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Abstract
Aging and neurodegenerative disorders, such as Alzheimer's disease (AD), trigger an 
immune response known as glial activation in the brain. Recent evidence indicates 
species differences in inflammatory responses to AD pathology, highlighting the 
need for additional comparative studies to further understand human-specific neuro-
pathologies. In the present study, we report on the occurrence of astrogliosis, micro-
glial activation, and their relationship with age and AD-like pathology in a cohort of 
male and female chimpanzees (Pan troglodytes). Chimpanzees with severe astrogliosis 
exhibited widespread upregulation of hypertrophic astrocytes immunoreactive for 
glial fibrillary acidic protein (GFAP) throughout all layers of the dorsolateral prefrontal 
cortex and a loss of the interlaminar palisade. In addition, extreme astrogliosis was 
associated with increased astrocyte density in the absence of significant microglial 
activation and AD lesions. A shift from decreased resting to increased phagocytotic 
microglia occurred with aging, although proliferation was absent and no changes in 
astrogliosis was observed. Vascular amyloid correlated with decreased astrocyte and 
microglia densities, while tau lesions were associated with morphological changes in 
microglia and greater total glia density and glia: neuron ratio. These results further our 
understanding of inflammatory processes within the chimpanzee brain and provide 
comparative data to improve our understanding of human aging and neuropathologi-
cal processes.

K E Y W O R D S
aging, Alzheimer's disease, astrocyte, astrogliosis, chimpanzee, microglia, neuroinflammation, 
nonhuman primate, RRID:AB_90949, RRID:AB_839504, RRID:AB_223647, RRID:AB_2109645, 
RRID:AB_2190927, RRID:AB_2564657
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1  |  INTRODUC TION

Astrocytes and microglia play an important role in the brain's im-
mune system and undergo an activation process in response to aging 
and neurodegenerative diseases, such as Alzheimer's disease (AD) 
(Kettenmann et al., 2011; Sofroniew & Vinters, 2010). Astrogliosis 
and microglial activation are defined by a spectrum of molecular, 
cellular, and functional changes that correspond to the severity 
and progression of the underlying condition (Heneka et al.,  2010; 
Kettenmann et al.,  2011; Sofroniew & Vinters,  2010). Astrogliosis 
results in upregulation of glial fibrillary acidic protein (GFAP) mRNA 
and protein, hypertrophy of the soma, elongation of dendritic pro-
cesses, and loss of domain organization (Pekny et al., 2014). Similarly, 
microglia use highly motile ramified processes to survey the cellular 
environment in their resting state, but upon activation, they exhibit a 
phenotypic graded response of decreased arborization, enlarged cell 
soma, and shortened or total loss of cellular processes (Kettenmann 
et al., 2011). In addition, activated microglia can proliferate and mi-
grate to a lesion site to provide additional defense and restoration of 
tissue homeostasis.

During aging, mild astrogliosis with GFAP upregulation oc-
curs in humans (Homo sapiens), although overall astrocyte density 
does not change (Beach et al., 1989; Cotrina & Nedergaard, 2002; 
Nichols et al., 1993; Pelvig et al., 2008). Conversely, humans display 
increased microglial activation and density with age in the neocor-
tex, including the hippocampal formation, entorhinal cortex, and 
white matter (DiPatre & Gelman,  1997; Gefen et al.,  2019; Pelvig 
et al.,  2008). When age-associated alterations in glial cells occur, 
they can produce persistent chronic inflammation, making the brain 
increasingly susceptible to neurodegenerative processes. Thus, in 
AD, greater levels of astrogliosis and microglial activation are associ-
ated with the characteristic neuropathologic inclusions of amyloid-
beta (Aβ) plaques and tau-associated neurofibrillary tangles (NFTs) 
in the temporal cortex and hippocampus (Ekonomou et al.,  2015; 
Harpin et al.,  1990; Hoozemans et al.,  2011; Marlatt et al.,  2014; 
McGeer et al., 1987; Serrano-Pozo et al., 2011; Streit et al., 2009).

Whether similar age- and pathology-related changes appear in 
the brains of closely related nonhuman primates has been examined 
in a small number of studies. In aged rhesus macaques (Macaca mu-
latta), GFAP expression was greater in the white matter, prefrontal 
cortex, and hippocampus, although like humans, astrocyte density 
was not increased compared to young monkeys (Haley et al., 2010; 
Sloane et al., 2000). Other studies also support a lack of age-related 
effects on astrocyte density in the fornix, primary visual cortex, fron-
tal lobe, and midbrain of rhesus macaques (Peters et al., 2008, 2011; 
Robillard et al.,  2016). However, astrocytes in older macaques do 
have a greater number of filaments in their processes and increased 
number of cellular inclusions. Conversely, the impact of age on mi-
croglial activation and density changes in nonhuman primates is in-
consistent. Rhesus macaques display age-related increases in total 
neocortical microglial densities and in microglial expression of the 
major histocompatibility complex class II (MHCII) protein in subcor-
tical white matter tracts (Robillard et al., 2016; Shobin et al., 2017). 

In addition, the mean average area occupied by MHCII-expressing 
microglia was greater in mature female pig-tailed macaques (Macaca 
nemestrina) compared to young adult and juveniles (Sheffield & 
Berman, 1998). In contrast, microglia densities did not change with 
age in the hippocampus of marmosets (Callithrix jacchus), although 
decreased numbers of resting (nonactivated) microglia were noted 
for older individuals (Rodriguez-Callejas et al.,  2016). Microglia 
density also was not affected by age in the visual cortex, substan-
tia nigra pars compacta (SNc), and ventral tegmental area of rhesus 
monkeys (Kanaan et al., 2010; Peters et al., 2008; Rodriguez-Callejas 
et al., 2016). Furthermore, microglial, astrocyte, and total glia den-
sities did not vary with age in the neocortex and hippocampus of 
chimpanzees (Edler et al., 2018, 2020; Munger et al., 2019). Together, 
these data indicate brain regions are differentially impacted by neu-
roinflammation during the aging process in nonhuman primates.

Only a handful of reports have investigated the neuroinflam-
matory response to AD pathology in nonhuman primates. Rhesus 
monkeys exhibit activated microglia and astrocytes concomitant 
with fibrillar Aβ neuritic plaques, and amyloid precursor protein 
(APP) deposition occurs intracellularly in astrocytes and microglia 
near plaques in rhesus, lion-tailed (Macaca silenus), and long-tailed 
macaques (Macaca fasicularis) (Härtig et al., 1997; Martin et al., 1994; 
Robillard et al., 2016). Injection of fibrillar Aβ into the cortex of aged 
marmosets and rhesus macaques induced tau hyperphosphorylation 
and microglial recruitment, and a macrophage inhibitor eliminated 
fibrillar Aβ toxicity in elderly macaques (Geula et al.,  1998; Leung 
et al., 2011). In aged chimpanzees, Aβ-immunoreactive (ir) plaques 
and vessels as well as tau pathologies were associated with greater 
glial activation in the neocortex and hippocampus (Edler et al., 2018; 
Munger et al.,  2019). However, to further understand the distinct 
features of the human brain in relation to aging and disease, addi-
tional studies in our closest living relatives are needed.

Here, we build upon our previous work measuring astrogliosis 
and microglial activation in aged chimpanzees (n = 20, 37–62 years) 
by adding a group of young chimpanzees (n =  11, 12–27 years) to 

Significance

Aging and Alzheimer's disease (AD) trigger activation of 
glial cells known as astrocytes and microglia in the brain's 
immune system. Recent evidence indicates that humans 
differ from other species in their inflammatory responses 
to aging and AD pathology, highlighting the need for com-
parative studies. Here, we report on the occurrence of as-
trogliosis, microglial activation, and their relationship with 
age and AD pathology in chimpanzees (Pan troglodytes). 
We also describe an extreme form of astrogliosis in chim-
panzees in the absence of significant microglial activation 
and AD lesions. This study adds to our understanding of 
neurological differences between species during the aging 
process.
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    |  3EDLER et al.

better identify neuroinflammatory changes associated with aging. 
We provide a quantitative analysis of astrocyte, microglia, and over-
all neuron and glia densities and their correlations with age, sex, and 
AD-like pathology. In addition, we document the presence of an ex-
treme form of astrogliosis in the chimpanzee brain.

