° C). Microglia were labeled using mouse anti-HLA-DR primary
antibody (1:200) diluted in 2% GS/TBS. Astrocytes were labeled using rabbit anti-GFAP
primary antibody (1:50,000) diluted in 2% GS/TBS. Sections were then rinsed, incubated in
biotinylated goat anti-mouse secondary antibody (for microglia - 1:400; Vector, BA-9200) or
biotinylated goat anti-rabbit secondary antibody (for astrocytes - 1:400; Vector, BA1000),
rinsed, incubated in avidin-biotin complex solution (Vector, PK-6100), and rinsed. All tissue
was simultaneously reacted with 3,3-diaminobenzidine tetrahydrochloride (Sigma, D5637)
enhanced with 2% nickel ammonium sulfate (Fisher, N48-500). After rinsing, sections were
mounted on gelatin-coated microscope slides and allowed to air dry overnight. Once dry, the
sections were rinsed in dH20, counterstained for Nissl using 1% cresyl violet, rinsed in H2O,
dehydrated through graded ethanol (50, 70, and 95%), rinsed in 95% ethanol/1.4% glacial
acetic acid solution (1-1.5 min), further rinsed in ethanols (95% and 99%), and cleared in
xylenes. Sections were then coverslipped using Cytoseal 60. Penetration of
immunohistochemical staining for HLA-DR and GFAP throughout the entire z-axis of the
tissue sections was confirmed prior to analysis.

2.4. Stereology
The number of HLA-DR+ microglia and GFAP+ astrocytes were quantified in the vtSN, dtSN,
and VTA of young, middle-aged, and old-aged monkeys using stereological cell counting
techniques. The optical fractionator probe was used to estimate total number of glia in each
region as previously published (Kanaan et al., 2007). Briefly, the system was composed of an
Olympus BX52 microscope (Olympus America Inc., Melville, NY), Ludl motorized stage,
Stereo Investigator version 7.0 software (MicroBrightField, Williston, VT), and a Microfire
CCD camera (Optronics, Goleta, CA). The vtSN, dtSN, and VTA were outlined at low
magnification (1.25x). For microglia, the counting frame size was 100μm × 75μm × 13 μm
and the sampling grid size was 525μm × 413μm for the vtSN, 190μm × 146μm for the dtSN,
and 230μm × 244μm for the VTA. This corresponds to sampling 3.5%, 27%, 13% of the area
or 0.23%, 0.99%, and 0.72% of the entire volume of the vtSN, dtSN, and VTA, respectively.
On average, 220, 80, and 170 microglia were counted in the vtSN, dtSN, and VTA, respectively.
For counting astrocytes, the counting frame size was 100μm × 75μm × 13 μm and the sampling
grid size was 740μm × 570μm for the vtSN, 310μm × 240μm for the dtSN, and 360μm ×
510μm for the VTA. This corresponds to sampling approximately 2%, 10%, and 4% of the
area or 0.05%, 0.36%, and 0.12% of the entire volume of the vtSN, dtSN, and VTA,
respectively. On average, 290, 130, and 160 astrocytes were counted in the vtSN, dtSN, and
VTA, respectively. The Gundersen method for calculating the coefficient of error (CE) was
used to estimate the accuracy of the optical fractionator results (West and Gundersen, 1990;
Gundersen et al., 1999). The CEs for microglia and astrocyte cell counts are provided in
Supplemental Table 1. The estimated total numbers of glial cells were used for statistical
comparisons between age groups within each DA subregion, and the cell density (estimated
number/mm3) was used for comparisons between DA subregions within each age group. Use
of cell density was necessary for comparisons between anatomical subregions due to the size
differences between the vtSN, dtSN, and VTA. On average, tissue sections were 18.07 μm
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(SEM ±1.02), 19.40 μm (SEM ±0.31), and 19.28 μm (SEM ±1.06) thick for young, middle-
age, and old-age animals.

2.5. Morphology rating
Microglia and astrocytes exhibit morphological characteristics that correlated with functional
states that ranged from “resting” to “activated” (Dalmau et al., 1998; Streit et al., 1999; Pekny
and Nilsson, 2005). Using HLA-DR and GFAP IHC, microglial and astrocyte morphologies
were determined independently in each midbrain DA neuron subregion, and a qualitative rating
for each stain in each subregion was given by a blinded rater.

