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Abstract
Astrocytes are abundant cells of the central nervous system (CNS) and are involved 
in processes including synapse formation/function, ion homeostasis, neurotransmit-
ter uptake, and neurovascular coupling. Recent evidence indicates that astrocytes 
show diverse molecular, structural, and physiological properties within the CNS. This 
heterogeneity is reflected in differences in astrocyte structure, gene expression, 
functional properties, and responsiveness to injury/pathological conditions. Deeper 
investigation of astrocytic heterogeneity is needed to understand how astrocytes 
are configured to enable diverse roles in the CNS. While much has been learned 
about astrocytic heterogeneity in rodents, much less is known about astrocytic het-
erogeneity in the primate brain where astrocytes have greater size and complexity. 
The common marmoset (Callithrix jacchus) is a promising non- human primate model 
because of similarities between marmosets and humans with respect to genetics, 
brain anatomy, and cognition/behavior. Here, we investigated the molecular and 
structural heterogeneity of marmoset astrocytes using an array of astrocytic mark-
ers, multi- label confocal microscopy, and quantitative analysis. We used male and 
female marmosets and found that marmoset astrocytes show differences in expres-
sion of astrocytic markers in cortex, hippocampus, and cerebellum. These differences 
were accompanied by intra- regional variation in expression of markers for glutamate/
GABA transporters, and potassium and water channels. Differences in astrocyte 
structure were also found, along with complex interactions with blood vessels, mi-
croglia, and neurons. This study contributes to our knowledge of the cellular and mo-
lecular features of marmoset astrocytes and is useful for understanding the complex 
properties of astrocytes in the primate CNS.
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1  | INTRODUC TION

Astrocytes are among the most abundant cells of the central nerv-
ous system (CNS) and play critical roles in CNS development, main-
tenance, and function. Accumulating evidence has demonstrated 
that astrocytes comprise a surprisingly heterogeneous population 
of cells in the CNS, with properties that vary depending on their 
developmental origin, morphology, sensitivity to environmental 
cues, metabolism, and physiology (Oberheim et al., 2012; Zhang 
& Barres, 2010). Two main types of astrocytic heterogeneity have 
been recognized including heterogeneity of astrocytes between 
brain regions (inter- regional heterogeneity) and heterogeneity 
of astrocytes within brain regions (intra- regional heterogeneity) 
(Ben Haim & Rowitch, 2017). Although the impact of such het-
erogeneity on astrocytic function remains to be fully understood, 
it does allow astrocytes to have brain region- specific properties 
(Chai et al., 2017; Corkrum et al., 2019; Khakh & Sofroniew, 2015; 
Martin- Fernandez et al., 2017) and more optimally control their 
local microenvironment (Farmer et al., 2016). Recent studies using 
single- cell mRNA profiling and transcriptomic mapping in rodent 
brain have distinguished multiple types of protoplasmic astro-
cytes in the rodent cerebral cortex (Batiuk et al., 2020; Bayraktar 
et al., 2020). The differential expression of molecules by astro-
cytes may be important for maintaining healthy brain function and 
also for controlling the response of astrocytes to CNS injury or 
disease.

Research using non- human primates has provided valuable in-
sight into brain function and the neural circuits that underlie cog-
nition, sensorimotor integration, and behavior. At the same time, 
non- human primate research has played an instrumental role in 
understanding neurological conditions such as Alzheimer's dis-
ease, Parkinson's disease, Huntington's disease, autism spectrum 
disorder, schizophrenia, anxiety, depression, attention deficit hy-
peractivity disorder, and obsessive– compulsive disorder (Aron 
Badin, 2018; Li et al., 2019; Oikonomidis et al., 2017; Pignataro 
et al., 2018; Zhao et al., 2018). The common marmoset (Callithrix 
jacchus) has emerged as a robust model for understanding pri-
mate brain organization, function, and behavior. Marmosets share 
important features with humans with respect to brain anatomy, 
cognition, complex behavior, and age- related neurological de-
cline (Mattison & Vaughan, 2017; Ross et al., 2012; Tardif, 2019). 
In comparison to rodents, marmosets have a more complex brain 
anatomy that enables more detailed investigations of brain orga-
nization, function, and molecular/cellular properties (de la Mothe 
et al., 2006; Mitchell & Leopold, 2015; Roberts et al., 2007; 
Shimogori et al., 2018). Recent development of genetic engineer-
ing approaches is also permitting advanced modeling of brain 

disorders and diseases in marmosets (Matsuzaki et al., 2018; 
Park et al., 2016; Sasaki et al., 2009; Sato et al., 2016; Shinohara 
et al., 2016; VanderVeen et al., 2014). While much has been learned 
about the properties of neurons and neuronal physiology under-
lying marmoset behavior, there remains a paucity of information 
about the properties of astrocytes in marmosets which are among 
the most abundant and diverse glial cells in the brain (Budoff 
et al., 2019; Goldshmit & Bourne, 2010; Goldshmit et al., 2014; 
Honavar & Lantos, 1987; McDermott & Lantos, 1989; Missler 
et al., 1994; van Luijn et al., 2016; Williams et al., 2005; Yamamoto 
et al., 2012). Further investigations are needed to understand the 
complex properties of astrocytes and identify species- specific dif-
ferences in their organization, structure, and molecular profile.

In this study, we investigated the organization, structure, and 
molecular properties of astrocytes in the marmoset cortex, hippo-
campus, and cerebellum using multi- label confocal imaging with a 
focus on inter- regional and intra- regional molecular and structural 
differences within this cell population. We identified multiple glial 
fibrillary acidic protein (GFAP)- expressing astrocyte populations 
in cerebral cortex including interlaminar (ILA), protoplasmic, and 
fibrous astrocytes, as described in other monkey species. Cluster 
analysis was used to more systematically find subpopulations of 
cortical astrocytes expressing different levels of molecules in-
cluding the glutamate transporter EAAT2, potassium channel 
Kir4.1, GABA transporter GAT3, and glutamine synthetase (GS). 

RRID:AB_2534102, RRID:AB_2535792, RRID:AB_2536183, RRID:AB_2620004, 
RRID:AB_2763902, RRID:AB_297885, RRID:AB_304334, RRID:AB_397474, 
RRID:AB_476894, RRID:AB_477499, RRID:AB_839504, RRID:AB_90949, statistical analysis

Significance

We found that astrocytes in the marmoset brain show 
inter- regional differences in expression of astrocytic mark-
ers in cortex, hippocampus, and cerebellum. We also iden-
tified intra- regional variation in expression of markers for 
glutamate/GABA transporters, and potassium and water 
channels, showing different subpopulations of astrocytes 
throughout the cortical and hippocampal parenchyma. 
Furthermore, we show a strong polarization of astrocytes 
located on the edge of pyramidal cell layer in the CA1 area 
of hippocampus and a prominent network of lateral pro-
cesses of Bergmann glia in the cerebellar cortex. Finally, 
we show the complex interactions of astrocytes with blood 
vessels, microglia, and neurons. This study contributes to 
our knowledge of the cellular and molecular features of 
marmoset astrocytes and is useful for understanding the 
complex properties of astrocytes in the primate central 
nervous system.
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In the hippocampus, we found that CA1 astrocytes located on the 
edge of the pyramidal cell layer show a strong structural polarity. 
Furthermore, in the cerebellum, we detected lateral appendages/
processes that extend from Bergmann glial cell fibers spanning 
the molecular layer. This study contributes to our knowledge of 
the cellular and molecular features of marmoset astrocytes and is 
useful for understanding the complex properties of astrocytes in 
the primate CNS.