2  |  METHODS

2.1  |  Specimens and sample processing

Postmortem formalin-fixed brain specimens from the dorsolateral 
prefrontal cortex (DLPFC, Brodmann areas 9/10) of 31 chimpanzees 
(Pan troglodytes) were provided by the National Chimpanzee Brain 
Resource (NCBR; NIH grant: NS092988; Table 1). Available medical 
history information is reported in Table 1 (Edler et al., 2017). Fixed 
chimpanzee brain samples were collected upon natural death or eu-
thanasia due to medical concerns and immersion fixed in 10% for-
malin. After a minimum of 7 days, brains were transferred to a .1% 
sodium azide solution containing .1  M phosphate-buffered saline 
(PBS) and stored at 4°C. Samples were cryoprotected in a graded 
series of sucrose solutions before sectioning at a 40-μm thickness on 
a freeze sliding microtome (SM2000R, Leica, Chicago, IL). Each tis-
sue section was placed in a single sequentially numbered centrifuge 
tube containing 30% dH2O, 30% ethylene glycol, 30% glycerol, and 
10% .244 M PBS and stored at −20°C until further histological or 
immunohistochemical processing. A 1:10 series was stained for Nissl 
substance using .5% cresyl violet to visualize cytoarchitecture and 
quantify total neuron and glia densities.

Layers I, III, and white matter (WM) of the DLPFC were analyzed 
in this study. This region was selected due to its role in both episodic 
and working memory tasks, which has shown increased vulnerabil-
ity to aging in humans (Autrey et al., 2014; Bauer & Fuster,  1976; 
Brickman et al., 2007; Fuster & Alexander, 1971; Kane & Engle, 2002; 
Kubota & Niki, 1971; Miller & Orbach, 1972; Sherwood et al., 2011; 
Zimmerman et al.,  2006). Layer I contains interlaminar astrocytes 
that are particularly susceptible to AD pathology in both humans 
and chimpanzees (Colombo et al., 2002, 2004; Munger et al., 2019). 
Layer III in the DLPFC shows increased astrogliosis and neuron 
loss in AD (Beach et al., 1989). The WM is also vulnerable to volu-
metric decline with age in both humans and nonhuman primates in 
the DLPFC as demonstrated by increased GFAP immunoreactivity 
(Allen et al., 2005; Autrey et al., 2014; Sherwood et al., 2011; Sloane 
et al., 2000).

2.2  |  Antibody characterization

All primary antibodies are listed in Table  2. An equidistant series 
(~1:10) of brain sections containing the DLPFC was immunohisto-
chemically processed for the following antibodies: (1) GFAP, a com-
mon marker for astrocytes; (2) excitatory amino acid transporter 
2 (EAAT2), a glutamate transporter expressed predominantly in 

astrocytes; (3) glucose transporter 1 (GLUT1), a transporter in as-
trocytes; and (4) ionized calcium-binding adaptor molecule 1 (Iba1), a 
microglial marker. GFAP (Millipore, AB5804) is the main component 
of intermediate filaments in astrocytes, and specificity has been 
evaluated by immunohistochemistry in mouse, rat, and human brain 
tissue by the manufacturer. We also previously characterized GFAP 
using immunohistochemistry in chimpanzee brain samples (Munger 
et al.,  2019). EEAT2 (Millipore, AB1783) removes L-glutamate, the 
primary excitatory neurotransmitter in the mammalian central nerv-
ous system (CNS), from the synaptic cleft, which helps maintain the 
proper diffusion gradient and prevent excitotoxicity. Specificity of 
the EEAT2 antibody was confirmed by Western blot using mouse 
brain membrane lysates by the manufacturer. The GLUT1 (Abcam, 
ab40084) isoform of glucose transporter is present in astrocytes 
surrounding blood vessels in the gray matter, and its specificity was 
evaluated by Western blot in HeLa cells and by immunohistochemis-
try in formalin-fixed human dermal carcinoma tissue sections by the 
manufacturer. Iba1 (Wako, 019-19741) is conserved in rat and human 
Iba1 protein sequences, and antibody specificity has been confirmed 
using immunohistochemistry in rodent, primate, and human brain 
samples (Imai et al., 1996). Additionally, sections from the DLPFC of 
six chimpanzees that exhibited widespread and severe astrogliosis 
were immunohistochemically processed and assessed for AD neu-
ropathologic markers including amyloid precursor protein/Aβ (6E10, 
Biolegend, 803007) and phosphorylated tau (AT8, ThermoFisher, 
MN1020) as previously described (Edler et al., 2017). In AD, accu-
mulation of aggregated Aβ peptides occurs in extracellular senile 
plaques and vasculature, while hyperphosphorylated tau forms pre-
tangle and NFT in neurons, and both lesions are associated with glial 
activation (Montine et al., 2012; Serrano-Pozo et al., 2011). Antibody 
specificity for 6E10 and AT8 was confirmed by Western blot by the 
manufacturer and by immunohistochemistry in nonhuman primates 
(Edler et al.,  2017; Goedert et al.,  1995; Kim et al.,  1988; Perez 
et al., 2013; Rosen et al., 2008).

2.3  |  Immunohistochemistry

The avidin-biotin-peroxidase method was used for immunohisto-
chemical processing of formalin-fixed chimpanzee brain samples. 
Briefly, tissue sections were pretreated for antigen retrieval (except 
EAAT2 sections) for 30 min in a .05% citraconic acid solution (pH 7.4) 
at 85°C. Endogenous peroxidase was quenched for 20 min using a 
solution of 75% methanol, 2.5% hydrogen peroxide (30%), and 22.5% 
dH2O. Sections were blocked in PBS, Triton X-100, normal serum, 
and bovine serum albumin (BSA), except EAAT2 sections which 
were blocked in PBS, normal serum, BSA, and dried carnation milk. 
Sections were incubated in the primary antibodies GFAP, EEAT2, and 
GLUT1 (Table 2) for 24 h at room temperature (RT) followed by 24 h 
at 4°C, while sections processed for Iba1, 6E10, and AT8 primary 
antibodies were incubated at 4°C for 48 h. Sections were incubated 
in the appropriate biotinylated secondary antibody (1:200) and nor-
mal serum for 1 h at RT, before being placed in avidin-peroxidase 
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4  |    EDLER et al.

TA B L E  1  Age (y), sex, astrogliosis classification, AD-related neuropathology, and available cause of death/notable medical history for 
chimpanzees used in stereological quantification

Age Sex Astrogliosis Aβ Tau Stereology markers
Cause of death/notable medical 
history

12 F Extreme V NC GFAP, Iba1
EEAT2, GLUT1, Nissl

Peritonitis, focal pleuritis, 
callosities ulceration, inguinal/
axillary lymphadenopathy

16 F Moderate n/a n/a GFAP, Iba1, Nissl Trauma, thrombocytopenia,
myocardial fibrosis

17 M Severe – – GFAP, Iba1, Nissl Myocardial fibrosis

17 M Extreme – NC GFAP, Iba1
EEAT2, GLUT1, Nissl

n/a

19 F Extreme – – GFAP, Iba1
EEAT2, GLUT1, Nissl

n/a

19 M Moderate – – GFAP, Iba1, Nissl Diabetes, meningitis, multifocal 
stomach hemorrhages, renal 
failure

19 M Extreme – – GFAP, Iba1
EEAT2, GLUT1, Nissl

Trauma

20 M Extreme – – GFAP, Iba1
EEAT2, GLUT1, Nissl

n/a

21 M Severe – – GFAP, Iba1, Nissl n/a

21 F Moderate n/a n/a GFAP, Iba1, Nissl Cardiomyopathy

24 M Mild n/a n/a GFAP, Iba1
EEAT2, GLUT1, Nissl

Myocardial fibrosis

27 F Extreme – – GFAP, Iba1
EEAT2, GLUT1, Nissl

n/a

35 F Mild – – GFAP, Iba1
EEAT2, GLUT1, Nissl

n/a

37 F Severe V NC GFAP, Iba1, Nissl Peritonitis, necrotic bowel, 
uterine rupture

39 F Moderate V – GFAP, Iba1, Nissl Heart failure

39 M Moderate V NFT GFAP, Iba1, Nissl Heart failure, leprosy

40 F Moderate – – GFAP, Iba1, Nissl Possible arrhythmia with trauma

40 F Moderate V – GFAP, Iba1
EEAT2, GLUT1, Nissl

n/a

40 M Moderate V – GFAP, Iba1
EEAT2, GLUT1, Nissl

Emaciation

41 M Severe V, P NC GFAP, Iba1, Nissl Intestinal mass, HIV, hepatitis C

41 M Moderate V NC GFAP, Iba1
EEAT2, GLUT1, Nissl

n/a

41 F Mild V – GFAP, Iba1, Nissl Chronic pleuritis, thoracic/
lumbar spondylosis, 
degenerative joint disease, 
hemoperitoneum

43 F Moderate V, P – GFAP, Iba1
EEAT2, GLUT1, Nissl

Ischemic stroke

45 F Mild V, P NFT, NC GFAP, Iba1, Nissl Heart failure, enlarged liver, 
respiratory failure

46 M Moderate V – GFAP, Iba1, Nissl Chronic myocardial disease, 
endocarditis,

hepatitis C, GERD

49 F Moderate V, P NFT GFAP, Iba1, Nissl n/a

51 F Mild V, P – GFAP, Iba1, EEAT, GLUT1, 
Nissl

Heart failure
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    |  5EDLER et al.

complex (PK-6100, Vector Laboratories, Burlingame, CA, USA) fol-
lowed by 3, 3′-diaminobenzidine-peroxidase substrate with nickel 
enhancement (SK-4100, Vector Laboratories) or NovaRED (SK-
4800, Vector Laboratories) for visualization. Sections were mounted 
on slides, dehydrated in an ethanol series, and coverslipped using 
DPX.