A rating scale for microglia was developed using similar criteria as those previously published
(Streit and Sparks, 1997; Hurley et al., 2003). Resting microglia are ramified with little to no
cytoplasmic staining and numerous fine lightly stained fibers. A (—) rating indicates the
majority of microglia are resting (Figure 1A). An intermediate stage of activation is known as
“hyper-ramified” microglia, which have a ramified morphology similar to resting microglia,
but with increased immunoreactivity for HLA-DR in the cell body and fibers (Figure 1B). A
(+) rating indicates the presence of numerous hyper-ramified and none or few microglia exhibit
signs of advanced activation. In advanced stages of activation, microglia take on a macrophage-
like morphology with larger cell bodies that are intensely immunoreactive with few short, thick,
and strongly labeled processes (Figure 1C). Advanced stages of activation also are associated
with the presence of multicellular clusters (Figure 1D). A (++) rating indicates the presence of
numerous hyper-ramified microglia in addition to the emergence of numerous fully activated
microglia morphologies (Figure 1B-D). Lastly, a (+++) rating indicates the majority of
microglia exhibit morphological characteristics of advanced activation (Figure 1C and D).

Resting astrocytes have little cytoplasmic staining and fine lightly stained fibers. A rating of
(—) indicates the majority of astrocytes were in a resting state (Figure 2A). Reactive astrocytes
become hypertrophic exhibiting increased cytoplasmic GFAP staining and thicker more
intensely stained processes. A rating of (+) indicates the presence of numerous astrocytes
exhibiting an intermediate level of hypertrophy (Figure 2B). A (++) rating indicates the
majority of astrocytes are fully reactive, which is characterized by further enlargement of the
cell body containing strong cytoplasmic staining with thick and shorter processes strongly
labeled with GFAP (Figure 2C).

2.6. Semi-quantitative Immunofluorescence
To determine the relative fluorescence intensity of HLA-DR and GFAP, a 1-in-24 series of
tissue was stained using triple-label immunofluorescence for HLA-DR, GFAP, and TH. Tissue
sections were rinsed, incubated in blocking serum for 1 hour, and then incubated in the primary
antibody solution for 72 hrs at 4° C. The primary antibody solution consisted of mouse anti-
HLA-DR (1:100; IgG2b; same as above), rabbit anti-GFAP (1:2,000; same as above), and
mouse anti-TH (1:1,400; IgG1; same as above) diluted in 2% GS/TBS. The tissue was then
rinsed, incubated in a secondary antibody solution for 1 hour, rinsed, mounted on a microscope
slide and allowed to air-dry. The secondary antibody solution consisted of goat anti-mouse
IgG2b conjugated with Alexa Fluor® 488 (HLA-DR), goat anti-rabbit IgG conjugated with
Alexa Fluor® 555 (GFAP), and goat anti-mouse IgG1 conjugated with Alexa Fluor® 647 (TH)
antibodies diluted 1:400 in 2% GS/TBS. Once the sections were dry, autofluorescence was
blocked using autofluorescent eliminator reagent (Chemicon, 2160) following the same
protocol as previously published (Kanaan et al., 2007). Sections were coverslipped using Gel/
Mount (Biomeda, M01, lot 21433). Penetration of immunofluorescence staining for HLA-DR
and GFAP throughout the entire z-axis of the tissue sections was confirmed prior to analysis.
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Relative fluorescence intensity of HLA-DR and GFAP staining was performed using a three-
laser scanning Olympus confocal microscope equipped with Fluoview version 4.3 software
(Olympus America) and argon and helium/neon ion lasers. HLA-DR immunofluorescence was
detected using excitation of 488nm and emission filter of 505-525nm. GFAP
immunofluorescence was detected using excitation of 543nm and emission filter of 560-600.
TH immunofluorescence was detected using excitation of 633nm and emission filter of 660-
infared. It should be noted that autofluorescence did not contribute to the fluorescence as it
was effectively blocked (as described above), which was confirmed in control sections.

Images for measuring the intensity of individual HLA-DR+ microglia were taken at 20x
magnification, an image resolution of 1,024 × 768, and saved in the multi-tiff format in
Fluoview. Care was taken to accurately outline the cell body and processes of individual
microglia and the average pixel intensity was measured. In addition, 20X magnification was
necessary to visualize resting microglia. Images for measuring regional GFAP fluorescence
intensity were taken at 10x magnification. Regional fluorescence intensity was measured for
astrocytes since they had many long processes spanning numerous levels of the z-axis, and
astrocyte fibers were distributed in a relatively even and extensive manner in the neuropil (see
Figure 7). For GFAP intensity, average pixel intensity was measured over the entire field of
view in each image. Regional analysis of microglia was not feasible since microglia were not
evenly distributed within midbrain subregions (see Figure 4). Images for microglia and
astrocyte analysis were taken throughout the entire region (vtSN, dtSN, and VTA) within each
section through the rostral-caudal extent of the nigra and used for analysis. All confocal settings
(e.g. PMT, gain, offset, laser intensity, confocal aperture, and scan speed) were maintained
between each animal and the sequential scan mode was used to ensure cross-over between
fluorophores did not occur. ImageJ version 1.36b software (National Institutes of Health,
Bethesda, MD) was used to measure pixel intensity. This analysis measures the average pixel
intensity ranging from 0 (black) to 4,095 (white). As glial cells are present throughout the brain,
background levels of staining were determined in areas of the cerebral peduncle where no
staining was present (“blank” areas between glial cell bodies and fibers). Background levels
were subtracted from the measurements made in the vtSN, dtSN, and VTA. It should be noted
that these methods allow measurements of relative differences in fluorescence intensity, but
do not allow direct measurements of absolute antigen levels in the tissue. Unfortunately, the
current tissue resource does not lend itself to biochemical analyses (e.g. protein concentration
or mRNA levels). Future studies will be necessary to directly measure absolute protein levels.