2  | MATERIAL S AND METHODS

2.1 | Animals

Experiments were approved by the Montreal General Hospital 
Facility Animal Care Committee and followed the guidelines of the 
Canadian Council on Animal Care. Marmosets were housed and 
cared for according to standard operating procedures at McGill 
University and the Research Institute of the McGill University 
Health Centre.

2.2 | Brain and sample preparation

Three marmosets were utilized for this study. One marmoset (male, 
1 year and 7 months old) was perfused with phosphate- buffered 
saline (PBS) followed by 10% formaldehyde. The brain was subse-
quently collected and post- fixed in 10% formaldehyde for 3 addi-
tional days. The brain of a second marmoset (male, 2 years old) was 
drop fixed in 10% formaldehyde for 3 days. A third marmoset (fe-
male, 2 years old) was perfused with PBS followed by 4% formalde-
hyde and post- fixed for 2 hr. All marmoset brains were cryoprotected 
in 30% sucrose/PBS solution for 3 days before being embedded in 
Tissue Tek O.C.T. Compound (Sakura Finetek, USA), frozen, and sec-
tioned coronally (50 µm) with a cryostat. Sections were collected 
free floating in cryoprotectant solution containing ethylene glycol 
(30%), and glycerol (30%) in 0.05 M phosphate buffer (PB, pH 7.4) 
until processed for immunolabeling.

2.3 | Immunolabeling and confocal imaging

Free- floating sections were subjected to immunolabeling proce-
dures as previously described in detail (Quesseveur et al., 2019). 
Briefly, sections were rinsed three times in Dulbecco's PBS (PBS, 
Millipore- Sigma, Germany) and irradiated with ultraviolet (UV) light 
for approximately 16 hr in a biosafety cabinet to reduce autoflu-
orescence of the sections. Sections were then treated with 0.5% 
Triton X- 100/PBS solution for 30 min and blocked in 2% normal 
horse serum/0.4% Triton X- 100/PBS (blocking solution) for 2 hr at 
room temperature (RT). Triton X- 100 and normal horse serum were 
purchased from Millipore- Sigma (Germany) and Thermo Fisher 
Scientific (US), respectively. Primary antibodies (Table 1) were 

applied for 72 hr at indicated dilutions in blocking solution at 4℃. 
It should be noted that robust specificity controls for the antibod-
ies are not available. The antibodies have been characterized in 
rodents but have not been validated in marmoset tissues. Peptides 
and proteins were generally well conserved between the species 
used to generate the antibody and the marmoset species (Table 2). 
Moreover, similar labeling in particular astrocytic populations and 
specific astrocytic compartments (i.e., nucleus, cytoplasm, soma, 
fine processes, and endfeet) was observed in both rodent and mar-
moset astrocytes, providing confidence that the signals detected 
are reliable. Future experiments, for example using gene- knock- out 
approaches, will be useful in validating the specificity of the anti-
bodies in marmosets. After applying primary antibodies, sections 
were rinsed three times for 10 min in PBS and then incubated with 
fluorescent tagged- secondary antibodies in blocking solution for 
2 hr at RT (Table 3). Then, slices were incubated with a 1:10,000 
solution of 4′,6- diamidino- 2- phenylindole (DAPI, Millipore- Sigma, 
Germany) for 20 min at RT to label nuclei. Sections were rinsed three 
times in PBS and mounted using SlowFade Gold Antifade Mountant 
(ThermoFisher Scientific, US). Image acquisition was made with an 
Olympus FV- 1000 confocal laser scanning microscope using 10×, 
20×, 40×, and 60× objectives (numerical aperture (NA): 0.30, 0.85, 
1.30, and 1.40, respectively). For each label, images were acquired 
as a stack with at least 14 optical sections. Image analysis was per-
formed with NIH ImageJ software. Only minor differences in immu-
nofluorescence signal were observed between marmoset samples 
fixed using different methods (See Brain and Sample Preparation 
section) with the exception of the signal for Connexin 43 (Cx43). 
Because of this fixation- related inconsistency, Cx43 labeling was 
not included in detailed analysis (Figures S1– S3).

2.4 | Analysis of astrocyte structural polarity in the 
hippocampus

To compare astrocytes on the edge of the pyramidal cell layer and 
astrocytes located in the stratum radiatum (S. radiatum; >100 μm 
far from the edge of pyramidal layer) at least three images (with 
four to six astrocytes in each image) were randomly selected from 
the S. radiatum and edge of the Stratum pyramidale (S. pyramidale). 
Astrocytes were identified by GFAP labeling and each sample was 
imaged using a 60× objective (1.4 NA) and z- stacks were collected. 
The length of primary and secondary processes and number of total 
processes were analyzed using the Simple Neurite Tracer plugin for 
ImageJ. Measurements were made following maximum projections 
of z- stacks and continuity of the processes was verified by visual-
izing the 3D image stack. For astrocytes on the edge of the S. py-
ramidale, we calculate the percentage of total processes orientated 
apically (processes toward the S. oriens) and basally (processes pro-
truding from the soma toward the S. radiatum) for each astrocyte 
analyzed. We classified the orientation of astrocytic processes using 
the following classification bins based on the pyramidal cell layer as 
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a reference point: 0°– 89°, 90°– 179°, 180°– 269°, and 270°– 359°. We 
considered apical processes as being orientated between 0°– 89° 
and 270°– 359°, and basal processes orientated between 90°– 179° 
and 180°– 269°. We used the same system to analyze astrocytes lo-
cated in the S. radiatum.

2.5 | Astrocyte molecular heterogeneity analysis

To study the variation in expression of astrocytic proteins, a cluster- 
based method was performed on immunofluorescence images. The 

calculations were done using R software (version 4.0.1). First, we de-
fined the position of astrocytes in each image using GS as a general 
marker. Next, we created a circular region- of- interest (ROI) with a 
30 μm diameter for each GS+ astrocyte in both cortical and hip-
pocampal images. For each ROI, we computed the empirical distri-
bution function (ECDF) of the pixels inside the region (Fi, for i = 1, 
…, N, where N is the total number of identified astrocytes), and ap-
plied a hierarchical cluster algorithm (Kaufman & Rousseeuw, 2009) 
over the obtained ECDFs. The hierarchical cluster algorithm re-
quired two inputs: a distance matrix, D, with elements Dij = d(Fi, Fj), 
where d(·,·) is a suitable distance function; and a linkage criterion, 

TA B L E  1   List of primary antibodies used

Name Immunogen Details
Concentration/
working dilution

Anti- GFAP antibody produced in 
guinea pig

Recombinant protein corresponding 
to AA 1 to 432 from human GFAP

Synaptic systems, # 173004, 
polyclonal guinea pig antiserum, 
RRID:AB_10641162

Not provided/1:500

Anti- S100β antibody produced in 
mouse

Bovine brain S- 100b Sigma- Aldrich, # S2532, monoclonal 
antibody, RRID:AB_477499

Not provided/1:500

Anti- GS antibody produced in mouse Glutamine synthetase purified from 
sheep brain

Millipore, # MAB302, monoclonal 
antibody, RRID:AB_2110656

2 μg/ml/1:500

Anti- Sox9 antibody produced in goat E. coli- derived recombinant human 
SOX9 Met1- Lys151

