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Abstract

How aging impacts the central nervous system (CNS) is an area of intense interest. Glial 

morphology is known to affect neuronal and immune function as well as metabolic and 

homeostatic balance. Activation of glia, both astrocytes and microglia, occurs at several stages 

during development and aging. The present study analyzed changes in glial morphology and 

density through the entire lifespan of Rhesus macaques, which are physiologically and 

anatomically similar to humans. We observed apparent increases in gray matter astrocytic process 

length and process complexity as rhesus macaques matured from juveniles through adulthood. 

These changes were not attributed to cell enlargement because they were not accompanied by 

proportional changes in soma or process volume. There was a decrease in white matter microglial 

process length as rhesus macaques aged. Aging was shown to have a significant effect on gray 

matter microglial density, with a significant increase in aged macaques compared with adults. 

Overall, we observed significant changes in glial morphology as macaques age indicative of 

astrocytic activation with subsequent increase in microglial density in aged macaques.
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1 INTRODUCTION

Aging is a normal biological process with changes to numerous physiological functions (see 

recent review by (Didier et al., 2016) for similarities between primates and humans). 

Improvements in public health, social services, and healthcare systems worldwide are 

producing an older human population. Quality of life during aging is dependent upon 

complex interrelationships between psychosocial and physical health parameters. There are 

numerous stages in the human and nonhuman primate lifecycle, including infancy, 

adolescence, adulthood and old-age. Of these, adolescence is noted to be a window of 

opportunity for “re-wiring” of the nervous system, with reduced spine density on neurons 

(Spear, 2000). Both astrocytes and microglia are thought to have roles in influencing 

developmental synaptic pruning (Sofroniew and Vinters, 2010). The purpose of this study 

was to reveal specific changes in glia during the lifetime of uninfected primates. We chose 

the prefrontal cortex (PFC) as our region of interest due to its role in higher-order 

functioning, such as spatial recognition, working memory, and long-term memory. These are 

impacted during PFC remodeling in adolescence (Spear, 2000) and compromised in age-

related neurodegenerative diseases (Czeh et al., 2008).

During normal aging, from juveniles, through adolescence, adulthood and into eugeric 

aging, the CNS maintains an anti-inflammatory environment, largely through the action of 

astrocytes (Renner et al., 2011; Yirmiya and Goshen, 2011) and microglia (Ramesh et al., 

2013). In these normal conditions, both astrocytes and microglia have a highly ramified 

morphology, which, for microglia at least, is remarkably consistent across cortical layers 

(Kongsui et al., 2014). Both astrocytes and microglia assist in glutamatergic signaling, and 

so structural remodeling of glial processes impacts neuronal signaling (Mayhew et al., 

2015). These non-inflammatory roles for glial cells may be part of the normal maturation 

process (Tremblay, 2011). Indeed, failure of synaptic pruning by microglia induces 

neurodevelopmental delay (Zhan et al., 2014), and microglial activation in utero can have 

life-long effects (reviewed by Edmonson et al., in press).

Immune cells in the CNS have dual functionalities that can lead to damage of surrounding 

cells and tissues. Studies have frequently shown a connection between chronic inflammation 

or stress and the onset of neurodegenerative diseases (Harry, 2013; Hinwood et al., 2013; 

Middeldorp and Hol, 2011; Orre et al., 2014; Prinz et al., 2011; Tynan et al., 2013). The 

increase in circulating proinflammatory cytokines in aging humans and nonhuman primates 

also adversely impacts the CNS. Neural structure and volume are associated with circulating 

pro-inflammatory cytokines, including IL-6 (Willette et al., 2010), IL-8 and IL-10 (Willette 

et al., 2013), and combined with increased oxidative stress (Ungvari et al., 2011), indicate a 

link between chronic inflammation and activation in the CNS.

Microglia are considered the resident macrophages of the brain (Ramesh et al., 2013). These 

highly ramified cells continuously survey the CNS for abnormalities and may become 

phagocytic or extend their processes to isolate damaged sites. During infection or injury, 

microglia can become activated into either a classical (pro-inflammatory) M1 phenotype or 

alternative (anti-inflammatory) M2 phenotype, depending on signals received from 

astrocytes and T-cells. Primed microglia can also produce an exaggerated inflammatory 

Robillard et al. Page 2

Brain Behav Immun. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



response to a subsequent stimulus (Perry and Holmes, 2014; Renner et al., 2012). The 

inability of microglia to successfully clear cell debris can induce prolonged inflammation 

and ultimately lead to depression (Yirmiya et al., 2015), neurodegeneration and premature 

aging (Harry, 2013; Schwartz et al., 2013).