2.7. Statistics
Nonparametric statistical tests were used to compare groups (Kanaan et al., 2007). The Kruskal-
Wallis one-way analysis of variance (ANOVA) on ranks test was used to compare differences
between age groups. The Spearman rank correlation was used to evaluate correlations with
chronological age. The Friedman repeated measures ANOVA on ranks test was used for
comparisons between the three DA subregions within each age group. When appropriate, the
Dunn’s method was used for post-hoc comparisons. P ≤ 0.05 was considered statistically
significant. All statistics were done using SigmaStat version 3.0.1 software (SPSS, Chicago,
IL).

3. Results
3.1. Microglia in the aging midbrain

3.1.1. Number of microglia does not change during normal aging in the SN and
VTA—Stereological cell counting was used to determine whether the number of microglia
expressing HLA-DR changes during normal aging in the DA subregions of the midbrain. When
differences between age groups were evaluated using ANOVA on ranks tests, no significant
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changes in microglia number were found within the vtSN, dtSN, or VTA (p > 0.05). Similarly,
no significant correlations between chronological age and microglia number in any DA neuron
subregion were observed (p > 0.05), but a trend toward increased numbers of microglia in all
three subregions was found (vtSN: p = 0.15, dtSN: p = 0.06, and VTA: p = 0.07; Figure 3A-
C). Microglia density was similar between all three subregions in all three age groups (p >
0.05; Figure 3D). The photomicrographs in Figure 3 (E-G) illustrate the number of HLA-DR
+ microglia in the midbrain of young, middle-age, and old-age animals. Obvious changes in
level of HLA-DR-ir and morphology occur with advancing age, but the number of microglia
does not significantly increase.

3.1.2. Microglial HLA-DR fluorescence intensity in the ventral midbrain
increases during normal aging in a region-specific pattern—To determine changes
in HLA-DR in microglia, the fluorescence intensity of individual microglia was measured.
There was a significant correlation between increased intensity of HLA-DR staining in
microglia and increasing age in both nigral regions, the vtSN and dtSN (p < 0.05; Figure 4A
and B). In contrast, aging was not associated with a significant increase in HLA-DR
fluorescence in microglia of the VTA (p > 0.05; Figure 4C). In all three age groups, microglia
in the vtSN had the highest levels of HLA-DR fluorescence (Figure 4D). In young animals,
the vtSN microglia were more intense than those in the dtSN (p = 0.028), in middle-aged
animals microglia were more intense in the vtSN compared to both the dtSN and VTA (p =
0.008), and in old-aged animals HLA-DR fluorescence in microglia of the vtSN was greater
compared to those in the VTA (p = 0.024). Increased HLA-DR fluorescence intensity in the
vtSN with advancing age is depicted in Figure 4 (E – young and F – old-age). In contrast, note
the lack of an age-related increase in microglia of the VTA (G – young and H – old-age). These
data suggest microglia in both nigral regions undergo changes associated with ongoing
activation during normal aging, while those in the VTA do not undergo such changes.
Furthermore, the reactivity of microglia in the degeneration vulnerable vtSN, as indicated by
HLA-DR fluorescence intensity, is exaggerated compared to the resistant dtSN and VTA.