R&D system, # AF3075, polyclonal 
antibody, RRID:AB_2194160

4 μg/ml/1:250

Anti- Calbindin (D28K) antibody 
produced in mouse

Bovine kidney Calbindin- D Sigma- Aldrich, # C9848, monoclonal 
antibody, RRID:AB_476894

Not provided/1:250

Anti- EAAT2 antibody produced in 
guinea pig

Synthetic peptide from the carboxy- 
terminus of rat GLT- 1

Millipore, # AB1783, polyclonal 
antibody, RRID:AB_90949

Not provided/1:500

Anti- EAAT1a antibody produced in 
rabbit

Synthetic peptide corresponding 
to Rat EAAT1 (C terminal, 20 
residues)

Abcam, # Ab416, polyclonal antibody, 
RRID:AB_304334

2 μg/ml/1:500

Anti- Kir4.1 antibody produced in 
guinea pig

Peptide corresponding to AA 356- 
375 of rat Kir4.1

Alomone labs, # AGP- 012, polyclonal 
antibody, RRID:AB_2340962

1.6 μg/ml/1:500

Anti- GAT3 antibody produced in 
guinea pig

Synthetic peptide corresponding to 
AA 612 to 627 of mouse GAT3

Synaptic systems, # 274304, 
polyclonal guinea pig antiserum, 
RRID:AB_2620004

Not provided/1:500

Anti- AQP4 antibody produced in 
goat

Peptide mapping at the C- terminus of 
human AQP4

Santa Cruz Biotechnology, # SC- 
9888, polyclonal antibody, 
RRID:AB_2059853

2 μg/ml/1:500

KO validated

Anti- AQP4 antibody produced in 
rabbit

Peptide corresponding to AA 300- 
314 of rat AQP4

Alomone lab, # AQP4- 014, polyclonal 
antibody, RRID:AB_11122614

1.6 μg/ml/1:500

Anti- GluA1 antibody produced in 
guinea pig

Peptide corresponding to AA 271- 285 
of rat GluR1

Alomone lab, # AGP- 009, Polyclonal 
antibody, RRID:AB_2340961

3.2 μg/ml/1:250

Anti- Cx43 antibody produced in 
mouse

Peptide corresponding to AA 252- 270 
of Rat Connexin- 43

BD transduction, # 610062, monoclonal 
antibody, RRID:AB_397474

0.5 μg/ml/1:500

Anti- Lam antibody produced in 
rabbit

Recombinant fusion protein 
corresponding to AA 862- 1111 of 
human LAMC2

ABClonal, # A1869, polyclonal antibody, 
RRID:AB_2763902

Not provided/1:50

Anti- Iba1 antibody produced in 
rabbit

Synthetic peptide, C- terminal of Iba1 WAKO, # 019- 19741, polyclonal 
antibody, RRID:AB_839504

1 μg/ml/1:500

Anti- MAP2 antibody produced in 
mouse

HM- 2 hybridoma produced from mice 
immunized with Rat MAP2

Abcam, # Ab11267, monoclonal 
antibody, RRID:AB_297885

2 μg/ml/1:250

Anti- Kv2.1 antibody produced in 
mouse

Synthetic peptide AA 837- 853, C-  
terminus of rat Kv2.1

NeuroMAB, # 75014, monoclonal 
antibody RRID:AB_10673392

3.3 μg/ml/1:300

aAn antibody tested but not used for the study; See Table 2 for further details.
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TA B L E  2   Antibodies used and amino acid conservation between species

Antibody used in 
the study

Immunizing antigen 
(peptide or protein) and 
species

Amino acid (aa) identity 
conservation with 
marmoset ortholog

Alignment

 = Conservative replacements

 = Non- conservative replacements or absences

EAAT2 Not specified used last 
25aa

100% (25 of 25aa)

Rat

EAAT1 (omitted 
from study)

aa 524- 543 80% (16 of 20aa)

Rat

Kir4.1 aa 356- 375 100% (20 of 20aa)

Rat

GAT3 aa 612- 627 88% (14 of 16aa)

Mouse

GluA1 aa 271- 285 80% (12 of 15aa)

Rat

AQP4 (Human) Not Specified Used 
Last 20aa

95% (19 of 20aa)

Human

AQP4 (Rat) aa 300- 314 93.3% (14 of 15aa)

Rat

S100ß aa 1- 92 96.7% (89 of 92aa)

Bovine

SOX9 aa 1- 151 100% (151 of 151aa)

Human

(Continues)
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Antibody used in 
the study

Immunizing antigen 
(peptide or protein) and 
species

Amino acid (aa) identity 
conservation with 
marmoset ortholog

Alignment

 = Conservative replacements

 = Non- conservative replacements or absences

GFAP aa 1- 432 98.1% (424 of 432aa)

Human

TA B L E  2   (Continued)

(Continues)
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which is selected by the user. For the distance matrix, we used the 
Kolmogorov– Smirnov (KS) metric (Rachev et al., 2013) given by d(Fi, 
Fj) = Max|Fi(x) –  Fj(x)|, where the maximum is taken over x ∈ [0, 1]. To 
select the linkage criteria, we initially applied four criteria (complete, 
single, average, and ward2) and compared them using an agglom-
erative coefficient (Kaufman & Rousseeuw, 2009) (Figure S4) which 
showed that the Ward2 criteria as the most effective (Miyamoto 
et al., 2015; Murtagh & Legendre, 2014). The optimal number of 
clusters was obtained by choosing the integer such that the aver-
age silhouette index reaches its first maximum (Rousseeuw, 1987). 
The results of the cluster analysis and the total number of clusters 
identified were depicted in dendrograms (Figures 4, 7, S5 and S6, left 
panel). The code used for this method can be found at http://github.
com/FcoCu evas8 7/Astro cyteC luste ring.

2.6 | Statistical analysis

Statistical analysis was performed with GraphPad Prism soft-
ware. At least one hundred measurements were carried out to 
assess the length of processes of each astrocyte. Data sets were 
compared using an unpaired Student's two- tailed t test and re-
sults presented as mean ± standard deviation (SD). To determine 
the orientation of the processes, between 15 and 20 astrocytes 
were measured and the total number of processes of each astro-
cyte were considered to calculate the percentage of total pro-
cesses orientate apically and basally. Data sets were compared 
using a paired Student's two- tailed t test and results presented 
as mean ± SD. A p value of <0.05 was considered statistically 
significant.