2.4  |  Characterization of astrogliosis, microglial 
activation, and AD pathology

Astrogliosis is a graded response that occurs in concordance with the 
severity and progression of the underlying condition from mild to se-
vere (Figure 1) (Heneka et al., 2010; Sofroniew, 2009; Sofroniew & 
Vinters, 2010). Astrocyte phenotype in healthy CNS tissue includes 
low levels of GFAP, nonoverlapping domains, and a lack of cellular 
proliferation. Mild astrogliosis is defined by a small, dispersed up-
regulation of GFAP, some hypertrophy of the cell soma, and little 
to no astrocyte proliferation, although domain organization remains 
intact and interlaminar astrocytes are unaffected (Figure  1a,e). 

Moderate astrogliosis includes an increase in GFAP expression in 
the upper cortical layers (i.e., layers I-IV) with marked hypertrophy 
of the soma and processes but limited proliferation. Clustering of as-
trocytes near areas of trauma, infection, or pathology and disruption 
of the interlaminar palisade are observed at this stage (Figure 1b,f). 
Lastly, severe astrogliosis is defined by dramatic upregulation of 
GFAP through all cortical layers, significant hypertrophy of cell soma 
and processes, proliferation, and a loss of domain organization. 
Furthermore, the interlaminar astrocyte palisade breaks down and 
decreased astrocyte density in cortical layer I can occur (Figure 1c,g) 
(Colombo et al., 2002, 2004; Munger et al., 2019).

To evaluate if astrogliosis levels correlated with microglial activa-
tion, we utilized total microglia and morphological subtype (ramified, 
intermediate, and amoeboid) densities collected in 18 chimpanzees 
from a prior study and quantified 13 additional chimpanzees as 
previously described (Figure  1i–k) (Edler et al.,  2018; Kettenmann 
et al., 2011). Briefly, resting microglia have a ramified morphology 
with a small cell soma and long, highly arborized processes that sur-
vey the cellular environment (Streit et al., 1999). In the presence of 
pathology, infection, or trauma, microglia activate, which can be 

Age Sex Astrogliosis Aβ Tau Stereology markers
Cause of death/notable medical 
history

57 M Moderate V, P, Severe 
CAA

NFT, NC GFAP, Iba1, Nissl Congestive heart failure, colitis, 
arthritis

58 F Moderate V, P NC GFAP, Iba1, Nissl Brain/aorta atherosclerosis

58 F Mild V, P, Severe 
CAA

NFT GFAP, Iba1, Nissl Breast cancer

62 M Severe V, P, Severe 
CAA

NFT GFAP, Iba1, Nissl Heart disease, hepatitis A and B

Note: Stereology variables were quantified for each chimpanzee based on tissue availability and are denoted as follows: (1) GFAP-ir and EEAT-ir 
astrocyte densities and soma volumes; (2) GLUT1-ir vessel volume; (3) Iba1-ir microglia density and morphologies; and (4) Nissl neuron and glia 
densities and glia:neuron ratio.
Abbreviations: M, male, F, female, V, vessels, P, plaques, CAA, cerebral amyloid angiopathy, NC, neuritic cluster, NFT, neurofibrillary tangle, n/a, not 
available.

TA B L E  1  (Continued)

TA B L E  2  Primary antibodies used for immunohistochemical processing

Antigen Immunogen Dilution Company, catalog # RRID

GFAP Rabbit polyclonal to purified bovine 
glial fibrillary acidic protein

1:12,500 Millipore, AB5804 AB_2109645

EAAT2 Guinea pig polyclonal to synthetic 
peptide from the carboxy-terminus 
of rat GLT-1

1:3000 Millipore, AB1783 AB_90949

GLUT1 Mouse monoclonal to glucose 
transporter 1

1:5000 Abcam, ab40084 AB_2190927

Iba1 Rabbit polyclonal to C-terminus of 
amino acids 81–93 of human AIF-1

1:10,000 Wako, 019-19741 AB_839504

APP/Aβ (6E10) Mouse monoclonal to amino acid 
residue 1–16 of beta amyloid 
(DAEFR​HDS​GYE​VHHQK)

1:7,500 Biolegend, 803007 (formerly 
Covance, SIG-39320)

AB_2564657

Tau (AT8) Mouse monoclonal to paired helical 
filaments-tau phosphoSer202 and 
phosphoThr205

1:2500 ThermoFisher, MN1020 AB_223647
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6  |    EDLER et al.

visualized as two distinct morphological subtypes, intermediate and 
amoeboid (Kettenmann et al., 2011). Intermediate microglia have en-
larged cell somas with shorter, thicker, and less arborized processes 
compared to ramified microglia, while amoeboid microglia are in-
volved in the process of phagocytosis and marked by an enlarged, 
irregular-shaped cell soma and an absence of processes.

Our team previously evaluated DLPFC brain samples from 20 
aged apes, along with eight younger chimpanzees in the current 
study, for AD-like pathology including Aβ-ir plaques, Aβ-ir vessels, 
cerebral amyloid angiopathy (CAA, amyloid deposition in the brain's 
vasculature), NFT, and tau neuritic clusters (NC, aggregates of 

tau-positive dystrophic neurites which are unique to chimpanzees; 
Table 1) (Edler et al., 2017). Tau and Aβ lesions were categorized as 
outlined in Serrano-Pozo et al. (2011), although Aβ-ir diffuse and 
dense-core plaques were not quantified separately in chimpanzees 
(Serrano-Pozo et al., 2011).

2.5  |  Stereology

Quantitative analyses were performed using computer-assisted 
stereology with an Olympus BX-51 photomicroscope equipped 

F I G U R E  1  Photomicrographs of astrogliosis levels (a–h), microglia morphologies (i–k), and Nissl-positive neurons (black arrow) and glia 
(gray arrow, l) in DLPFC layer I of chimpanzees. Astrogliosis levels included healthy/mild (a, e), moderate (b, f), severe (c, g), and extreme 
(d, h). Chimpanzees with extreme astrogliosis displayed extensive upregulation of GFAP across cortical layers and in the WM with definite 
hypertrophy and complete loss of domain organization. Microglia use highly motile ramified processes to survey the cellular environment 
in their resting state (i), but upon activation, they exhibit a phenotypic graded response of decreased arborization, enlarged cell soma, and 
shortened (intermediate, j) or total loss of cellular processes (amoeboid, k). DLPFC, dorsolateral prefrontal cortex, GFAP, glial fibrillary acidic 
protein, WM, white matter. Scale bars: 25 μm.
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8  |    EDLER et al.

with StereoInvestigator software (Version 11, MBF Bioscience, 
Williston, VT). Initial subsampling techniques were conducted 
for each probe to determine appropriate sampling parameters 
(Slomianka & West,  2005). Stereological evaluation was per-
formed blinded to age and sex for astrocyte densities (Av, mm3) 
and soma volumes (SV, μm3) for GFAP and EEAT2, volume occu-
pied by GLUT1-ir vessels (% area fraction, AF), Iba1-ir microglia 
(Mv, mm3) and morphology densities (ramified Mv, intermediate 
Mv, amoeboid Mv, mm3), and total neuron (Nv, mm3) and glia (Gv, 
mm3) densities (Nissl). Stereological parameters, including region 
of interest (i.e., layers of DLPFC), number of individuals (n), probe, 
counting frame, disector height, and average CE for each varia-
ble, are reported in Table 3. Briefly, for all cell densities, the opti-
cal fractionator probe was used at 40× (.75 N.A., GFAP, Iba1) or 
60× (1.42 N.A., EEAT2, Nissl) with a 2% guard zone and section 
thickness measured every fifth sampling site. All cells of interest 
within the counting frame were counted. For GFAP and EEAT2, 
SVs were measured for every second or third marked astrocyte 
simultaneously using the nucleator probe, and six rays were used 
to define the soma edges. Cell densities were calculated as the 
layer-specific estimated population divided by the planimetric 
volume of the region of interest. The volume of GLUT1-ir vessels 
was quantified at 10× (.25 N.A.) with the area fraction fractionator 
probe (AFF), which uses a Cavalieri point counting system. Every 
point on the grid received one of two markers: non-GLUT1-ir ves-
sel or GLUT1-ir vessel. Estimated AF was calculated as a percent-
age of the tissue occupied by GLUT1-ir vessels across all layers of 
the DLPFC.