3.1.3. Microglia undergo morphological changes during normal aging in a
region-specific pattern—To evaluate the degree of reactivity in HLA-DR+ microglia, as
indicated by morphological changes, morphology was qualitatively rated (Table 1). In general,
there appeared to be an age-related change in microglia morphology from a resting state to
more activated morphologies in all DA subregions. In young animals, microglia exhibited
morphological profiles indicative of a resting state, while some hyper-ramified microglia were
seen (Figure 5A-A”). There was not a difference between morphological characteristics of
microglia in the vtSN, dtSN, and VTA of young animals (Figure 5A-A”). With advancement
into middle-age, there was an increase in microglia exhibiting more activated morphologies
(Figure 5B-B”). In the vulnerable vtSN region, the majority of microglia showed
morphological characteristics consistent with mild reactivity (hyper-ramified), and one animal
contained microglia with characteristics of advanced activation in the vtSN (Figure 5B). In
contrast, in the two resistant regions (dtSN and VTA) microglia were similar to those in young
animals with both resting and slightly reactive morphologies (Figure 5B” and B”). By old-age,
there was a ubiquitous presence of mildly reactive microglia in all three subregions (Figure
5C-C”). Interestingly, in the vtSN of the oldest animal (#6257, 29 yrs), the majority of microglia
exhibited morphologies associated with the most advanced states of activation. These data
indicate normal aging is associated with morphological shifts in microglia from resting states
to activated states, and specifically, the vtSN region contains microglia in advanced stages of
activation. Furthermore, morphological changes support the differences in HLA-DR intensity,
which suggests there is a state of chronic mild inflammation occurring in the midbrain during
normal aging that is exaggerated in the vulnerable vtSN region.
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3.2. Astrocytes in the aging midbrain
3.2.1. Astrocyte number does not change during normal aging in the SN and
VTA—Unbiased stereological estimates of the number of GFAP+ astrocytes were performed
to assess astrocyte proliferation in DA subregions of the midbrain during normal aging. There
were no statistical differences in any of the analyses used to compare astrocyte number between
age groups (p > 0.05), to correlate astrocyte number with chronological age (p > 0.05; Figure
6A-C), or to compare astrocyte density between DA neuron subregions (p > 0.05; Figure 6D).
The stability of astrocyte number as a function of age in midbrain DA subregions is represented
in the photomicrographs of the VTA from a young and old-age animal (Figure 6E and F). These
data suggest that astrocytes do not proliferate or migrate into the midbrain DA subregions
during normal aging.

3.2.2. Regional GFAP fluorescence intensity does not change during normal
aging in the SN and VTA—To determine whether the level of GFAP fluorescence changes
during normal aging in midbrain DA subregions, regional fluorescence intensity measurements
were used. GFAP fluorescence intensity was not different between age groups in any of the
subregions (p > 0.05). Similarly, GFAP fluorescence was not significantly correlated with
chronological age in the vtSN, dtSN, and VTA (p > 0.05; Figure 7A-C). In all three age groups,
the dtSN had the lowest levels of GFAP fluorescence (Figure 7D). Specifically, in young
animals the dtSN had lower levels compared to the VTA (p = 0.028), in middle-age animals
the dtSN was lower than both the vtSN and VTA (p = 0.008), and in old-age animals the dtSN
was reduced compared to the vtSN (p = 0.024). Figure 7E-G illustrates GFAP fluorescence in
midbrain DA subregions of a middle-age animal. Lower GFAP fluorescence in the dtSN is
readily appreciable, and is mostly due to the presence of more strongly labeled GFAP+ fibers
in the vtSN (E) and VTA (G) compared to the dtSN (E). These data indicate that the level of
GFAP is similar across age groups and that the dtSN appears to have the lowest levels of GFAP
fluorescence. Thus, changes in GFAP-ir are not consistent with an involvement of reactive
astrocytes in regional susceptibility or resistance to degeneration among DA neurons.

3.2.3. Astrocytes undergo morphological changes during normal aging—A
qualitative rating scale was used to determine the morphological changes in GFAP+ astrocytes
(Table 2). The morphology of astrocytes was consistent across the three subregions in most of
the animals. In general, there was not a dramatic change in astrocyte morphology associated
with advancing age in any region. Reactive astrocytes were seen only in some of the middle-
aged animals. Thus, there may be an inverted U-shaped relationship in morphological changes
associated with normal aging in the midbrain (Figure 8A-A”). With progression into middle-
age, astrocytes exhibited a shift in morphology to an intermediate degree of reactivity in some
animals (Figure 8B-B”). Only in the middle-aged group did an animal have a rating of (++),
which indicates the presence of mildly hypertrophic astrocytes (same as in a + rating) as well
as fully reactive astrocytes. By old-age, the astrocytes shifted back to a resting morphology
similar to astrocytes in young animals (Figure 8C-C”). Thus, aging is associated with
hypertrophy of astrocytes in middle-aged animals, but by old-age, the astrocytes return to a
resting state similar to astrocytes in young monkeys. These data do not support an involvement
of age-related astrocytosis in regional differences to susceptibility among DA subregions.

3.2.4. Effects of aging on GFAP+ astrocytes in other brain regions—To confirm
our animals follow the previously reported patterns of age-related changes in astrocytes in other
brain regions, we qualitatively analyzed GFAP+ astrocytes in the cortex, putamen, globus
pallidus, and hippocampus of young, middle-age, and old-age animals (Supplemental Figure
1). The astrocytes in aged animals appear to be greater in number, larger and more darkly
stained, with thicker processes emanating from the cell bodies. Moreover, GFAP+ fiber content
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in the neuropil is increased in aged animals. These data confirm previous observations and
strengthen the validity of the novel findings in midbrain subregions.