Antibody used in 
the study

Immunizing antigen 
(peptide or protein) and 
species

Amino acid (aa) identity 
conservation with 
marmoset ortholog

Alignment

 = Conservative replacements

 = Non- conservative replacements or absences

GS aa 1- 373 96% (358 of 373aa)

Sheep

TA B L E  2   (Continued)

http://github.com/FcoCuevas87/AstrocyteClustering
http://github.com/FcoCuevas87/AstrocyteClustering
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3  | RESULTS

3.1 | Marmoset astrocytes show inter- regional 
variation in astrocytic marker expression in cerebral 
cortex, hippocampus, and cerebellum

Protoplasmic astrocytes in the CNS can be identified based on the 
expression of specific marker proteins and visualization of their com-
plex morphological features including multiple branches/branchlets, 
discrete anatomical territories, and association with blood vessels 
(Benjamin Kacerovsky & Murai, 2016). To characterize protoplasmic 
astrocytes in different areas of the marmoset brain, we utilized anti-
bodies against proteins known to be expressed by rodent astrocytes 
including the enzyme GS, the transcription factor Sox9, the interme-
diate filament GFAP, and the glycoprotein S100β. While GS and Sox9 
are considered general markers of astrocytes (Rose et al., 2013; Sun 
et al., 2017), GFAP is expressed sporadically in CNS astrocytic popu-
lations and detected in neuronal progenitors (Liu et al., 2010; Yang & 
Wang, 2015). S100β is also expressed by mature astrocytes (Raponi 
et al., 2007) as well as and other CNS cells including oligodendrocytes 
and ependymal cells (Steiner et al., 2007). We focused our analysis 
on the marmoset cerebral cortex, hippocampus, and cerebellum 
to provide a better understanding of the cortical and non- cortical 
distribution and properties of protoplasmic astrocytes. Multi- label 
analysis was applied to investigate inter-  and intra- regional variation 
of astrocytic marker expression.

3.1.1 | Protoplasmic astrocytes in the cerebral cortex

In primates, the neocortex has undergone an evolutionary expan-
sion leading to its elaborate organization. Unlike other primate spe-
cies such as macaques and humans, the common marmoset brain is 
lissencephalic with a more simplified architecture (Homman- Ludiye 
& Bourne, 2017; Mashiko et al., 2012). Similar to other species, the 

common marmoset cerebral cortex is divided into six main layers 
which can be used as reference points to examine the position of as-
trocytes and understand intra- regional variations in marker expres-
sion and structure of astrocytes.

Expression of general astrocytic markers: GS, Sox9, and S100β
To identify protoplasmic astrocytes, we used antibodies against 
GS, an ATP- dependent enzyme that enables glutamate– glutamine 
cycling following synaptic transmission through the conversion 
of l- glutamate into glutamine in astrocytes (Rose et al., 2013). 
GS is broadly expressed by astrocytes in different brain regions 
and is considered a general astrocyte marker in the rodent brain 
(Derouiche & Frotscher, 1991; Norenberg, 1979). In the marmoset 
cortex, GS was widely expressed by astrocytes and detected in all 
cortical layers (Figure 1A). At the subcellular level, GS was detected 
in the cytoplasm and main astrocytic branches with lower signal in 
fine processes (Figure 1A,a′). Interestingly, in some astrocytes in 
layer I, GS signal was confined to cell bodies and large branches, 
with weak expression in smaller branches/branchlets. In layers II– VI, 
the GS signal was generally high in the cell body and thick branches 
of astrocytes with variable expression in finer branches, sometimes 
delineating anatomical boundaries of individual astrocytes and cre-
ating a patchy pattern within the neuropil (Figure 1A). To investi-
gate the completeness of detection of the astrocyte population with 
anti- GS, we co- labeled for Sox9, a transcription factor involved in 
development and a nuclear marker of astrocytes (Sun et al., 2017). 
Sox9 labeling was observed in the nuclei of astrocytes throughout 
cortical layers as well as in nuclei of cells located in the pia mater, 
suggestive of expression in the glia limitans (Figure 1B). We found 
that the vast majority of GS- positive cells were Sox9 positive. We 
also labeled for the secreted glycoprotein S100β which is known to 
be prevalent in CNS astrocytes. Like GS and Sox9, S100β was found 
in all cortical layers, being moderately expressed in the cytoplasm 
and processes of astrocytes (Figure 1C). S100β signal was vari-
able, with patchy expression caused by large areas of lower S100β 

TA B L E  3   Listing of secondary antibodies used

Name Details
Concentration/working 
solution

Alexa Fluor 488 donkey anti- guinea pig IgG Jackson ImmunoResearch, # 706- 545- 148, 
RRID:AB_2340472

1.5 μg/ml/1:500

Alexa Fluor 647 donkey anti- guinea pig IgG Jackson ImmunoResearch, # 706- 605- 148, 
RRID:AB_2340476

1.5 μg/ml/1:500

Alexa Fluor 488 donkey anti- mouse IgG Thermo Fischer, # A21202, RRID:AB_141607 4 μg/ml/1:500

Alexa Fluor 568 donkey anti- mouse IgG Thermo Fischer, # A10037, RRID:AB_2534013 4 μg/ml/1:500

Alexa Fluor 647 donkey anti- mouse IgG Thermo Fischer, # A31571, RRID:AB_162542 4 μg/ml/1:500

Alexa Fluor 488 donkey anti- rabbit IgG Thermo Fischer, # A21206, RRID:AB_2535792 4 μg/ml/1:500

Alexa Fluor 568 donkey anti- rabbit IgG Thermo Fischer, # A10042, RRID:AB_2534017 4 μg/ml/1:500

Alexa Fluor 647 donkey anti- rabbit IgG Thermo Fischer, # A31573, RRID:AB_2536183 4 μg/ml/1:500

Alexa Fluor 488 donkey anti- goat IgG Thermo Fischer, # A11055, RRID:AB_2534102 4 μg/ml/1:500

Alexa Fluor 568 donkey anti- goat IgG Thermo Fischer, # A11057, RRID:AB_142581 4 μg/ml/1:500

Alexa Fluor 647 donkey anti- goat IgG Thermo Fischer, # A21447, RRID:AB_141844 4 μg/ml/1:500

info:x-wiley/rrid/RRID:AB_2340472
info:x-wiley/rrid/RRID:AB_2340476
info:x-wiley/rrid/RRID:AB_141607
info:x-wiley/rrid/RRID:AB_2534013
info:x-wiley/rrid/RRID:AB_162542
info:x-wiley/rrid/RRID:AB_2535792
info:x-wiley/rrid/RRID:AB_2534017
info:x-wiley/rrid/RRID:AB_2536183
info:x-wiley/rrid/RRID:AB_2534102
info:x-wiley/rrid/RRID:AB_142581
info:x-wiley/rrid/RRID:AB_141844


     |  3129MUÑOZ et al.

abundance. Endfeet of some astrocytes showed high levels of S100β 
(Figure 1C,c′). Thus, GS, Sox9, and S100β are efficient general mark-
ers for astrocytes in the cerebral cortex with some variation in the 
intensity of their expression, especially for S100β.

GFAP labels cortical astrocyte subsets including complex 
interlaminar astrocytes
GFAP is often thought to be a general marker for astrocytes but in 
fact shows sparse expression in astrocytes in many regions of the 
mature CNS. GFAP is also expressed by progenitor cells located in 
neurogenic niches (Liu et al., 2010; Namba et al., 2005). At least four 
major morphologic subclasses of GFAP- positive astrocytes have 
been identified in the adult human temporal cortex and classified 
as interlaminar astrocytes, protoplasmic astrocytes, varicose pro-
jection astrocytes, and fibrous astrocytes (Oberheim et al., 2009). 
In the marmoset cortex, we identified three major GFAP- positive 
astrocyte subtypes: Protoplasmic astrocytes, interlaminar astro-
cytes (divided into pial and subpial subtypes), and fibrous astrocytes 
(located in white matter area) (Figure 2A– E). To our knowledge, 

varicose projection astrocytes have only been found in chimpanzee 
and human brain and have not been identified in other primates in-
cluding rhesus macaque or squirrel monkeys (Oberheim et al., 2009). 
Marmoset protoplasmic astrocytes labeled by anti- GFAP were 
sparsely detected throughout cortical layers II– VI and showed a fila-
mentous pattern of labeling revealed by thick processes leading to 
branched, smaller processes. GFAP labeling in some astrocytes was 
also found to project toward and around blood vessels in endfeet 
(Figure 2C). The endfoot, a specialized astrocytic structure which 
surrounds blood vessels, was identified by AQP4 expression which 
was enriched in the endfoot membrane. Fibrous astrocytes labeled 
by GFAP were frequent in the white matter and showed long, thick, 
and mostly unbranched primary processes (Figure 2E).