2.6  |  Statistical analyses

Data were examined for outliers, which SPPS considers if they 
extend more than 1.5 box-lengths from the edge of the box, and 
outliers were removed prior to analyses. Two-way mixed-effects 
ANOVAs were utilized to investigate subregional differences 
(within-subjects factors: layers I and III, WM) in Av and SV between 
astrogliosis levels, and Bonferroni post-hoc tests were performed. 
One-way ANOVAs or Kruskal–Wallis tests were used to identify var-
iation in Mv and morphologies (ramified, intermediate, amoeboid), 
Nissl (Nv, Gv, G:N ratio), EEAT2 (Av, SV), and GLUT1 (% volume) data 
with a Bonferroni correction. The association of the presence of AD 
pathologies (i.e., Aβ: plaques and vessels; tau: NFT and NC) with cell 
densities (Av, Sv, Mv, Nv, Gv) and G:N ratio were examined with in-
dependent samples t-tests or one-way ANOVAs. When the Levene's 
statistic was significant, the t value for equal variances not assumed 
and the Brown–Forsythe F and p values were reported. Age-related 
differences in GFAP-ir Av and SV, Iba1-ir Mv and morphologic den-
sities, and Nissl Nv, Gv, and G:N ratios were analyzed using simple 
linear regression. Unpaired t-tests (Av, SV) or Mann–Whitney tests 
(Mv) were utilized to determine the association of sex. All statistical 
analyses were performed using IBM SPSS (Version 28) and Statistica 
(Version 13), and alpha was set at .05.

3  |  RESULTS

3.1  |  Effect of astrogliosis level on cell density and 
ratio

The degree of astrogliosis ranged from healthy to severe in the 
DLPFC of chimpanzees. In addition, six chimpanzees exhibited “ex-
treme” astrogliosis indicative of potentially global CNS inflammation 
that scaled beyond the other chimpanzees in the study (Table  1; 
Figure  1d,h). Like chimpanzees with severe astrogliosis, the astro-
cytes in chimpanzees with extreme astrogliosis displayed extensive 
upregulation of GFAP across cortical layers and in the WM with 
definite hypertrophy and complete loss of domain organization. The 
interlaminar palisade was lost, although hypertrophic layer I astro-
cytes remained. Some astrocytes had a granular/fuzzy phenotype 
(GFA) with fine dotted branching processes and a tau-ir soma, and 
astrogliosis was routinely observed in association with vasculature 
in these animals (Figure 2b).

Chimpanzees with extreme astrogliosis displayed minimal AD-
like pathology with the occasional presence of an AT8-ir pretangle 
and tau neuritic cluster (NC) in layers III and V in two apes and an 
Aβ-ir vessel in the WM of one ape. NFT and Aβ-ir plaques were 

F I G U R E  2  Photomicrographs of GFAP-ir astrocytes (black 
arrows, a–c) and Iba1-ir microglia (gray arrows, d) in chimpanzees 
with a Aβ-ir dense-core plaque (a), Aβ-ir vessels (b), a tau NC (c), and 
a NFT (d). GFAP, glial fibrillary acidic protein, Iba1, ionized calcium-
binding adaptor 1, Aβ, amyloid-beta, NC, neuritic cluster, NFT, 
neurofibrillary tangle. Scale bar: 25 μm.
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completely absent, although Aβ was observed in a diffuse, punc-
tuate pattern in the cell soma of layer III–VI neurons. Surprisingly, 
tau-ir astrocytes were not observed in the “extreme” astrogliosis 
chimpanzees. In a few chimpanzees, tau deposition appeared in a 
linear, bead-like fashion in layers I–IV and seemed located in varicos-
ities of interlaminar astrocytes. However, additional immunolabeling 
is needed to determine cellular localization.

To determine if chimpanzees with extreme astrogliosis ex-
hibited changes in Av and SV compared to chimpanzees in the 
well-established categories of healthy/mild, moderate, and severe 
astrogliosis, we compared GFAP-ir Av and SV in layers I, III, and WM 
in the DLPFC of 31 chimpanzees (Table 4; Figure 3a,b). A two-way 
mixed-effects ANOVA found significant main effects for region 
(F2,54 = 19.64, p < .01) and astrogliosis level (F3,27 = 7.15, p = .01) 
with a nonsignificant interaction (F6,54 = .93, p = .48) in GFAP-ir 
Av. Bonferroni post-hoc testing determined that chimpanzees 
with extreme astrogliosis had greater GFAP-ir Av compared to all 
other astrogliosis levels in layer I (p's < .03), and that Av was higher 
in layer I than layer III and WM (p's < .01; Figure 3a). GFAP-ir SV 
showed a significant main effect for region (F2,54 = 38.84, p < .01) 
and nonsignificant main effect for astrogliosis level (F3,27 = 1.58, 
p = .22) and interaction (F6,54 = .68, p = .67; Figure 3b). Bonferroni 
post-hoc tests revealed that GFAP-ir SV in the WM, regardless 
of astrogliosis level, was lower than layers I and III (p's < .04; 
Figure 3b). In addition, EAAT2-ir WM Av, EAAT2-ir WM SV, and 
% of volume occupied by GLUT1-ir vessels in gray matter of the 
DLPFC were collected in 13 chimpanzees categorized as having 
mild, moderate, or extreme astrogliosis. Using independent sam-
ples Kruskal–Wallis tests with a Bonferroni adjustment (n  =  2 
tests, α = .03), we found that average EAAT2-ir Av, and EAAT2-ir 
SV did not change based on astrogliosis level (p's > .05; data not 
shown). One-way ANOVA also determined no significant differ-
ence in % of volume occupied by GLUT1-ir vessels by astrogliosis 
level (F2,10 = 3.10, p = .09; data not shown).

Iba-ir Mv and morphological densities were compared in layer III 
of the DLPFC by astrogliosis level (Table 4). One-way ANOVA deter-
mined that total Mv (F3,27 = 1.16, p = .34), ramified Mv (F3,23 = .53, 
p = .67), and intermediate Mv (F3,25 = .77, p = .52) were not asso-
ciated with astrogliosis level (Figure 3c). The Levene's statistic for 
homogeneity of variance was significant for amoeboid Mv (p = .32). 
Therefore, a Kruskal–Wallis test was performed, and amoeboid Mv 
was not correlated with astrogliosis level (H29 = 6.07, p = .11).

Nissl Nv, Gv, and G:N ratio were measured in layer III of the 
DLPFC (Table  4). One-way ANOVA was nonsignificant for Nissl 
Nv (F3,27 = 1.06, p = .38), Gv (F3,27 = 1.19, p = .33), and G:N ratio 
(F3,27 = .96, p = .43) based on astrogliosis levels (Figure 3d–f).

3.2  |  Effect of AD-like pathology on cell 
density and ratio

Chimpanzees with significant Aβ and tau lesions displayed astroglio-
sis primarily in proximity to pathologic lesions and near blood vessels 

and appeared to have fewer layer I GFAP-ir astrocytes and a loss 
of the interlaminar palisade (Figure 2a–c). Yet, severe hypertrophic 
phenotypes in reactive astrocytes and widespread upregulation of 
GFAP were absent. These observations differed from chimpanzees 
with extreme astrogliosis, which demonstrated widespread GFAP 
upregulation, hypertrophy, cell clustering throughout the cortical 
layers, overlapping processes of interlaminar astrocytes, and mini-
mal AD pathology (Figure 1d,h).