Because of the close physiological and genetic relationship with humans, studies using 

nonhuman primates (NHPs) have been invaluable for understanding the changes in brain 

structure and function that take years, rather than months, to develop (reviewed recently by 

(Didier et al., 2016)). Thus, the nonhuman primate brain may be an ideal model for eugeric, 

or normal aging, especially in brain. Rhesus monkeys age approximately 4 times faster than 

humans (Colman and Anderson, 2011; Kohama et al., 2012; Spear, 2000), providing a 

unique opportunity to examine glial changes in primates as they age. Importantly, primates 

are unique in having a distinct adolescent phase of development after puberty, but before 

true adulthood (Goldman-Rakic, 1987; Spear, 2000; Verrico et al., 2011).

While previous studies have focused on glial activation within one age group or between 

diseased and controlled states (Lee et al., 2014; Lee et al., 2013a; Lee et al., 2013b; Snook et 

al., 2013), the present study attempts to identify changes incurred during the entire lifespan 

in otherwise healthy macaques. Our data will show a sharp increase in the branching, and 

hence connectivity of glia during the transition from adolescence to adulthood. This 

occurred concurrently with decreased microglial arbor length. Finally, we noted increased 

numbers of IBA1 immunopostive cells that were morphologically consistent with microglia 

in geriatric macaques.

2 MATERIALS AND METHODS

2.1 ETHICS STATEMENT, ANIMAL HOUSING, & SELECTION OF TISSUES

Those animals housed indoors were maintained in Animal Biosafety Level 2 housing with a 

12:12- hour light:dark cycle, relative humidity 30% to 70%, and a temperature of 17.8 to 

28.9°C. Water was available ad libitum, and a standard commercially formulated nonhuman 

primate diet (Lab Fiber Plus Monkey DT, 5K63, PMI Nutrition International, St. Louis, MO) 

was provided twice daily and supplemented daily with fresh fruit and/or forage material as 

part of the environmental enrichment program. All animals at TNPRC have environmental 

enrichment, widely used to improve welfare in captive macaques. Each cage (Allentown, 

Inc., Allentown, NJ) measured 36 inches (91.4 centimeters) in height with 8.6 square feet 

(0.8 square meters) of floor space and contained a perch, a portable enrichment toy, a mirror, 

and a forage board for feeding enrichment. Practices in the housing and care of animals 

conformed to the regulations and standards of the U.S. Department of Health and Human 

Services Public Health Service (PHS) Policy on Humane Care and Use of Laboratory 

Animals, and the Guide for the Care and Use of Laboratory Animals. The Tulane National 

Primate Research Center (TNPRC; Animal Welfare Assurance # A4499-01) is fully 

accredited by the Association for the Assessment and Accreditation of Laboratory Animal 

Care-International. All animals are routinely cared for according to the guidelines prescribed 

by the NIH Guide to Laboratory Animal Care. The TNPRC conducts all research in 

accordance with the recommendations of the Weatherall report - “The use of non-human 

primates in research”. The Institutional Animal Care and Use Committee (IACUC) of the 
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Tulane National Primate Research Center approved all animal-related protocols, including 

any treatments used with nonhuman primates. All animal procedures were overseen by 

veterinarians and their staff.

Animals were humanely euthanized by the veterinary staff at the TNPRC in accordance with 

endpoint policies. Euthanasia was conducted by anesthesia with ketamine hydrochloride (10 

mg/kg) followed by an overdose with sodium pentobarbital and immediate necropsy. This 

method was consistent with the recommendation of the American Veterinary Medical 

Association guidelines (Lee et al., 2013b). Three brain regions approximately 1cm thick are 

routinely collected during necropsy of colony animals at TNPRC representing frontal lobe, 

parietal & temporal lobe /thalamus/ basal ganglia, and cerebellum / occipital lobe. All 

tissues are fixed at routine necropsy by immersion in 10% neutral buffered formalin with 

zinc modification for 48 hours before trimming and paraffin embedding.