In contrast to the sparse GFAP labeling in astrocytes in layers 
II– VI, GFAP labeling in astrocytes was particularly enriched in layer 
I of the marmoset cerebral cortex. GFAP- positive astrocytes in 
layer I displayed known characteristics of interlaminar astrocytes 
(ILAs) containing a stellate morphology and extension of long, un-
branched processes several micrometers into cortical layers II– III 

F I G U R E  1   Expression of astrocytic markers GS, Sox9, and S100β in the marmoset cerebral cortex. Labeling of coronal sections of 
marmoset temporal cortex with antibodies against GS (A), Sox9 (B), and S100β (C). Each immunolabeling is contrasted with DAPI staining 
in the second panel (blue staining). Right panels with lowercase letters (a′– c′) provide a representative view of a single cell labeling. Orange 
arrowheads show S100β labeling in an astrocytic endfoot in c′. Roman numerals at the left side of panels indicate approximate location of 
cortical layers. Scale bars: 50 μm in A– C and 20 μm in a′– c′. bv, blood vessel 
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(Figure 2A). Interlaminar astrocytes have been previously charac-
terized in monkey (Cebus apella, Saimiri sciureus, Papio hamadryas, 
and Macaca mulatta) and human brain (Colombo et al., 1995, 2000; 
Oberheim et al., 2009) using anti- GFAP. Two distinct types of ILA 
astrocytes in marsupial and placental mammalians have been de-
scribed (Falcone et al., 2019): Pial and subpial ILAs. These ILA sub-
types differ with respect to their morphology and position in layer 
I. They also can be classified as “typical” or “rudimentary” depend-
ing on whether their GFAP- positive processes exit layer I or not, 
respectively. We found that the marmoset cortex contained nu-
merous “typical” pial ILAs (Figure 2F– J). These astrocytes showed 
an inverted pyramidal- shaped soma juxtaposed to the pial surface 
that is connected to several primary processes (approximately 4 
to 6) from the apex of the pyramidal cell body and processes from 
other portions of the soma (Figure 2F– G). The proximal portion 
of pial ILA processes appeared thicker than distal portions, run-
ning perpendicular or tangential to the pial surface. Pial GFAP- 
positive ILAs showed colocalization with general markers S100β 
(Figure 2F), GS (Figure 2G), Sox9 (Figure 2H), and colocalization 
with other astrocytic proteins including the inwardly rectifying po-
tassium channel Kir4.1 (Figure 2I). AQP4- labeled endfeet traversing 
the pial surface were not associated with GFAP- labeled pial ILAs 
(Figure 2J). In contrast to pial ILAs, the somas of subpial ILA were 
not in contact with the pial surface. Marmoset subpial ILAs dis-
played a stellate shape with numerous branches (5– 15 processes) 
(Figure 2K– L). Some branches reached to the pial surface and other 
processes show seemingly random orientation. One or two interla-
minar processes from subpial ILAs were found to penetrate deeper 
cortical layers (II- IV). These processes projected at perpendicular 
or oblique angles to the pial surface, could be seen as straight or 
wavy, and finished in varicosities or bulb- like structures (Colombo 
et al., 1997). In general, only one interlaminar process running 
mostly to layer II– III was detected for each subpial ILA (Figure 2B, 
orange arrowheads), with the thickest part of the process being 
proximal to the cell body. Subpial GFAP- positive ILAs also showed 
colocalization with the markers S100β (Figure 2K), GS (Figure 2L), 
Sox9 (Figure 2M), and colocalization with astrocytic protein Kir4.1 
(Figure 2N). Subpial ILAs projected toward blood vessels and end-
feet labeled by AQP4. Large AQP4- positive punctate was also de-
tected in primary and some secondary branches of subpial ILAs 
(Figure 2O, orange arrowheads). Marmoset ILA processes did not 
show the extreme tortuosity which is characteristic in ILAs identi-
fied in ape and human brain (Oberheim et al., 2009).

Expression of glutamate and GABA transporters and Kir4.1 in 
cortical astrocytes
Astrocytes play a critical role in reuptake and recycling of neuro-
transmitters and ions. In particular, astrocytes are the main cell 
type expressing the glutamate transporters EAAT2/SLC1A2/GLT- 1 
(now referred to as EAAT2) and EAAT1/SLC1A3/GLAST (now re-
ferred to as EAAT1) (Chaudhry et al., 1995), as well as the GABA 
transporter GAT3/SLC6A11 (now referred to as GAT3) (Minelli 

et al., 1996). They also abundantly express the inward rectifying 
potassium channel Kir4.1 (Higashi et al., 2001). In the marmoset 
cortex, EAAT2 showed intra- regional variation in its expression. 
Notably, EAAT2 was low to undetectable in the superficial por-
tion of cortical layer I and correlated with the low expression of 
GS in fine processes of astrocytes in cortical layer I. This pattern of 
EAAT2 localization strongly differed from the high and often patchy 
expression of EAAT2 in layers II– IV (Figure 1A and Figure 3A). 
Interestingly, EAAT2 showed very low expression near some blood 
vessels (Figure 3A). The GABA transporter GAT3 showed low to 
moderate expression on astrocytes throughout layers I– VI. GAT3 
also showed variable expression around blood vessels (Figure 3B). 
Consistent with their function in potassium homeostasis, cortical 
astrocytes also expressed Kir4.1. Kir4.1 displayed heterogeneous 
expression in cortical layers with particularly high expression in 
layers II/III and lower expression in layer IV. Like for EAAT2 and 
GAT3, Kir4.1 showed variable expression around blood vessels 
(Figure 3C). Thus, neurotransmitter transporters and ion channels 
showed differential expression across cortical layers.

Heterogeneity analysis of astrocytic protein expression in cortex
To better understand the variable expression of astrocytic proteins 
in cortex, we developed a method to: (a) identify discrete clusters 
of astrocytes that show similar levels of astrocytic protein expres-
sion, and (b) map the position of each astrocyte onto images to 
map the spatial organization of astrocytes belonging to a specific 
cluster. To do so, we first defined the position of individual astro-
cytes in each image using GS which is a suitable general astrocytic 
marker (Figure 1). We then created a region- of- interest (ROI) for 
each GS+ astrocyte and computed the empirical distribution func-
tion (ECDF) of the pixels inside the ROI. A hierarchical cluster al-
gorithm was applied to identify discrete astrocytic clusters over 
the obtained ECDFs (Kaufman & Rousseeuw, 2009). Individual 
astrocytes within clusters were mapped back to their respective 
images to identify the location of each astrocyte within a cluster. 
Using this method, we found that labeling for EAAT2 (Figure 4A) 
led to identification of three clusters of astrocytes that showed 
similar levels of expression. For EAAT2, two main clusters ap-
peared along with a minor cluster representing just 6.3% of total 
cells (Figure 4a′). Astrocytes within EAAT2 clusters tended to 
group together (Figure 4A). Analysis of GAT3 (Figure 4B) and GS 
(Figure S5) showed two, rather equally sized clusters of astrocytes 
(Figures 4B,b′ and S5a′). Astrocytes within GAT3 clusters grouped 
together while astrocytes within GS clusters appeared more gen-
erally dispersed. Interestingly, astrocytes expressing Kir4.1 segre-
gated into three main clusters, and consistent with our previous 
observations (Figure 3C), Kir4.1 showed a more stratified organi-
zation of Kir4.1- expressing astrocytes (Figure 4C,c,c′). Thus, as-
trocytes show substantial variation in the expression of specific 
proteins in cortex. This variation can be used to identify discrete 
clusters of astrocytes and allow cross- referencing of protein ex-
pression to their position within cortex.
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3.1.2 | Protoplasmic astrocytes in the hippocampus