To examine if specific types of AD pathology were associated 
with changes in astrocyte, microglia, neuron, and glia densities in 
the DLPFC, we used immunohistochemical data collected in a prior 
investigation and in the current study to categorize 28 chimpan-
zees based on the presence of five types of AD pathology: (1) Aβ-ir 
plaques, (2) Aβ-ir vessels (mild to moderate CAA), (3) severe CAA, (4) 
NFT, and (5) tau NC (Table 1) (Edler et al., 2017). Cell densities/ratio 
in apes with Aβ or CAA were compared to those without Aβ lesions, 
while chimpanzees with NFT and tau NC were compared to individu-
als lacking tau lesions using independent samples t-tests (Bonferroni 
corrected α = .02 for Av/SV/Nv/Gv/G:N or α = .01 for Mv) or one-
way ANOVAs with Bonferroni post-hoc (α = .05; Tables  4–6). For 
Av, SV, Nv, Gv, and G:N ratio, independent samples t-tests found no 
significant differences regardless of layer in chimpanzees with Aβ-
ir plaques versus those without (Table 5; Figure 4a,b). In contrast, 
ramified Mv was lower in chimpanzees with Aβ-ir plaques and NFT 
(p's ≤ .01; Figure 4d), while chimpanzees with Aβ-ir vessels had sig-
nificantly reduced total and ramified Mv yet greater amoeboid Mv 
(p's < .01; Figure 4c–e). Apes with Aβ-ir vessels, but not CAA, had re-
duced Av in layer I and WM (p's ≤ .01; Figure 4a,b) compared to those 
without Aβ pathology, although apes with severe CAA had lower 
ramified Mv (p = .04; Figure 4d). Nv, Gv, and G:N ratio did not vary 
based on the presence or absence of Aβ-ir vessels or severe CAA 
(p's ≥ .58). Neither tau lesion (i.e., NFT or NC) was associated with 
changes in Av or Sv in any layer (p's ≥ .36; Table 5). However, ramified 
Mv was significantly lower in apes with NFT (p = .002; Figure 4c), 
although no differences were observed in Mv with tau NC (p's ≥ .11). 
NFT lesions did not affect Nv, Gv, or G:N ratio (p's ≥ .10). Additionally, 
we omitted chimpanzees with extreme astrogliosis and performed 
the same analyses (Table 6). AD pathology did not affect Av, SV, Nv, 
or G:N ratio. However, one-way ANOVA with a Bonferroni post-
hoc test determined that chimpanzees with Aβ-ir vessels or severe 
CAA had fewer ramified Mv compared to those without Aβ lesions 
(p's ≤ .02; Figure 4f), while chimpanzees with tau NC had higher Gv 
than animals lacking tau lesions (p = .02; Figure 4g).

3.3  |  Association of age and sex on cell 
density and ratio

GFAP-ir Av was quantified in layer I, layer III, and WM, while Mv, Nv, 
Gv, and G:N ratios were collected in layer III of the DLPFC. Simple 
linear regression analyses revealed no association of age on GFAP-ir 
Av or SV in layer I (Av: R2 = .00, p = .88; SV: R2 = .00, p = .92), layer 
III (Av: R2 = .09, p = .10; SV: R2 = .01, p = .68), or WM (Av: R2 = .03, 
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10  |    EDLER et al.

TA B L E  4  Average cell densities (mm3) and standard deviations for astrocytes (Av), microglia (Mv), neurons (Nv), and glia (Gv), soma 
volumes (SV) for astrocytes, and glia: neuron ratios (G:N) in the DLPFC of chimpanzees by astrogliosis level or type of AD lesion

Astrogliosis level

Subregion/Morphology Mild Moderate Severe Extreme

GFAP-ir Av Layer I 3688 ± 1938 3871 ± 1503 3421 ± 2324 8529 ± 5891

Layer III 1081 ± 209 1609 ± 930 2490 ± 935 5357 ± 4488

WM 1240 ± 693 1609 ± 531 1882 ± 594 4034 ± 2998

GFAP-ir SV Layer I 356 ± 117 507 ± 252 414 ± 142 471 ± 99

Layer III 316 ± 59 456 ± 192 392 ± 145 408 ± 106

WM 137 ± 23 184 ± 75 152 ± 47 255 ± 43

Iba1-ir Mv (Layer III) Total 6062 ± 2094 6859 ± 3684 6393 ± 2440 9379 ± 5476

Ramified 2075 ± 2400 1522 ± 2709 2662 ± 2599 2960 ± 1782

Intermediate 2756 ± 2549 4773 ± 4281 3501 ± 2217 6356 ± 6860

Amoeboid 239 ± 250 419 ± 409 136 ± 142 62 ± 55

Nissl (Layer III) Nv 34,484 ± 6195 37,369 ± 9519 30,882 ± 8475 38,842 ± 6375

Gv 58,258 ± 10,326 54,614 ± 17,743 50,631 ± 18,577 67,419 ± 15,128

G:N 1.71 ± .30 1.48 ± .40 1.62 ± .39 1.76 ± .45

AD pathology

Subregion/Morphology Aβ negative Aβ plaque Aβ vessel CAA

GFAP-ir Av Layer I 7207 ± 4868 4022 ± 1789 3188 ± 961 5289 ± 2578

Layer III 3811 ± 3978 1687 ± 918 1665 ± 769 1945 ± 940

WM 3116 ± 2587 1408 ± 573 1334 ± 503 1585 ± 750

GFAP-ir SV Layer I 444 ± 114 486 ± 215 517 ± 243 327 ± 89

Layer III 410 ± 123 428 ± 169 451 ± 185 298 ± 23

WM 212 ± 70 185 ± 94 160 ± 30 242 ± 162

Iba1-ir Mv (Layer III) Total 9797 ± 4855 5852 ± 2293 5743 ± 2084 6867 ± 173

Ramified 2932 ± 1887 452 ± 371 818 ± 1579 504 ± 562

Intermediate 6271 ± 6468 4457 ± 1562 4093 ± 1836 5739 ± 299

Amoeboid 80 ± 87 396 ± 305 585 ± 606 442 ± 97

Nissl (Layer III) Nv 36,748 ± 8284 34,495 ± 9218 35,894 ± 8864 31,946 ± 4142

Gv 59,193 ± 17,049 55,169 ± 13,174 56,234 ± 18,272 47,217 ± 10,168

G:N 1.60 ± .24 1.62 ± .22 1.60 ± .49 1.47 ± .13

AD pathology

Subregion/Morphology Tau negative NFT NC

GFAP-ir Av Layer I 5577 ± 4242 4462 ± 1934 3898 ± 2473

Layer III 2669 ± 3265 1736 ± 768 2342 ± 1518

WM 2296 ± 2154 1396 ± 578 1561 ± 1242

GFAP-ir SV Layer I 485 ± 203 465 ± 269 438 ± 106

Layer III 431 ± 162 408 ± 196 390 ± 117

WM 186 ± 51 195 ± 118 203 ± 113

Iba1-ir Mv (Layer III) Total 8162 ± 4435 6635 ± 2308 5522 ± 2005

Ramified 2090 ± 2048 377 ± 449 1302 ± 1949

Intermediate 5743 ± 5290 4835 ± 1397 3917 ± 2231

Amoeboid 331 ± 555 542 ± 407 335 ± 348

Nissl (Layer III) Nv 36,047 ± 8613 30,923 ± 3020 38,041 ± 8582

Gv 53,095 ± 19,013 51,555 ± 8331 67,030 ± 11,037

G:N 1.47 ± .36 1.67 ± .26 1.82 ± .43
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p  = .41; SV: R2  = .12, p  = .06). Age also was not correlated with 
changes in Nissl Nv (R2 = .05, p = .22), Gv (R2 = .00, p = .95), G:N ratio 
(R2 = .06, p = .17), Iba1-ir total Mv (R2 = .02, p = .48), or intermediate 
Mv (R2 = .03, p = .36) in layer III of the DLPFC. In contrast, Iba1-ir 
ramified Mv significantly decreased with age (R2 = .44, p < .01), while 
amoeboid Mv increased with age (R2 = .50, p < .00; Figure 5). Sex had 
no association with GFAP-ir Av and SV (all p's > .04, multiple com-
parison testing bias adjusted α = .01), Nissl Nv, Gv, and G:N ratios 
(all p's > .06; adjusted α = .02), or Iba1-ir Mv (all p's > .38; adjusted 
α = .01) as determined by Mann–Whitney tests (GFAP: Av, SV; Iba1: 
Mv) for non-normal distribution of residuals and unpaired t-tests 
(Nissl: Nv, Gv, G:N) for normal distribution of residuals.