The present study stained, imaged, and analyzed formalin fixed paraffin embedded frontal 

lobe sections collected in the past eight years and stored at the TNPRC tissue archive. All 19 

animals constituting this study were uninfected Rhesus macaques that went to necropsy as a 

result of investigator-initiated control animals, trauma or natural causes. These included 8 

males and 11 females ages 0.45 to 25.59 years old (Table 1). Our animals were divided into 

four groups: juveniles (5 months to 2 years), adolescents (approximately three to five years), 

adults (seven to twelve years) and geriatrics (twenty years or older) based on general 

developmental stages (Colman and Anderson, 2011; Kohama et al., 2012; Spear, 2000).

2.2 IMMUNOHISTOCHEMISTRY

Formalin fixed paraffin embedded frontal lobe tissue samples were cut 6 μm thick using an 

Ultramicrotome. These tissue samples were deparaffinized with Xylene for 25 minutes and 

rehydrated with decreasing concentrations of ethanol and deionized water. Samples were 

then incubated in two solutions of Sodium Citrate Buffer: the first solution at room 

temperature for 30 minutes and the second at >95 degrees for 30 minutes. Tissue samples 

were allowed to cool in a shaker for 20 minutes before outlined in wax and incubated with 

DAKO protein block at room temperature for one hour. Next, the protein block was 

removed, and each sample was incubated overnight at 4°C with 150 μL of a 1:250 dilution 

of Ionized Calcium-Binding Adaptor Molecule 1 (Iba-1) primary antibody solution (Wako, 

Richmond, VA). The next day, samples were washed three times in Tris-Buffered Saline 

(TBS), and each was covered in 150 μL of 1:1000 Alexa 488 Anti-Rabbit secondary 

antibody. After one hour, the slides were washed three times with TBS and incubated with 

DAKO block for one hour. After removing the protein block, each sample was incubated for 

one hour with 150 μL of 1:250 cy-3 pre-conjugated Glial Fibrillary Acidic Protein (GFAP) 

antibody (clone GA-1, Sigma). Following this, the samples were washed a final three times 

in TBS. All samples were cover-slipped using Prolong Gold with DAPI and glass slide 

covers. The slides were refrigerated until imaged by fluorescent microscopy.

The aforementioned Iba-1/GFAP stained slides encompassed all 19 uninfected animals used 

in this study; these slides were imaged for (1) astrocyte morphology, (2) astrocyte density, 

and (3) microglia density. A second set of slides including all animals except EB20 was 

stained only for Iba-1. These slides were imaged for microglia morphological analyses.

Robillard et al. Page 4

Brain Behav Immun. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.3 MORPHOMETRIC ANALYSES

Slides were imaged in random order at 40X objective using a Nikon Eclipse TE2000-U 

microscope. For both astrocytes and microglia, 20 non-overlapping frontal lobe fields were 

captured for each animal, 10 from gray matter and 10 from white matter. Cells were then 

analyzed with Neurolucida software. For astrocyte morphology, 14 cells each from gray 

(layers 2–6) and white matter were selected at random and traced (Figure 1a). For microglia, 

10 cells each from gray (layers 2–6) and white matter were selected and traced 

(Supplemental Figure 4). For these studies, as with previous studies in this group, only those 

cells with clear labeling (either GFAP or IBA1) were chosen. It was also important that clear 

cell bodies were apparent (DAPI staining), and that the processes did not extend beyond the 

edge of the field imaged. Cells were purposefully chosen far from the gray-white matter 

border to remain within designated cortical layers, as is routine (Lee et al., 2014; Lee et al., 

2013a; Lee et al., 2013b; Snook et al., 2014).

The resulting 2D cell tracings were exported to Neurolucida Explorer, where morphological 

characteristics including cell body area, process length, and branch structure analyses were 

quantitated (Figure 1b, 1c). Using the diameter of the astrocyte processes, frusta were 

created in Neurolucida to determine the arbor volume of the astrocyte processes, as is 

routine (Lee et al., 2014; Lee et al., 2013a; Lee et al., 2013b; Snook et al., 2014). Sholl 

analyses were also performed in which concentric rings extended from the cell body at 10μm 

increments (Figure 1d). The resulting data were reported per 10μm distance from the cell 

body.