The hippocampus is an important brain structure for encoding and 
consolidating memories (Lisman et al., 2017) and astrocytes are 
known to play an important role in regulating hippocampal circuits 
and modulating learning/memory processes (Santello et al., 2019; 
Singh & Abraham, 2017). The anatomical organization of the mar-
moset hippocampus resembles that of the human hippocampus 
showing an S- shaped structure in the ventral- temporal region of the 
marmoset brain (Figure 5H). As with other species, the marmoset 
hippocampus contains a densely packed layer of neurons separated 
into Cornu ammonis 1– 3 (CA1, CA2, and CA3), dentate gyrus, and 
subicular regions. Each CA region is divided into Stratum oriens 
(S. oriens), Stratum pyramidale (S. pyramidale), and Stratum radia-
tum (S. radiatum) layers. Here we analyzed astrocytes in area CA1, 

focusing on their distribution, marker expression, and unique struc-
tural features.

Expression of astrocytic markers in area CA1
As in the cerebral cortex, GS was abundantly expressed in astrocytes 
in all CA1 hippocampal layers. High GS signal was observed in the 
cell body and main astrocytic branches. Imaging at higher magnifica-
tion exposed finer processes of protoplasmic astrocytes (Figure 5A, 
inset). In the S. radiatum, GS- positive astrocytes generally showed 
round- shaped cell bodies with astrocytic processes orientated ra-
dially in a stellate pattern. In contrast, GS- expressing astrocytes in 
the S. oriens presented more elongated cell bodies with an intricate 
tree- like arborization containing thick, long primary and second-
ary branches (Figure 5A). Similar to GS labeling, Sox9 signal was 
broadly observed in astrocytes in all hippocampal layers (Figure 5B). 

F I G U R E  2   GFAP labels marmoset cortical astrocytic populations including complex interlaminar astrocytes. (A– E) Sparsely labeled 
GFAP- positive astrocytes across cortical layers. The approximate location of cortical layers indicated by Roman numerals I to IV (yellow). 
Orange arrowheads show interlaminar processes and green arrowheads define protoplasmic astrocytes (A). Detailed images of an 
interlaminar astrocyte (B), protoplasmic astrocyte (C), astrocytic endfeet (D), and white matter astrocytes (E). DAPI (blue) is used as a nuclear 
marker and AQP4 (blue) as an endfoot marker. Scale bar: 50 μm (A), 20 μm (B, C, and E), and 5 μm (D). Subtypes of interlaminar astrocytes 
(ILA). Marmoset pial ILAs (F– J) and subpial ILAs (K– O) labeled by S100β (F, K), GS (G, L), Sox9 (H, M) and specific astrocytic markers such as 
Kir4.1 (I, N) and AQP4 (J, O). Yellow arrowheads show astrocytic soma and processes in F– O. Orange arrowheads describe a punctate AQP4 
staining. Scale bars: 20 μm (F– O) 
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In contrast, S100β signal in different layers of hippocampus tended 
to show a patchy pattern and it was generally detected in lower 
amounts when compared with GS labeling (Figure 5C). S100β signal 
was concentrated mostly in cell bodies except in S. oriens where it 
was possible to identify round cell bodies with primary astrocytic 
processes orientated in all directions (Figure 5C, S. oriens). Similar 
to the rodent brain, astrocytes in the marmoset hippocampus more 
strongly and broadly expressed GFAP (Figure 5D) with high expres-
sion in astrocytes in S. radiatum and S. pyramidale. In the S. radiatum, 
astrocytes generally showed round- shaped cell bodies with long and 
thick astrocytic processes orientated radially in a stellate pattern 
consistent with the morphology of astrocytes described by GS labe-
ling (Figure 5A). In the S. oriens, sparse astrocytes with cell bodies 
located in this layer expressed lower levels of GFAP (Figure 5D, S. 
oriens). We performed double labeling experiments to help corre-
spond markers within the layers. We found a high correspondence 
of Sox9 and GS labels in all layers (Figure 5E). Furthermore, GFAP 
and GS showed high correspondence in the S. radiatum and pyrami-
dale with more limited overlap in the S. oriens (Figure 5F). GFAP and 
S100β had strong correspondence in primary astrocytic processes 
in most of astrocytes across layers (Figure 5G). Thus, labeling for 
GS, Sox9, and S100β efficiently labeled the general distribution of 

hippocampal astrocytes in CA1 layers with some patchy labeling 
present (i.e., S100β). In contrast, GFAP was strongly expressed in S. 
radiatum and S. pyramidal astrocytes, but more weakly labeled as-
trocytes positioned in the S. oriens.

CA1 astrocytes located on the edge of pyramidal cell layer show 
structural polarity
Remarkably, astrocytes located at the interface of the CA1 S. ra-
diatum and S. pyramidale showed a unique morphology. This was 
most apparent when labeling for GFAP where these cells extended 
long, often unbranched processes that traversed the pyramidal 
cell layer toward the S. oriens (Figure 5I). The morphology of these 
cells contrasted that of astrocytes in the S. radiatum (Figure 5J) 
or those in the hilus of the dentate gyrus that lacked consistent 
orientation (Figure 5K). Three- dimensional morphometry of the 
GFAP signal was used to measure the degree of polarization of 
processes from these astrocytes. We found that 67.7 ± 6.8% (av-
erage ± SD) of total processes from the astrocytes at the edge 
of the pyramidal cell layer were orientated apically toward the 
S. oriens and only 32.3 ± 6.8% of processes had a basal orienta-
tion toward the S. radiatum (Figure 5L; p < 0.001). This differed 
from astrocytes located within the S. radiatum which showed 

F I G U R E  3   Expression of glutamate and GABA transporters, and the potassium channel Kir4.1 in the marmoset cerebral cortex. Double 
immunostaining of excitatory amino acid transport 2 (EAAT2) and GS (A), GABA transporter 3 (GAT3) and GS (B) and inward rectifier- type 
potassium channel Kir4.1 and GS (C) in coronal sections from marmoset temporal cortex. GS was used as a counter- label due to its more 
homogenous distribution in cortical layers. a′– c′ show higher magnifications of white rectangle areas of merged images. Right panels show a 
heat map of each specific marker showing its expression density through cortical layers. Purple- to- blue color indicates lower intensity signal, 
while the red- to- yellow color means higher intensity signal. Scale bars: 50 μm in A– C and 20 μm in a′– c′. bv, blood vessel 
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44.7 ± 10.3% processes orientated apically and 55.3 ± 10.3% 
processes orientated basally (Figure 5M; p = 0.033). We also an-
alyzed the length of the primary and secondary processes emerg-
ing from these polarized astrocytes. We found that the summed 
length of the apical processes was 82.3 ± 21.5 μm (average ± SD) 
compared with 24.6 ± 10.9 μm of processes orientated basally 
(Figure 5L; p < 0.001). For astrocytes located in the S. radiatum, 
the summed length of processes was equivalent between apical 
(36.5 ± 13.5 μm) and basal (39.1 ± 13.9 μm) processes (Figure 5M; 

not significant). Thus, astrocytes at the interface of the S. radia-
tum and S. pyramidal showed a specialized, polarized morphology 
with elongated process that span the pyramidal cell layer and pro-
ject into the S. oriens.