4. Discussion
This is the first report on age-related changes in microglia and astrocytes in specific DA neuron
subregions of the naïve rhesus monkey midbrain. Previously, we have shown DA neurons in
these subdivisions undergo region-specific changes in intrinsic cellular markers that are
associated with their degree of susceptibility to degeneration (Kanaan et al., 2007). Here we
expand these results to include factors outside DA neurons, showing changes in the glial
environment that may influence vulnerability of vtSN DA neurons to degeneration and
resistance of dtSN and VTA DA neurons. The intensity of HLA-DR fluorescence in microglia
increased with advancing age in the vtSN and dtSN, but not the VTA. Morphological changes
in microglia suggest microglia become reactive with advancing age in all three subregions.
Importantly, microglia in the vulnerable vtSN region exhibited morphological characteristics
consistent with advanced stages of activation. In contrast, microglia in resting and intermediate
stages of activation were found in the resistant dtSN and VTA. Our cell counts, intensity
measures of GFAP fluorescence, and morphology data suggest age-related changes in
astrocytes do not contribute in any obvious way to regional differences in susceptibility among
DA neurons. It must be acknowledged that our findings may be specific for nonhuman primates
and are limited by the low number of subjects available for study. In this regard, statistically
significant findings likely represent robust changes, but subtle changes may have remained
undetected.

The current study shows that normal aging was associated with changes in microglia consistent
with chronic inflammation in DA midbrain subregions, with the vtSN being most affected. We
did not detect statistically significant increases in the number of microglia in DA subregions.
These data are similar to those reported by Oguara and colleagues (1994), who did not find a
significant change in numbers of microglia of the SN when comparing young to middle-aged
rats (Ogura et al., 1994). Previous work has established an age-related activation of microglia
in numerous brain regions (white matter tracts, hippocampus, striatum, and globus pallidus)
and multiple species (rodents, monkeys, and humans), and suggests white matter tracts are
most severely affected with advancing age (Luber-Narod and Rogers, 1988; Mattiace et al.,
1990; Peters et al., 1991; Gordon et al., 1992; Ogura et al., 1994; Sheng et al., 1998; Sheffield
and Berman, 1998; Sloane et al., 1999; Morgan et al., 1999). Consistent with activation of
microglia during normal aging, we detected a significant increase in level of HLA-DR staining
in the vtSN and dtSN, but not the VTA. The use of MHC-II markers for identifying reactive
microglia is particularly useful since an upregulation of these glycoproteins is an integral part
of immune functions of activated microglia, such as antigen presentation (Aloisi, 2001). HLA-
DR levels in vtSN microglia were significantly more intense compared to those in the resistant
dtSN and VTA. Consistent with age-related and region-specific patterns of microglial
activation, the morphology of microglia was associated with advancing stages of activation
with advancing age in all midbrain subregions. Microglia in the vtSN consistently exhibited
morphological characteristics of advanced activation stages, while microglia in the resistant
dtSN and VTA always exhibited either resting or mildly activated morphologies. The SN
normally has one of the highest concentrations of microglia in the brain (Lawson et al.,
1990) and it has been postulated that simply having more microglia enhances the vulnerability
of surrounding neurons following an inflammation-inducing insult (Kim et al., 2000). While
the number of microglia was not different between midbrain subregions in our monkeys, the
changes in HLA-DR intensity and morphological characteristics indicate age-related
inflammation occurs in the DA subregions of the midbrain, and is exaggerated in the vtSN.
This suggests that the increase of activated microglia, as defined via phenotype and
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morphology, in the vtSN may contribute to the greater relative vulnerability of these DA
neurons to degeneration.

The role of microglial activation as a neuroprotective or neurodestructive process remains
complex and is most likely context dependent (e.g. acute vs. chronic inflammation) (van
Rossum and Hanisch 2004; Vilhardt 2005). Indeed, microglia have been shown to produce
neurotrophic factors (e.g. brain derived neurotrophic factor and glial cell line derived
neurotrophic factor), which could enhance neuronal survival and plasticity (Batchelor et al.
1999). On the other hand, many studies have indicated that microglial activation and
subsequent production of pro-inflammatory cytokines, free radicals, and phagocytic activity
may be harmful to neurons (Kim and Joh 2006). Inflammation and microglial activation are
thought to play an important role in PD (Hartmann et al. 2003; Kim and Joh 2006; McGeer et
al. 1988). However, a point of continuing contention is whether microglial activation actively
participates in DA neuron degeneration or represents a response to damage. Recent work by
Saint-Pierre and colleagues, has demonstrated that microglial activation precedes DA neuron
loss in an animal model of PD (Saint-Pierre et al. 2006). Moreover, numerous studies have
shown treatment with anti-inflammatory agents (e.g. minocycline and dexamethasone) that
reduce microglia activation, elicit enhanced neuronal survival following an insult (Barcia et
al. 2003; Herrera et al. 2005). Perhaps the presence of activated microglia in the aging vtSN
renders this region more sensitive to ongoing pathological changes, neurotoxic insults, and
other inflammation-inducing events. Many studies have implicated microglial production of
tumor necrosis factor-α, interleukin-1β, interferon-γ, nitric oxide, and reactive oxygen species,
among others, in the toxic effects of microglial activation (Kim and Joh 2006; Nagatsu and
Sawada 2005). Further exploration of the profile of factors (e.g. cytokines, chemokines, free
radicals, neurotrophic factors, and anti-oxidants) produced by activated microglia in specific
DA subregions during normal aging is warranted.