2.4 CONSOLIDATING DATA

Morphological analyses for all animals were imported into Excel and graphed using 

GraphPad Prism (version 5, GraphPad Software, La Jolla, CA). Branch structure data were 

assessed for significant changes between age groups using a one-way ANOVA with 

Bonferroni’s Multiple Comparison Test. Sholl data were assessed for significance using a 

one-way ANOVA with Bonferroni’s Multiple Comparison Test. Significant changes between 

sexes were assessed using an unpaired Student’s t-test. For all analyses, significance was 

defined as p<0.05. Data are presented as mean ± Standard Deviation.

2.5 CELL DENSITY DETERMINATION

A total of 18 animals were assessed for glial cell density. Five non-overlapping images were 

captured from both gray and white matter tissue at 20X objective using the Nikon Eclipse 

TE2000-U microscope. Cells were identified with either IBA1 or GFAP expression and clear 

cell bodies (DAPI). Each cell was marked using the count feature in Adobe Photoshop CS5 

(similar to the count feature in ImageJ), to ensure each cell was counted, but only once. 

Because most of the imaged gray matter fields included tissue borders, the images were first 

cropped and the pixel area contained within each field were then converted to μm2. The 

number of each cell type within each tissue area were manually counted and calculated for 

cell density. Resulting data were analyzed with GraphPad Prism using a one-way ANOVA 

and Bonferroni’s Multiple Comparison Test for significant values (p<0.05).
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3. RESULTS

Frontal cortical tissue samples of 19 uninfected macaques were analyzed for age-related 

changes in glial cell morphology and density throughout the normal primate lifespan. To 

better assess changes incurred with progressing age, these animals were divided into four 

distinct groups: (1) juveniles, ages <2 (Figure 1F); (2) adolescence, ages 2–5 (Figure 1E, G); 

(3) adulthood, ages 7–12 (Figure 1H); (4) and geriatric, ages >18 (Figure 1I). The animals 

are summarized in Table 1. Animals were also analyzed for morphological changes between 

sexes.

We postulated that astrocytes would increase in complexity as animals matured. To address 

this hypothesis, we performed Neurolucida analyses of multiple parameters, as is routine in 

our laboratory. Kruskal-Wallis analyses showed an effect of age on arbor length of gray 

matter astrocytes (p = 0.011). There was a significant increase in the total arbor length of 

gray matter astrocytes in adult macaques (364.3 ± 83.8μm) compared to juveniles (186.1 

± 41.6μm; Figure 2A). No significant differences were noted in white matter astrocytes as 

macaques matured (Figure 2B). Curiously, there were no significant differences observed in 

apparent arbor volume between any of the groups in either gray or white matter 

(Supplemental Figure 1 A, B) Thus, we noted that there was a significant increase in arbor 

length, without a proportional increase in volume. We point out that, GFAP staining to 

measure complexity may be controversial. If the processes appear to be longer, it is possible 

that GFAP has accumulated further along the thicker astrocyte processes over time, but the 

full length of the process may not have changed.

Increased astrocyte size and complexity has been linked to increased cognitive capacity (Han 

et al., 2013). To determine if the increased length of processes was linked to astrocyte 

complexity, we calculated the number of nodes and process endpoints (as defined by loss of 

visible GFAP expression) of each cell. In gray matter astrocytes, there were significant 

increases in both branching (nodes) and endpoints between adolescents (nodes: 5.8 ± 2.1, 

endpoints: 14.9 ± 2.5) and adults (nodes: 15.5 ± 4.2., endpoints 26.1 ± 5.1). There was also a 

significant increase in branching between juveniles or adolescents and adults in both gray 

and white matter astrocytes (Figures 2C and 2D, respectively). The mean number of nodes 

and endpoints on astrocytes in geriatric animals was significantly less than in adult animals 

in both gray and white matter.

It is unlikely that these changes were due to inflammatory events, as classically understood, 

as there was neither hypertrophy nor atrophy of the astrocyte cell bodies (Figure 2E, F). For 

both gray and white matter astrocytes, there were no significant differences in the number of 

primary processes between age groups (Supplemental Figure 1 C, D).

In agreement with the data presented in Figure 2A, there was a general increase in length 

from juveniles to adults at the 20μm and 30μm marks in gray matter astrocytes when 

measured using modified Sholl analyses (Figure 3A). The increase in total arbor length is, 

thus, not attributed to processes extending further from the cell body; rather, the increase 

represents more branching proximal to the cell body. It is curious that an increase was also 

observed in white matter astrocytes, with a significant increase from juveniles to adolescents 
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at the 30μm mark (Figure 3B). Thus, as macaques mature from juveniles into adolescence, 

there are significant increases in apparent complexity and overall arbor length of astrocytes.