Expression of glutamate and GABA transporters, Kir4.1 and AQP4 
in hippocampus
In contrast to the cerebral cortex, EAAT2 showed more obvious dif-
ferential expression in the hippocampus. EAAT2 was fairly broadly 

F I G U R E  4   Heterogeneity of cortical astrocytes. Hierarchical clustering algorithm identified astrocytic clusters based on the KS distance 
displayed in the dendrogram (left panel on each row) for EAAT2 (A), GAT3 (B), and Kir4.1 (C). Distance measurements reveal significant 
separation of astrocytes into distinct clusters. Three different images from two different animals were analyzed for each marker. The spatial 
organization of astrocytes within clusters is represented a, b, and c. Each astrocyte was identified using GS expression and it was assigned 
to a region from the pial surface (Region 1, R1) to inner cortical layers (R2, R3, and R4). Scale bars: 50 μm. Each astrocyte was identified with 
a number, R1 and R3 numbers are indicated in white and R2 and R4 numbers indicated in yellow. Analysis of GS can be found in Figure S5. 
Every cluster was identified by a number and particular color and the percentage of cells in each cluster in regions 1– 4 is shown in a′– c′ 
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expressed but was especially enriched in astrocytic processes located 
at the edge of S. radiatum near the S. pyramidale (Figure 6A). Like 
EAAT2, GAT3 was enriched in astrocytic processes at the edge of the 
S. pyramidale with some areas of low expression in the S. radiatum and 
S. oriens (Figure 6B). Kir4.1 was enriched in a thin layer at the edge of S. 
pyramidale and showed patchy expression in the S. oriens (Figure 6C). 
Interestingly, the water channel Aquaporin 4 (AQP4) which contributes 
to cellular water balance, was abundantly found in the processes of 
astrocytes in the S. radiatum and within the S. pyramidale with lower 
overall expression in the S. oriens (Figure 6D). It was consistently de-
tected in astrocytic endfeet surrounding blood vessels.

Heterogeneity analysis of astrocytic protein expression in 
hippocampus
Applying our method to analyze the variation in protein expres-
sion showed the organization of astrocytes with differential 

expression of particular proteins within the hippocampus. GFAP 
and AQP4 showed two main clusters of astrocytes with a similar 
pattern of organization, having a large number of astrocytes from 
one cluster accumulated at the interface of the S. radiatum and S. 
oriens (Figure 7A,a,a′,B,b,b′, cluster 1). The remaining astrocytes 
were dispersed with the S. radiatum and S. oriens (cluster 2). For 
GAT3, two clusters were identified with most astrocytes in one 
cluster in the S. radiatum and S. pyramidale (cluster 2), and astro-
cytes in the other cluster mainly in the S. oriens with only sparse 
astrocytes in S. radiatum (Figure S6B,b,b′). Analysis of EAAT2 and 
GS showed three main clusters, with the majority of astrocytes 
within one cluster amassed at the interface of the S. radiatum 
and S. oriens (cluster 3), and generally surrounded by astrocytes 
of the other clusters (Figure S6A,a,a′,C,c,c′). Analysis of Kir4.1 
revealed five clusters, with a cluster of astrocytes showing high 
expression located in the S. oriens (Figure 7C, cluster 1) and two 

F I G U R E  5   Expression of astrocytic markers in the marmoset hippocampus. Labeling of coronal sections of marmoset hippocampus with 
antibodies against GS (A), Sox9 (B), S100β (C), and GFAP (D). Scale bars: 50 μm. Right insets show a higher magnification of different areas of 
hippocampus: Stratum radiatum (S. rad), Stratum pyramidale (S. pyr), and Stratum oriens, scale bars: 20 μm. White rectangle areas show higher 
magnification images, scale bars: 20 μm. Each label is contrasted with DAPI nuclear staining (blue). Double immunostaining of GS and Sox9 
(E), GS and GFAP (F), and S100β and GFAP (G) shows heterogeneity. Scale bars: 20 μm. Schematic diagram of the marmoset hippocampus (H) 
adapted from (Yuasa et al., 2010). CA1, field of CA1 of hippocampus; CA3, field of CA3 of hippocampus; Cd, caudate nucleus; DG, dentate 
gyrus; Er, entorhinal cortex; ITG, inferotemporal gyrus; LV, lateral ventricle; S, subiculum; TE, temporal cortex. Images detailed from astrocytic 
processes of astrocytes located at: the border of S. pyramidale (I)— apical processes (a), basal processes (b), S. radiatum (J), and hilus in dentate 
gyrus (K). Scale bars: 20 μm. (L– M) Degree of structural polarization of astrocytes in S. pyramidale and S. radiatum measured by percentage of 
total number of processes and quantification of length of astrocytic processes of astrocytes shown in I and J 
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clusters showing low expression (Figure 7C,c,c′, clusters 4 and 5). 
The rest of the astrocytes grouped together within the S. radiatum 
and S. pyramidale in two different clusters of high and moderate 
intensity (Figure 7C,c,c′, clusters 2 and 3). Thus, the variable ex-
pression of proteins within hippocampal astrocytes can be used 

to identify specific clusters of cells showing similar levels of ex-
pression. Moreover, some of these astrocytic clusters show similar 
patterns of organization (i.e., GFAP with AQP4 and EAAT2 with 
GS), while others show more unique organization within the CA1 
subfield (i.e., astrocytes with Kir4.1).

F I G U R E  6   Expression of glutamate and GABA transporters, Kir4.1, and AQP4 in the marmoset hippocampus. Labeling of coronal 
sections of marmoset hippocampus with astrocytic markers associated with subpopulations of astrocytes. Double immunolabeling of EAAT2 
and GS (A), GAT3 and GS (B), Kir4.1 and GS (C) and water channel Aquaporin 4 (AQP4) and GS (D). The third panel of each row shows a 
merged image and the fourth panel is a heat map showing the density of expression of each specific marker. A purple– blue color indicates 
lower intensity signal and red– yellow color means higher intensity signal. White arrows highlight areas of particularly high signal intensity. 
Scale bars: 50 μm 
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3.1.3 | Marmoset cerebellar cortex astrocytes

The cerebellar cortex is composed of a three- layered structure that 
includes the molecular layer (ML), Purkinje cell layer (PCL), and gran-
ular cell layer (GCL) and contains two main astrocyte populations 
called Bergmann glia (BG) and velate astrocytes (VA), respectively. 
Fibrous astrocytes are also found in the cerebellar white matter. BG 
are specialized, polarized astrocytes with cell bodies located in the 
PCL that project long processes to the pial surface and wrap Purkinje 
cells dendrites and synapses in the ML (Chan- Palay & Palay, 1974; 
Reichenbach & Wolburg, 2005). VAs are located in the GCL and con-
tain rounded cell bodies with thin, long, veil- like processes that wrap 
granule cells, synapses, and help segregate mossy fiber glomeruli 
(Jakab & Hamori, 1988). Fibrous astrocytes in the white matter have 
small cell bodies and their processes align with myelinated fibers re-
sulting in an elongated appearance (Reichenbach & Wolburg, 2005).