We were unable to discern significant changes in astrocytes (number, GFAP fluorescence, and
morphology) of the midbrain that would suggest age-related astrocytosis is associated with
regional differences in vulnerability of DA neurons. There is conflicting data in the literature
as to whether astrocyte number changes with advancing age. For instance, age-related increases
in astrocyte number have been documented in the cerebral cortex (Vaughan and Peters,
1974; Peinado et al., 1997; Peinado et al., 1998), the molecular layer of the dentate gyrus
(Pilegaard and Ladefoged, 1996), the dorsal lateral geniculate nucleus (Satorre et al., 1985),
and the neostriatum (Sturrock, 1980). In contrast, other studies were unable to detect significant
changes in astrocyte number in cerebral cortex (Hansen et al., 1987; Peters et al., 1991; Peters
et al., 1994) and the hippocampus (Landfield et al., 1977; Geinisman et al., 1978; Landfield et
al., 1978). It is likely that changes in astrocyte numbers are specific to the regions being studied,
and the method used to identify astrocytes. The majority of studies use GFAP to assess astrocyte
reactivity. However, using GFAP to determine astrocyte number may be inaccurate. Gordon
and coworkers (1997) demonstrated that the number of GFAP+ striatal astrocytes increases
after a 6-OHDA lesion of the medial forebrain bundle, but when glutamine synthetase+ and
S100+ (additional astrocyte markers) astrocytes are quantified there is not a change in cell
number (Gordon et al., 1997). These data suggest that an increase in GFAP+ astrocyte number
may be due to detection of previously non-detectable astrocytes, while the number of resident
astrocytes does not change. Other measures of astrocyte reactivity (e.g. increased GFAP
protein, increased expression of GRAP mRNA, and morphological changes) more clearly and
reliably indicate astrocyte reactivity, since they are based on individual cell characteristics and
consistently occur as a function of reactivity. Importantly, the absence of differences in GFAP
fluorescence and morphological changes in the current study further support the conclusion
that astrocyte activation does not occur readily in midbrain DA subregions during normal aging
and does not play a major role in regional differences in susceptibility to degeneration among
DA neurons. These data are consistent with previous reports demonstrating an absence of age-
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related changes in the level of GFAP protein and astrocyte morphology in select brain regions,
such as the forebrain of rodents and cortex of humans (Landfield et al., 1977; David et al.,
1994). Thus, it appears that age-related astrocytosis is not a ubiquitous event affecting all
regions of the brain equally.

It must be acknowledged that our results conflict with numerous studies clearly showing
astrocyte hypertrophy with advancing age in multiple brain regions and multiple species. For
instance, increases in GFAP mRNA, GFAP protein, area fraction of GFAP staining, and
transition to more activated morphologies have consistently been demonstrated in the cortex,
hippocampus, striatum, globus pallidus, and cerebellum, among other regions (Landfield et
al., 1977; Geinisman et al., 1978; Lindsey et al., 1979; Bjorklund et al., 1985; Beach et al.,
1989; Finch and Morgan, 1990; Goss et al., 1991; O’Callaghan and Miller, 1991; Bronson et
al., 1993; Nichols et al., 1993; Goss and Morgan, 1995; Morgan et al., 1999). Importantly,
none of these previous studies have analyzed age-related changes in the midbrain of nonhuman
primates. Changes in the substantia nigra only were briefly described in two studies. Intense
GFAP-ir was noted in the substantia nigra of aged humans (Beach et al., 1989) and low levels
of GFAP staining were noted in the midbrain of aged mice (Bronson et al., 1993). Age-related
changes in astrocytes are thought to be in response to degenerative events, such as synaptic
loss and perhaps low levels of neuronal attrition in select areas (Goss and Morgan, 1995). The
underlying reasons for a lack of age-related changes in astrocytes of the midbrain remain to be
determined. Perhaps the degree of age-related cellular dysfunction in the midbrain is not
sufficient to induce astrocytosis. Indeed, frank neuronal loss in the SN does not occur as a
function of normal aging. Recent work from our groups shows that in response to MPTP,
compensatory mechanisms, which may be mediated in part by astrocytes, are reduced in the
nigrostriatal system of aged nonhuman primates (Collier et al., 2005; Collier et al., 2007). The
general increase in the susceptibility of midbrain DA neurons to degeneration in aged animals
may possibly be due, in part, to a reduced compensatory neuroprotective response expressed
by astrocytes. Alternatively, age-related changes in oligodendrocytes may be important in
understanding the differences in DA neuron susceptibility to degeneration. While
oligodendrocytes were not evaluated in these studies, numerous lines of evidence suggest
changes in oligodendrocytes may play an important role in degenerative changes during aging
and in neurodegenerative diseases (for review see Bartzokis G, 2004). Future studies evaluating
the age-related changes in oligodendrocyte number and myelination in midbrain subregions
are necessary.