We next determined if the increased branching occurred proximally or distally to the 

astrocyte cell bodies. Thus, we used modified Sholl analyses to investigate changes in 

process complexity at 10μm radial increments from the cell body. This assessment 

calculated numbers of nodes, ends, intersections (through concentric circles), and length of 

processes (see Supplemental Figure 2 for details of Sholl analyses of white matter 

astrocytes). For gray matter astrocytes, there was significantly more branching at the 10μm 

to 30μm marks in adult macaques than in any other age group (Figure 3C); this phenomenon 

was also seen in white matter astrocytes (Figure 3D, and Supplemental Figure 2). There 

were correspondingly more endpoints in adult macaques at the 20μm and 30μm marks of 

both gray and white matter astrocytes (Figures 3E and 3F, respectively). There was a general 

increase in the number of intersections through Sholl rings from juveniles to adolescents at 

the 20μm and 30μm marks (Figure 3G) in gray matter astrocytes. This trend was not 

observed in white matter astrocytes, which showed no significant changes in numbers of 

intersections with Sholl rings (Supplemental Figure 2).

When the ages were pooled, there were no significant differences between male (n = 8) and 

female (n = 11) macaques observed in any of the measured parameters of gray or white 

matter astrocytes (not shown). The study does not have the potency to find differences 

between sexes at each age.

To determine if the altered astrocyte morphometrics were correlated with microglial 

activation, we analyzed microglial remodeling in IBA1 immunopositive cells. Using 

Kruskal-Wallis analyses, we observed an effect of aging on white matter microglial arbor 

length. Dunn’s post-test analyses showed that there was a decrease in arbor length in white 

matter microglia in adults (80.9 ± 30.6μm, n = 5) compared to juveniles (133.8 ± 5.7μm, n = 

4) (Figure 4D). This is commonly accepted as activation of microglia, with retraction of 

processes and change to a more amoeboid morphology. However, as with the astrocytes this 

was not associated with a proportional increase or reduction in process volume or cell body 

area (Supplemental Figure 3). There was also no significant difference in arbor length in 

gray matter microglia (Figure 4A), or in the complexity of microglia across the age spectrum 

in either gray (Figure 4C) or white matter (Figure 4D).

To determine if the decrease in microglial ramification in the adult group was associated 

with increased microglial migration or proliferation, we determined cell densities by 

quantifying the number of IBA1-positive cells per mm2. There was a significant effect of age 

on gray matter microglial density [F(3,14) = 3.48, p = 0.045)]. Post-hoc comparisons using 

Tukey’s test found that microglia densities in adult rhesus macaques (122 cells/mm2 ± 8) 

were significantly different from geriatric animals (189 cells/mm2 ± 41 (Figure 5A). A one 

way between-subjects ANOVA showed a significant effect of age on white matter microglial 

density [F(3,14) = 3.62, p = 0.040)]. However, post-hoc comparisons revealed no significant 

differences between groups (Figure 5B). For both gray and white matter astrocytes, we 

found no significant changes in cell density between age groups (gray matter: [F(3,14) = 
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1.95, p = 0.17)]; white matter: [F(3,14) = 0.90, p = 0.46)]) (Figures 5C and 5D, 

respectively).

4 DISCUSSION

In the present study, glial cells spanning the age spectrum of rhesus macaques were assessed 

for changes in morphology and density indicative of CNS inflammation. Atrophy of 

astrocyte processes has been detected in normal human aging (Heneka et al., 2010), and 

reversing this atrophy in adult mice improves cognitive abilities (Han et al., 2013). Astrocyte 

atrophy is also observed in rodent (Tynan et al., 2013) and macaque (Lee et al., 2013b) 

depression models, resulting in decreased neuronal connectivity and plasticity. Reduced 

numbers of astrocytes is directly linked to disruptions in cognitive behavior and may be a 

primary driver of pathology in humans (Banasr and Duman, 2008; Banasr et al., 2011). Our 

goal was to compare changes in glial morphology and density in normal brains of juvenile, 

adolescent, adult, and geriatric rhesus macaques.