4  |  DISCUSSION

Ranging from mild to severe, astrogliosis is a graded response to 
infection, neurodegeneration, or injury resulting in GFAP upregu-
lation, soma hypertrophy, elongation of dendritic processes, and 

loss of domain organization (Heneka et al.,  2010; Sofroniew & 
Vinters, 2010). Here, we report an extreme form of astrogliosis in 
the DLPFC of chimpanzees. In addition, chimpanzees with Aβ-ir ves-
sels exhibited decreased Av, total Mv, and ramified Mv compared to 
those lacking pathology, while chimpanzees with tau NC had greater 
overall Gv and G:N ratios. Aging was associated with lower ramified 
Mv and higher amoeboid Mv but no changes in Av.

Extreme astrogliosis in the chimpanzee brain was characterized 
by extensive GFAP upregulation, increased Av in cortical layer I, and 
loss of domain organization and the interlaminar palisade in the ab-
sence of significant microglial activation and AD lesions (Figures 1 
and 3). Chimpanzees with extreme astrogliosis were relatively 
young, ranging from 12 to 27 years old, compared to those with 
significant AD pathology (i.e., NFT or severe CAA), which were 39 
to 62 years old, suggesting that age may be a factor. The average 
lifespan for chimpanzees is approximately 35 years (Che-Castaldo 
et al., 2021; Wood et al., 2017). Thus, the captive chimpanzees that 
died at a young age with extreme astrogliosis are not normative, 
as without significant disease or trauma, they typically would live 

F I G U R E  3  Boxplots of GFAP-ir Av (a, b) and SV (c, d), Iba1-ir Mv (e), and Nissl Nv (f), Gv (g), and G:N ratio (h) by astrogliosis levels. 
Chimpanzees with extreme astrogliosis had significantly greater Av compared to all other levels in layer I (a). Av was greatest in layer I (b), 
while SV was reduced in the WM (c). In contrast, astrogliosis levels were not associated with changes in SV (d), Mv (e), Nv (f), Gv (g), or G:N 
ratio (h). GFAP, glial fibrillary acidic protein, Av, astrocyte density, SV, astrocyte soma volume, Iba1, ionized calcium-binding adaptor 1, Mv, 
microglia density, Nv, neuron density, Gv, glia density, G:N, glia to neuron, WM, white matter.
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longer. Aging also can cause a gradual loss of function in astrocytes 
and microglia, dampening the response of these senescent cells to 
injury, infection, or neurodegeneration. High levels of astrogliosis in 
younger chimpanzees may occur, because these cells retain their full 
functional capabilities and can mount a strong neuroinflammatory 
response to what caused their death. Unfortunately, medical history 
was available for only two chimpanzees with extreme astrogliosis, 
including a 12-year-old female with peritonitis (Table 1). Peritonitis 
is inflammation of the inner lining of the abdominal wall, and it often 
is associated with infection from a perforated bowel or a ruptured 
appendix. Therefore, we postulate that extreme astrogliosis in the 
chimpanzee brain may be the result of systemic or peripheral in-
flammation due to pathogen or trauma. Prior evidence indicates that 

peripheral inflammation caused by infection or trauma can trigger a 
rapid and widespread cytokine release, inducing glial activation and 
leading to cognitive decline (Chen et al., 2008; Demers et al., 2018; 
Henry et al.,  2009; Iwashyna et al.,  2010; Perry et al.,  2004; 
Terrando et al.,  2010). For example, in cats with feline infectious 
peritonitis (FIP), cytokines IL-6, macrophage inhibitory protein-1 
alpha, and RANTES are upregulated (Foley et al., 2003). Moreover, 
a recent study investigating CNS lesions in FIP found an increase 
in the number of protoplasmic astrocytes in the cerebrum, particu-
larly in periventricular areas, with degenerative and necrotic lesions 
(Mesquita et al.,  2016). Reactive astrocytes in these animals also 
had shorter processes, greater numbers of intermediate filaments, 
and increased GFAP immunoreactivity, but only a mild microglial 

TA B L E  5  Independent samples t-test and one-way ANOVA statistics for all chimpanzees with mild to extreme astrogliosis and with and 
without Aβ-ir plaques, Aβ-ir vessels, severe CAA, NFT, and tau NC

Subregion/Morphology

Aβ plaques Aβ vessels, CAA

t df p F df p

GFAP-ir Av Layer I .85 26 .41 4.52 2, 11 .04**

Layer III 1.09 26 .28 2.54 2, 11 .13

WM 1.22 26 .23 3.99 2, 11 .05**

GFAP-ir SV Layer I −.28 26 .78 1.32 2, 25 .29

Layer III −.19 26 .85 2.32 2, 24 .12

WM .12 26 .90 .98 2, 3 .48

Iba1-ir Mv (Layer III) Total 1.46 26 .16 5.77 2, 11 .02**

Ramified 3.23 18 .01* 5.10 2, 21 .02**

Intermediate .48 24 .64 1.02 2, 10 .39

Amoeboid −.14 24 .89 7.40 2, 14 .01**

Nissl (Layer III) Nv .56 26 .58 .38 2, 25 .69

Gv .24 26 .81 .55 2, 25 .58

G:N −.32 26 .75 .10 2, 25 .87

Subregion/Morphology

NFT TAU NC

t df p t df p

GFAP-ir Av Layer I .30 26 .77 .90 26 .38

Layer III .77 26 .45 .15 26 .88

WM .94 26 .36 .82 26 .42

GFAP-ir SV Layer I .08 26 .94 .55 26 .59

Layer III .21 26 .83 .64 26 .53

WM −.28 26 .78 −.52 26 .62

Iba1-ir Mv (Layer III) Total .50 26 .62 1.67 26 .11

Ramified 3.19 22 .00* .57 22 .57

Intermediate .17 24 .87 .97 24 .34

Amoeboid −.85 24 .40 .27 24 .79

Nissl (Layer III) Nv 1.70 26 .10 −.93 26 .36

Gv .77 26 .45 −2.26 26 .03

G:N −.62 26 .54 −2.18 26 .04

Abbreviations: Aβ, amyloid-beta; CAA, cerebral amyloid angiopathy; NC, neuritic cluster; NFT, neurofibrillary tangle.
*denotes significance with a Bonferroni correction for multiple comparison testing with α ≤ .02 for Av, SV, Nv, Gv, G:N, and α ≤ .01 for Mv for t-tests; 
**denotes significance with a Bonferroni correction with α = .05 for one-way ANOVA tests.
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response despite severe lesions. Severe infections, such as perito-
nitis, are also commonly associated with sepsis, a blood infection 
that triggers systemic inflammation. In a study of patients who died 
from sepsis, pro-inflammatory microglial activation occurred primar-
ily in the white matter with very little activation in the gray matter 
(Zrzavy et al., 2019). As we quantified Mv in layer III of the gray mat-
ter (DLPFC), this may explain the presence of extreme astrogliosis 
in layer I in the absence of microglial activation in the chimpanzee 
brain. Thus, further investigation of Mv in the white matter of chim-
panzees with extreme astrogliosis is required.