Interestingly, we found an age-related trend in astrocyte morphology from resting in young
monkeys, to more hypertrophic in middle-age animals, and back to resting in old-age animals.
This inverted U-shape relationship in astrocyte reactivity has not been reported previously,
however, no detailed analyses of age-related changes in midbrain astrocytes have been
performed previously. In contrast to the inverted U-shaped response of astrocytes in the
midbrain, we found age-related hypertrophy of astrocytes followed established patterns of
progressive increased astrocyte activation in cortical white matter, putamen, globus pallidus,
and dentate gyrus of our monkeys. The implications of these unique results in the midbrain
remain to be elucidated, but a failure to sustain astrocyte activation in old-age may enhance
the susceptibility to degeneration of DA neurons in the aged midbrain.

The data presented here suggest the glial environment undergoes changes during normal aging
and that the degree of these changes differ between DA neuron subregions of the midbrain,
particularly in the microglia population. We detected no aging-related increase in the number
or activation state of astrocytes across all subregions of SN. This is unlike the age-related
astrocytosis that characterizes many other brain regions. Morphological changes in astrocytes
support the view that astrocytes may be activated in middle-age, but that this response, be it
supportive or damaging, disappears in old age. Thus, our evidence does not suggest that age-
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related changes in astrocytes play a major role in regional differences in susceptibility to
degeneration among midbrain DA neurons. In contrast, an age-related and region-specific
increase in microglial activation was detected. During normal aging, increases in HLA-DR-ir
and changes in the morphology of microglia support the view that microglia undergo activation
with advancing age, and these changes were exaggerated in the vulnerable vtSN region. These
data suggest that a chronic inflammatory state in the aged vtSN may contribute to the enhanced
susceptibility to degeneration of DA neurons in this region.
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Fig. 1.
HLA-DR+ microglia morphologies in the midbrain. During normal aging, four distinct
microglia morphology ratings were observed in the vtSN, dtSN, and VTA using HLA-DR IHC.
(A) Resting ramified microglia were characterized by little cytoplasmic staining with fine
lightly immunoreactive fibers. A (-) rating indicates the majority of microglia are in a resting
state. (B) Hyper-ramified microglia are characterized by an increase in the amount of
cytoplasmic staining and more intensely labeled highly branched fibers. A (+) rating indicates
the majority of microglia are in the hyper-ramified state, without the presence of many fully
activated microglia. (C-D) Advanced stages of activation were characterized by two
morphologies. (C) First, macrophage-like microglia are characterized by intense cytoplasmic
staining of enlarged cell bodies and short, thick, strongly immunoreactive fibers. (D) Secondly,
multicellular clusters are composed of numerous activated microglia. A (++) rating indicates
the presence of numerous hyper-ramified and many fully activated microglia. A (+++) rating
indicates the vast majority of microglia are in advanced stages of activation. The rating
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associated with each photomicrograph is indicated in the parentheses. Scale bar: (A-D) 25
μm.
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Fig. 2.
GFAP+ astrocyte morphology in the midbrain. During normal aging three distinct astrocyte
morphologies were seen using GFAP immunohistochemistry. (A) Resting astrocytes were
characterized by fine long fibers emanating from a cell body and low levels of GFAP
immunoreactivity in the cytoplasm. (B and C) Reactive astrocytes took on two morphologies.
First, astrocytes exhibited an intermediate degree of hypertrophy characterized by increased
amounts of cytoplasmic immunoreactivity with thicker more intensely stained fibers (B).
Secondly, fully activated astrocytes exhibited enlarged cell bodies with intense cytoplasmic
staining and shortened processes with strong labeling for GFAP (C). The rating associated with
each photomicrograph is indicated in parentheses. Scale bar: (A-C) 25 μm.
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Fig. 3.
Aging is not associated with a significant increase in the number of HLA-DR+ microglia in
the midbrain. (A-C) Advancing chronological age was not significantly correlated with
numbers of HLA-DR+ microglia, but a trend towards increased numbers of microglia occurred
in the vtSN (A), dtSN (B), and VTA (C). (D) When microglia cell density was compared