Astrocytes possess a star-shaped morphology with many branched processes rich in glial 

fibrillary acidic protein (GFAP) radiating from the cell body, which are more complex in 

humans and primates compared with rodents and other taxa (Oberheim et al., 2012; 

Oberheim et al., 2009). In response to injury or infection, astrocytes can respond 

morphologically via cell body hypertrophy (expansion) and process thickening. This 

involves altered regulation of actin, tubulin, dynein and Rho pathways (De Filippis et al., 

2012; Renner et al., 2013). Activation of these pathways is linked to loss of astrocyte 

syncytia integrity through downregulation of connexin 43 (Olk et al., 2010). We have 

recently shown that, even in the absence of continued infectious agent in brain, astrocytes 

remain activated (Inglis et al., 2015; Lee et al., 2014; Lee et al., 2013a) with regard to 

morphology and expression of Toll-like Receptor 2 (TLR2) which has been postulated to be 

a potential driver of glial activation (Snook et al., 2014). Likewise, microglia activation is 

linked to cytoskeletal alterations, including actin (Uhlemann et al., 2015), to which Iba1 

binds. Thus, Iba1 staining is exquisitely sensitive to morphologic changes in microglia 

(Kongsui et al., 2014; Renner et al., 2012).

In accordance with our original hypothesis, several significant changes were detected in 

astrocyte morphology between age groups. First, an increase in gray matter astrocytic 

process length was observed with a concurrent decrease in white matter microglial process 

length. These changes were not attributed to cell enlargement because they were not 

accompanied by proportional changes in soma or process volume. The general increase in 

branching, ends, intersections, and process length on adults compared to all other age 

groups. Furthermore, this trend was observed only within the first 30μm from the cell body. 

Beyond this, there were no significant differences in any Sholl parameters between age 

groups (Supplemental Figure 2). Again, these results negate cell enlargement because 

complexity does not extend further from the cell body as expected with growth. Astrocytic 

activation in adult macaques and subsequent loss of apparent complexity in geriatrics was in 

line with the typical onset of neurodegenerative diseases, or age-associated depression (Lalo 

et al., 2014). We have recently shown a connection between reversible astrocyte atrophy and 

mood disorders in rhesus macaques (Lee et al., 2015; Lee et al., 2013b).
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In the current study, we observed no changes in astrocyte number. The structural atrophy of 

astrocytes, in the absence of cell loss is associated with depression in other animal models 

(Tynan et al., 2013). As we observed similar morphometric changes in the geriatric 

macaques as with animals with symptoms associated with depression (Lee et al., 2013b), it 

is possible that eugeric aging includes a mild depression associated with astrocyte atrophy 

(Lalo et al., 2014).

Astrocyte activation in turn could be responsible for, or a result of, microglial activation 

observed in rhesus macaques (Sloane et al., 1999), although those studies separated 

geriatrics (over 23) from young adults (between three and ten years of age). Therefore, it is 

not immediately clear if there was a gradual decline in the previous study. We did observe a 

gradual decrease in gray matter microglial density from adolescence to adulthood (Figure 5), 

with the lowest cell density observed in adults. This was followed by a significant increase 

in grey matter microglial density, in agreement with studies of mouse hippocampus 

(Giovanoli et al., 2015). This increased neuroinflammation associated with aging will prime 

the brain to the effects of peripheral infection (Sparkman and Johnson, 2008). It should be 

noted that all myeloid cells express Iba1, and infiltration of peripheral cells, which is 

increased during illness and aging, can occur. Additional staining with, e.g. P2RY12 would 

help to differentiate CNS microglia from peripheral macrophages.

Limitations of this retrospective study of experimentally naïve macaques include the use of 

6μm paraffin sections from limited archival tissues. This made truly unbiased stereology 

impractical without using up the entire tissues from the animals. This is likely to 

overestimate the cell density especially in those sections containing more cells, and thus, 

results in a bias because conditions (ages) with higher density are more overestimated that 

conditions with lower density (Walloe et al., 2014). A further limitation of this study 

includes underestimation of changes in morphometric parameters using GFAP 

immunohistochemistry in 6μm paraffin sections. GFAP does not normally stain terminal 

astrocyte processes. GFAP is a marker of only the astrocytes’ cytoskeleton and not its entire 

volume. There may be other changes in the full volume of the cell that are not observable 

using GFAP as a marker. GFAP expression to measure volumetric changes may not be 

consistent with standard practice in the field. However, GFAP staining is routinely used by 

multiple groups, including ours, to measure changes in astrocyte morphometrics (Braun et 

al., 2009; Torres-Platas et al., 2015; Tynan et al., 2013). Alternative stains for astrocytes 

include glutamate transporters (for grey matter), CD44 (for white matter) or prospective 