Astrocytes and microglia are important players in the reg-
ulation of the inflammatory response to aging (Kettenmann 
et al., 2011; Sofroniew & Vinters, 2010). Increased oxidative stress 
with age leads to nuclear and cellular damage and increased pro-
inflammatory cytokines which cause constant low-grade inflam-
mation that triggers glial activation (Cotrina & Nedergaard,  2002; 
Dall'Olio et al., 2013; Finch, 2003; Franceschi, Bonafè, et al., 2000; 
Franceschi, Valensin, et al., 2000; Harman, 1956; Moller et al., 2010; 
Nichols et al.,  1993; Poon et al.,  2004; Rodier & Campisi,  2011). 
Consistent with our previous reports, physiological aging was not 
associated with changes in GFAP-ir Av and SV or Nissl Nv, Gv, or 
G:N ratio in the DLPFC of chimpanzees (Beach et al., 1989; Cotrina 
& Nedergaard, 2002; Edler et al., 2020; Munger et al., 2019; Nichols 
et al., 1993; Pelvig et al., 2008). Similarly, studies of rhesus macaques 

also did not find an increase in astrogliosis with age as measured by 
GFAP-ir Av, although aged astrocytes did have greater numbers of 
filaments in their processes (Haley et al., 2010; Kanaan et al., 2010; 
Peters et al., 2008, 2010; Robillard et al., 2016; Sloane et al., 2000). 
However, our results diverge from prior reports in humans and ro-
dents that demonstrated an increase in GFAP mRNA, protein, and 
qualitative measures with age (Beach et al., 1989; David et al., 1997; 
Finch et al., 2002; Goss et al., 1991; Janota et al., 2015; Landfield 
et al., 1977; Morgan et al., 1997; Nichols et al., 1993; O'Callaghan & 
Miller, 1991). Elderly humans exhibited mild astrogliosis and GFAP 
upregulation in the WM, although like chimpanzees, overall astro-
cyte density did not vary with age (Beach et al.,  1989; Cotrina & 
Nedergaard, 2002; Nichols et al., 1993; Pelvig et al., 2008). Some 
reports in rhesus macaques also identified significant increases with 
age when using methods examining volumetric change of over-
all GFAP expression (Cargill et al., 2012; Haley et al., 2010; Sloane 
et al., 2000). Thus, normal aging in the nonhuman primate CNS likely 
includes a shift of astrocyte phenotype, noted by hypertrophy of 
processes and loss of domain, but not an overall increase in the 
number of GFAP expressing cells as in humans. However, additional 
research is needed to determine if the area occupied by GFAP immu-
noreactivity increases with age in chimpanzees.

Microglial activation and density increase with age in the human 
neocortex, including in the hippocampal formation, entorhinal 

F I G U R E  4  Boxplots of GFAP-ir Av (a, b), Iba1-ir Mv (c–f), and Nissl Gv (f) based on the absence or presence of Aβ (a–f: plaques, vessels, 
CAA) or tau lesions (d, g: NFT, NC) in all 31 chimpanzees. In layer I (a) and WM (b) of the DLPFC, Av was significantly lower in chimpanzees 
with Aβ-ir vessels compared to those without pathology. Total Mv also was reduced in chimpanzees with Aβ-ir vessels (c). Ramified Mv 
was significantly lower with all pathology types except tau NC (d), while amoeboid Mv was greater in chimpanzees with Aβ-ir vessels (e). In 
analyses omitting the six chimpanzees with extreme astrogliosis, ramified Mv was lower in apes with Aβ-ir vessels and CAA (f), while Gv was 
greater in chimpanzees with tau NC compared to those without these lesions (g). GFAP, glial fibrillary acidic protein, Av, astrocyte density, 
Iba1, ionized calcium-binding adaptor 1, Mv, microglia density, Gv, glia density, G:N, glia to neuron, Aβ, amyloid-beta, NC, neuritic cluster, 
NFT, neurofibrillary tangle, WM, white matter.
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cortex, and WM (DiPatre & Gelman, 1997; Gefen et al., 2019; Pelvig 
et al.,  2008). Rhesus and pig-tailed macaques also display age-
related increases in neocortical WM microglial densities (Robillard 
et al., 2016; Shobin et al., 2017). Our original analysis in chimpanzees 
revealed that age was not associated with greater Mv or morpholog-
ical changes in the DLPFC, temporal cortex, or hippocampus (Edler 
et al., 2018). However, diverging from our prior report, the current 
investigation found that the number of ramified microglia signifi-
cantly decreased, while amoeboid Mv increased with aging in layer 
III of the chimpanzee DLPFC. The distinct findings are clearly due to 
the inclusion of younger animals in this study (n = 12, 12–27 years; 
Figure  5c,d), as our original research included only aged individu-
als (n = 20, 37–62 years). Similarly, while microglia numbers did not 

vary with age in the hippocampus of marmosets, decreased numbers 
of ramified microglia were noted (Rodriguez-Callejas et al.,  2016). 
Microglia density also was not affected by age in the visual cortex or 
midbrain of rhesus monkeys (Kanaan et al., 2010; Peters et al., 2008; 
Rodriguez-Callejas et al.,  2016). These data indicate that brain re-
gions are differentially impacted by neuroinflammation during the 
aging process in nonhuman primates and differ from elderly humans. 
Furthermore, chimpanzees experience a shift from higher numbers 
of ramified to amoeboid microglia during aging, signifying an in-
crease in activation and a greater need for phagocytosis which may 
be related to the age-associated increase in Aβ we observed previ-
ously (Edler et al., 2017; Kettenmann et al., 2011). In contrast to what 
has been observed in humans, age was not associated with increased 

TA B L E  6  Independent samples t-test and one-way ANOVA statistics for chimpanzees with mild to severe astrogliosis and with and 
without Aβ-ir plaques, Aβ-ir vessels, severe CAA, NFT, and tau NC

Subregion/Morphology

Aβ PLAQUES Aβ VESSELS/CAA

t df p F df p

GFAP-ir Av Layer I −.40 20 .69 2.68 2, 19 .09

Layer III −.07 20 .95 .21 2, 19 .81

WM .21 20 .84 .30 2, 19 .74

GFAP-ir SV Layer I −.27 20 .79 1.60 2, 19 .23

Layer III −.11 20 .91 1.24 2, 19 .31

WM −.94 20 .36 2.40 2, 19 .12

Iba1-ir Mv (Layer III) Total 1.17 20 .26 4.06 2, 19 .03

Ramified 1.87 16 .09 10.97 2, 15 .00**

Intermediate .29 18 .78 .23 2, 17 .80

Amoeboid .44 18 .66 2.16 2, 17 .15

Nissl (Layer III) Nv .20 20 .85 .48 2, 19 .63

Gv −.43 20 .67 .26 2, 19 .78

G:N −.90 20 .38 .70 2, 19 .93

Subregion/Morphology

NFT TAU NC

t df p t df p

GFAP-ir Av Layer I −1.05 20 .31 .39 20 .70

Layer III −.21 20 .84 −.79 20 .44

WM .21 20 .84 1.23 20 .23

GFAP-ir SV Layer I .07 20 .94 .39 20 .70

Layer III .26 20 .80 .48 20 .63

WM −.73 5 .50 −.40 5 .70

Iba1-ir Mv (Layer III) Total .11 20 .92 1.60 20 .13

Ramified 1.95 15 .23 2.04 13 .06

Intermediate −.07 18 .95 .47 18 .64

Amoeboid −.36 18 .72 .16 18 .88

Nissl (Layer III) Nv 1.38 20 .18 −1.40 20 .18

Gv .30 20 .77 −3.03 20 .01*

G:N −1.09 20 .29 −2.25 20 .04

Abbreviations: Aβ, amyloid-beta; CAA, cerebral amyloid angiopathy; NC, neuritic cluster; NFT, neurofibrillary tangle.
*denotes significance with a Bonferroni correction for multiple comparison testing with α ≤ .02 for Av, SV, Nv, Gv, G:N, and α ≤ .01 for Mv for t-tests; 
**denotes significance with a Bonferroni correction with α = .05 for one-way ANOVA tests.
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microglial proliferation in the chimpanzee neocortex or hippocam-
pus, suggesting they do not experience the full “primed” phenotype 
associated with aging in humans. Whether this affords the chimpan-
zee protection from the neurodegenerative processes and cognitive 
impairments noted in AD remains to be determined.

Besides aging, astrocyte and microglia activation are commonly 
found in response to both amyloid and tau pathology in humans, 
although regional variations have been noted (Armstrong,  2009; 
Beach et al.,  1989; Ekonomou et al.,  2015; Heneka et al.,  2010). 
Specifically, in individuals with AD, microglia and astrocyte area 
densities were significantly greater in the midtemporal gyrus (MTG) 
(Hoozemans et al.,  2011). Moreover, astrocyte densities positively 
correlated with senile neuritic Aβ plaques and NFT in the temporal 
lobe, and increased microglial density and proliferation occurs con-
comitant with Aβ plaques and NFT in the hippocampus (Ekonomou 
et al.,  2015; Harpin et al.,  1990; Marlatt et al.,  2014; McGeer 
et al., 1987; Simpson et al., 2010; Streit et al., 2009). While an abun-
dance of research supports the concept that Aβ initiates microglial 
activation, a study examining four humans with substantial plaque 
loads in the absence of tau lesions found no evidence of microg-
lial activation in the temporal cortex (Streit et al., 2009). In addition, 
microglia density in postmortem AD brains increased linearly, even 
after Aβ burden stopped increasing, and correlated with NFT bur-
den instead of plaque load (Streit et al., 2009). However, fluctuations 
in astrocytes and microglia may be regionally specific. For example, 
GFAP mRNA expression was positively correlated with senile plaque 
density in the temporal cortex, but not in the frontal cortex, of non-
demented versus AD individuals (Prince et al., 1993). Furthermore, 

cognitive function was inversely associated with GFAP in the occip-
ital, parietal, and temporal lobes, but not in the frontal lobe of AD 
individuals (Kashon et al., 2004).