between each subregion, there were not significant differences in any age group. (E-G) The
photomicrographs depict the trend towards increased number of microglia in the vtSN with
advancing age (E – young, F – middle-age, and G – old-age). Arrows indicate HLA-DR+
microglia. Scale bar: (E-G) 25 μm.
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Fig. 4.
The intensity of HLA-DR fluorescence in microglia increases with advancing age in the SN,
and is greatest in the vtSN. (A and B) Advancing chronological age is associated with
significantly increased HLA-DR fluorescence in microglia of both nigral regions, the vtSN (A)
and dtSN (B). (C) No correlation was found between age and microglia intensity in the VTA.
(D) Microglia in the vtSN have greater levels of HLA-DR-ir compared to those in the dtSN in
young animals (* p <0.05), both the dtSN and VTA in middle-age animals (** p < 0.05), and
the VTA in old-age animals (# p < 0.05). (E-H) The laser confocal microscopic images depict
the age-related increase in HLA-DR-ir intensity in the vtSN (E – young and F – old-age). Aging
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was not associated with a significant increase in HLA-DR-ir intensity in the VTA (G – young
and H – old-age). Scale bar: (E-H) 50 μm.
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Fig. 5.
Normal aging is associated with a chronic state of moderate inflammation in the midbrain, and
the vtSN is most severely affected. (A-A”) In young animals, the vtSN (A), dtSN (A’), and
VTA (A”) have microglia exhibiting resting morphologies (images taken from an animal with
− / − / − rating). (B-B”) In middle-age animals, the vtSN contains microglia undergoing early
stages of activation as evidenced by increased HLA-DR staining and hyper-ramified
morphologies (B), while microglia in the dtSN (B’) and VTA (B”) continue to exhibit resting
morphologies (images taken from an animal with + / − / − rating). (C-C”) In the midbrain of
aged animals, there is a ubiquitous presence of hyper-ramified microglia in the vtSN (C), dtSN
(C’), and VTA (C”; images taken from an animal with ++ / + / + rating). (C) Only within the
vtSN of an old-age animal (and one middle-age animal – not shown) were the majority of
microglia found to exhibit morphological characteristics consistent with advanced stages of
activation. Close arrows indicate HLA-DR+ microglia and open arrows indicate cells in insets.
Scale bar: (A-C”) 50 μm.
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Fig. 6.
Aging is not associated with increased numbers of GFAP+ astrocyte in DA midbrain
subregions. (A-C) Increasing chronological age was not significantly correlated with the
number of GFAP+ astrocytes in the vtSN (A), dtSN (B), or VTA (C). (D) Astrocyte density
was similar in the vtSN, dtSN, and VTA of all age groups. (E and F) The photomicrographs
depict no change in astrocyte density in the VTA of a young (E) and old-age (F) animal. Arrows
indicate GFAP+ astrocytes. Scale bar: (E and F) 25 μm.
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Fig. 7.
GFAP fluorescence did not change during normal aging. (A-C) GFAP fluorescence was not
correlated with advancing chronological age in the vtSN (A), dtSN (B), or VTA (C). (D) When
DA subregions were compared, the dtSN consistently had the lowest GFAP fluorescence. In
young animals, the dtSN was significantly lower than the VTA. In middle-age animals, the
GFAP level in the dtSN was significantly lower than both the vtSN and VTA. In old-age
animals, GFAP fluorescence was significantly lower in the dtSN compared to the vtSN (* p <
0.05 compared to dtSN). (E-G) The laser confocal microscopic images depict higher levels of
GFAP fluorescence in the vtSN (E) and VTA (G) compared to the dtSN (F) of a middle-age
animal. Scale bar: (E-G) 50 μm.
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Fig. 8.
In the midbrain, astrocyte activation does not occur in a pattern consistent with an involvement
in selective vulnerability of DA neurons to degeneration. (A-C”) Generally, the morphology
of astrocytes was similar across DA subregions within each age group (young A-A”; middle-
age B-B”; and old-age C-C”). However, there was an age-related effect on astrocyte
hypertrophy. (A-A”) Astrocytes in young animals exhibited morphological characteristics
consistent with a resting state (images from an animal with − / − / − rating). (B-B”)
Advancement into middle-age was associated with a change in astrocyte morphology
consistent with moderate levels of reactivity (images from an animal with + / + / + rating). (C-
C”) By old-age, astrocytes exhibited a shift back to resting states, similar to those in young
animals (images from an animal with − / − / − rating). Closed arrows indicate GFAP+ astrocytes
and opened arrows indicate the cells in insets. Scale bar: (A-C”) 50 μm.
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