Golgi staining (all of which would reveal considerably more astrocyte fine processes than 

GFAP immunohistochemistry). Combined with thicker sectioning and a motorized Z-stage 

during analysis, these would capture more astrocytic and microglial processes that were not 

visible in our 2D fluorescent images. As necropsy is performed on all animals at Tulane 

National Primate Research Center, a cause of death is assigned to each animal. It is not 

unexpected that an elderly primate would have some degree of amyloidosis or colitis, as part 

of the eugeric aging process. As colitis is the first or second most common cause of 

morbidity in captive rhesus macaques, and there was colitis present in each age group, it is 

unlikely that idiopathic colitis was linked to any changes in glial activation across the 

lifespan. We also draw attention to none of the non-geriatric animals having ANY histologic 

evidence of neuropathology.
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Depression has been observed as strong indicators of early-stage dementia and cognitive 

decline in aging human patients (Leonard, 2007, 2010). Glial morphologic changes, whether 

microglial (Yirmiya et al., 2015), or astrocytic (Czeh and Di Benedetto, 2013) are common 

features in models of depression. While this study has revealed the morphological changes 

incurred by the aging nonhuman primate prefrontal cortex, the origin of these changes has 

yet to be explained. The current study provides a solid control to which future non-human 

primate aging studies may be compared. There remain many morphological and 

physiological changes associated with the uninfected brain that warrant further research.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

Astrocytes become more complex during aging, peaking in adulthood

Most complexity increase occurs close to astrocyte cell body

Microglia become less complex, indicating possible activation

Depression in eugeric aging could have a glial component

Robillard et al. Page 14

Brain Behav Immun. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Determination of Cell Morphology
GFAP-stained astrocytes (red) were imaged by fluorescent microscopy at 40x objective (A), 

and then traced with Neurolucida software (B), which assigns arbitrary colors to the cell 

processes. Cells were then analyzed for branch structure parameters (C), and then a modified 

Sholl analysis was performed (D). GFAP-immunopositive astrocytes were first identified at 

low power (10x, E., white matter of adolescent macaque), and those cells that did not touch 

the edges of fields were imaged at 40x (Juvenile, F, Adolescent, G, Adult H, and geriatric I).
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Figure 2. Age-associated Morphologic Changes in Primate Astrocytes
A general increase in total process length of gray matter astrocytes was observed, with 

significant increase between juveniles and adults (A). There was no significant increase in 

white matter process length as macaques matured (B). The apparent complexity of the 

astrocytes was significantly increased in both gray (C) and white matter (D) astrocytes as 

macaques became adults, which was then decreased in geriatrics. These changes were not 

associated with either atrophy or hypertrophy in either gray (E) or white matter (F) cell 

bodies.
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Figure 3. Astrocyte complexity occurs proximally rather than distally
Sholl analyses showed that, compared with other age groups, adult macaques had 

increases in length (A, B), and nodes (C,D) within the first 30 μm of the cell processes in 

both gray and white matter. It was interesting that there were also increased number of 

endings (E, F) within the first 30μm, indicating numerous short processes in the adult 

astrocytes, absent from other age groups. The number of intersections in gray matter was 

also increased in adults (G).
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Figure 4. Age-associated Morphologic Changes in Primate Microglia
There was no significant change in the arbor length of gray matter microglia across the age 

spectrum (A). There was a significantly reduced arbor, however, in white matter between 

juvenile microglia and those in adult macaques (B). There was no significant alteration in 

the complexity of the microglia in either gray (C) or white matter (D) across the age 

spectrum examined.
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Figure 5. Increased Numbers of Microglia but not Astrocytes in Geriatric Primates
There was a significant increase in the number of microglia in gray matter as macaques 

matured from adults into geriatrics (A). The increase in microglia cell density in white 

matter from adolescents to geriatrics was not significant, however (B). There was no 

significant change in astrocyte density in either gray (C) or white matter (D).
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