Systematic studies of neuroinflammatory markers in associa-
tion with AD pathology in nonhuman primates are incredibly rare, 
although reactive astrocytes and activated microglia have been 
reported adjacent to Aβ and tau lesions in marmosets, macaques, 
gorillas, and chimpanzees (Edler et al.,  2018; Härtig et al.,  1997; 
Martin et al.,  1994; Munger et al.,  2019; Perez et al.,  2013; 
Rodriguez-Callejas et al.,  2016; Schultz et al.,  2000). Tau-positive 
microglia and astrocytes also have been observed in the brains 
of marmosets, hamadryas baboons, mountain gorillas, and chim-
panzees (Edler et al.,  2018; Perez et al.,  2013; Rodriguez-Callejas 
et al., 2016; Schultz et al., 2000). In our prior analyses of aged chim-
panzees (n =  20, 37–62 years), we found that GFAP-ir Av (layer I) 
was positively correlated with Aβ-ir vessel volume and tau NC den-
sity, while Mv, Gv, and G:N ratio (layer III) were not associated with 
AD lesions in the DLPFC of chimpanzees (Edler et al., 2018, 2020; 
Munger et al.,  2019). In contrast, our current analyses found that 
chimpanzees with Aβ-ir vessels displayed significantly decreased 
GFAP-ir Av (layer I, WM), compared to those lacking AD-like lesions 
(Tables 4 and 5, Figure 4). In addition, chimpanzees with NFT had 
reduced ramified Mv, while those with tau NC had greater overall 
Gv and G:N ratios. The discrepancies are due to multiple factors. 
In the initial studies, we performed regression analyses using cell 
densities (e.g., Av, Mv) with pathology volumes (Aβ-ir plaque and 
vessels) or densities (NFT, tau NC). In the present investigation, 
we categorized chimpanzees into groups based on the presence or 

F I G U R E  5  Photomicrographs of Iba1-ir microglia in DLPFC layer III of a young (a, female, 16 y) and an aged (b, female, 51 y) chimpanzee. 
With aging, ramified Mv (c) decrease, while amoeboid Mv increase in the chimpanzee brain (d). Iba1, ionized calcium-binding adaptor 1, 
DLPFC, dorsolateral prefrontal cortex, Mv, microglia density. Scale bar: a–b, 25 μm.

 10974547, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jnr.25167 by K

ent State U
niversity Standing O

rders, W
iley O

nline Library on [17/02/2023]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



16  |    EDLER et al.

absence of pathologic lesion and performed ANOVAs (Table 1). We 
also increased our resolution by quantifying stereological data in 11 
additional young chimpanzees (12–27 years), of which nine lacked 
AD lesions and served as a control group. Furthermore, our initial 
reports did not separate apes with severe CAA from those with mild 
or moderate CAA, like we did in this report. When apes with severe 
CAA are removed from the original analyses conducted in Munger 
et al. (2019), the increase in GFAP-ir Av correlated with Aβ-ir vessel 
volume changes to a decreasing trend in GFAP-ir Av, like the one 
observed in Figure  4a. These results suggest that mild to moder-
ate CAA in chimpanzees is associated with decreased GFAP-ir Av 
in layer I of the DLPFC, while severe CAA likely results in signif-
icant astrogliosis. Likewise, in the original manuscript, one of the 
apes with severe CAA had the highest tau NC density and was a 
pathologic outlier, while two of the younger chimpanzees with ex-
treme astrogliosis in this study had tau NC, which resulted in a lack 
of significant differences in GFAP-ir Av regardless of the absence 
or presence of tau lesions in this analysis. Finally, a significant de-
crease in ramified Mv in the presence of Aβ-ir plaques and vessels, 
severe CAA, and NFT was noted (Figure 4d), as well as a decrease 
in total Mv (Figure 4c) and an increase in amoeboid Mv (Figure 4e) 
in apes with Aβ-ir vessels. These findings indicate a decrease in the 
number of resting microglia and an increase in activated, phago-
cytotic microglia in these apes, which is similarly observed in AD. 
However, chimpanzees do not experience an overall increase in Av 
and Mv in association with plaques and NFT like humans with AD. 
Interestingly, we did not detect changes in Av or total Mv during 
aging, indicating these may be a potentially unique response to Aβ 
deposition in blood vessels. Another explanation for the decreased 
glial activation with vascular amyloid may be that our control group 
of chimpanzees lacked AD pathology but generally had greater lev-
els of astrogliosis (n = 4 extreme, 2 severe, 2 moderate, 1 mild), and 
therefore, higher Av and Mv typically. The shift of reduced ramified 
Mv in chimpanzees with Aβ-ir vessels and NFT signifies mildly in-
creased levels of microglial activation, while the absence of change 
in Av with AD pathology is a noteworthy difference from humans 
that warrants further investigation. Unexpectedly, total Gv and G:N 
ratio were higher in chimpanzees with tau NC. As tau NC was not 
correlated with greater Av and Mv, this finding implicates a possible 
increase in oligodendrocytes. Tau is present naturally in the soma 
and processes of oligodendrocytes, and tau-immunoreactive oligo-
dendrocytes have been confirmed in baboons and humans (LoPresti 
et al., 1995; Nishimura et al., 1995; Schultz et al., 2000). In addition, 
evidence has shown that the seeding and spreading of human tau 
occurs in oligodendrocytes but not astrocytes (Ferrer et al., 2019). 
However, additional analyses are required to determine if the in-
crease in Gv and G:N ratio with tau NC is associated with greater 
oligodendrocyte numbers in the chimpanzee brain.

Like our previous report, GFAP-ir astrocytes in layer I are more 
densely packed compared to those in layer III and WM of the chim-
panzee DLPFC (Munger et al., 2019). Layer I and III astrocytes, both 
interlaminar and protoplasmic, have a greater SV compared to WM 
fibrous astrocytes, highlighting the importance of these astrocytes, 

especially interlaminar astrocytes, in regulating neuronal activity. 
Astrocytes have an important role in maintaining appropriate neu-
ronal communication (Araque et al., 1999; Diniz et al., 2014; Perea 
et al., 2009; Rothstein et al., 1994, 1996), being involved in the reg-
ulation, maintenance, pruning, and remodeling of synapses (Chung 
et al., 2013, 2015; Diniz et al., 2014). Astrocytes are also the primary 
cell responsible for the rapid reuptake of the excitatory neurotrans-
mitter glutamate, thus preventing excitotoxicity (Lehre et al., 1998; 
Sulkowski et al., 2014). Astrocytes mainly participate in the tripartite 
synapse which allows them unique access to pre- and postsynaptic 
neurons, giving them the ability to maintain bidirectional commu-
nication (Araque et al.,  1999). The human protoplasmic astrocyte 
has a 2.6-fold increased diameter, 16.5-fold increase in volume, and 
10-fold increase in the number of processes compared to rodents 
(Oberheim et al.,  2009). The increase in size of the astrocyte and 
its encompassing domain allows an individual human protoplasmic 
astrocyte to contact, and therefore, potentially modulate approxi-
mately 270,000 to 2 million neuronal synapses compared to only 
20,000 to 120,000 for rodents (Bushong et al.,  2002; Oberheim 
et al., 2009). The observation that chimpanzees possess an increased 
interlaminar Av and increased gray matter astrocyte SV emphasizes 
the importance of these cells in maintaining proper neuronal func-
tion and communication.

In conclusion, we describe an extreme form of astrogliosis in-
dicative of global CNS inflammation in chimpanzees, characterized 
by extensive GFAP upregulation, increased astrocyte density, and 
complete loss of domain organization and the interlaminar palisade 
in the absence of significant microglial activation and AD lesions. 
Aging in the chimpanzee brain is associated with morphological vari-
ations in microglia, but not with changes in overall density changes in 
microglia or astrocytes. In contrast, AD lesions correlate with varia-
tions in microglia, astrocyte, and overall glia densities. Further work 
is needed to determine if the age- and pathology-related differences 
in neuroinflammatory response between humans and chimpanzees 
are protective.
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