Expression of astrocytic markers in cerebellar cortex
In the marmoset cerebellum, GFAP was broadly expressed in BG, 
VA, and white matter astrocytic populations with their processes 
interdigitating within the PCL/ML, GCL, and white matter, respec-
tively (Figure 8A). In BG, GFAP labeling revealed their characteristic 
radial processes projecting from the PCL to the pial surface. VA and 
white matter astrocytes also showed abundant GFAP expression 
that clearly defined major processes of these cells (Figure 8a,a′). In 
contrast to GFAP, the expression of S100β, GS, and Sox9 was more 
variable (Figure 8B– D). S100β showed its highest expression in BG 
cell bodies within the PCL, pial surface and BG radial processes 
within the ML while VAs and white matter showed little expression 
(Figure 8b,b′, BG, VA, WM). In contrast to the selective expression 
of S100β in BG, GS was detected in multiple astrocyte types with 
moderate and high expression in the PCL, ML, GCL, and white mat-
ter (Figure 8C). BG cell bodies and ascending BG processes in the ML 
expressed moderate to high levels of GS (Figure 8c,c′, BG). Closer 
inspection of GFAP, S100β, and GS- expressing BG revealed an in-
tricate pattern of lateral appendages of BG which are oriented per-
pendicular to the main BG radial fiber in the ML (Figure 8a,a′,b,b′,c,c′, 
BG, white arrows). In the GCL, moderate GS labeling created a 
honeycomb- like appearance defined by labeled VA processes sur-
rounding granule cell bodies (Figure 8c,c′, VA). Sox9 showed high 
expression in BG nuclei surrounding calbindin- positive Purkinje cells 
(Figure 8D). VAs and white matter astrocytes showed mainly low to 
moderate levels of Sox9 expression with some cells exhibiting higher 
expression (Figure 8d,d′). Thus, GFAP efficiently labeled astrocytes 
in the marmoset cerebellar cortex while S100β, GS, and Sox9 were 
also present, but showed variable intensity across cerebellar cortex 
layers and astrocyte types.

Variation in gene expression in the marmoset cerebellar cortex
To better understand the differential expression of astrocytic 
proteins in BGs and VAs, we characterized the localization of ad-
ditional proteins known to be expressed by rodent cerebellar astro-
cytes (Farmer et al., 2016). The differential expression of astrocytic 

proteins in these cells could be easily identified because of the ana-
tomical separation of BGs and VAs in the cerebellar cortex. As in 
rodents, BGs showed higher levels of the AMPA receptor GluA1 
and Kir4.1, corresponding well to the position of calbindin- positive 
Purkinje cell soma and dendrites in the ML (Figure 9A,B) (Farmer 
et al., 2016). VAs, but not BGs, were also enriched in EAAT2 and 
AQP4 (Figure 9A,B). Thus, the pattern of expression of astrocytic 
proteins in the marmoset cerebellar cortex closely matched those of 
the rodent cerebellar cortex.

3.1.4 | Interactions of astrocytes with 
cerebrovasculature, neurons, and microglia

Astrocytes have complex interactions with cells and structures 
within their surrounding microenvironment. To begin to understand 
these interactions, we imaged astrocytes and other structures and 
cell types. Based on our findings that showed astrocytic processes 
projecting to blood vessels, we followed up on marmoset endfoot 
structures. The endfoot is a specialized astrocytic structure that 
surrounds endothelial cells, pericytes, and smooth muscle cells (in 
larger diameter vessels) (Figure 10A) and contributes to the blood– 
brain barrier (Simard & Nedergaard, 2004). Like in the rodent and 
human, the marmoset endfoot is highly enriched in GFAP expression 
(Figure 10B) (Oberheim et al., 2009). GFAP- labeled endfeet showed a 
rosette morphology (diameter between 5 and 10 μm) and each astro-
cyte often generated more than one rosette (Figures 2D and 10B). In 
contrast to GFAP, we found variable expression of S100β at the end-
foot. Whereas some endfeet showed high S100β intensity, others 
had low expression (Figure 10b yellow and red circle, respectively). 
Endfeet can be identified by a polarized and increased expression of 
AQP4 and Kir4.1 (Nagelhus et al., 2004; Nielsen et al., 1997; Yang 
et al., 2011). Higher magnification imaging of the GFAP- labeled end-
feet showed AQP4 is juxtaposed to perivascular laminin expression 
in the basement membrane (Figure 10C). As with AQP4, Kir4.1 was 
also enriched in the endfoot compartment (Figure 10D).

In addition to the close interactions between astrocytes and 
blood vessels, we also observed close interdigitation of astro-
cytic processes with neurons (Figure 10E– I) and those of microglia 
throughout cortex, hippocampus, and cerebellum (Figure 10J– L). 
This was revealed through labeling for the calcium- binding pro-
tein Iba1 found in microglia and microtubule- associated protein 2 
(MAP2), the potassium channel Kv2.1, and calcium- binding protein 
Calbindin found in neurons. Subpial astrocytes intermingled with 
dendrites in layer I of the cerebral cortex and cell bodies of corti-
cal neurons in layer II labeled with MAP2 (Figure 10E,e′, white ar-
rowheads). The neuronal membrane channel and marker Kv2.1 was 
particularly effective in highlighting the complex relationship of as-
trocytes with neuronal soma and proximal dendrites (Figure 10F,f′). 
In the hippocampus, astrocytic processes penetrated the dense 
network of dendrites and pyramidal cell bodies in the S. pyramidale 
(Figure 10G,g′). The selective enrichment of Kv2.1 in some neu-
rons in the S. radiatum also allowed close cellular interactions to be 
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observed (Figure 10H,h′). In the cerebellum, the complex dendritic 
arbor of Purkinje neurons visualized by calbindin labeling was closely 
associated with radial fibers of BG (Figure 10I). Some BG and VA 
processes projected alongside Purkinje dendrites and axons, respec-
tively (Figure 10I,i′, white arrowheads).

As astrocytes and microglia are known to have important cellu-
lar interactions in the CNS (Bouvier & Murai, 2015), we co- labeled 
for microglia and astrocytes. We found astrocytes have close re-
lationships with both blood vessel- associated microglia (VAM) and 

other parenchymal microglia. VAM are parenchymal microglia jux-
taposed to cerebral blood vessels just outside of the basal lamina 
(Graeber & Streit, 1990; Koizumi et al., 2019). Some VAM were ob-
served surrounding blood vessels and interacting with astrocytes 
(Figure 10J,j′, orange arrowheads) while others had cell bodies in 
direct contact to the blood vessel and endfoot (Figure 10j′,j″, white 
arrowheads). Parenchymal microglia were uniformly distributed in 
cerebral cortex (Figure 10k, k’) and displayed fine, ramified pro-
cesses with a domain diameter of ~70 μm. In the hippocampus, 

F I G U R E  7   Heterogeneity of hippocampal astrocytes. Hierarchical clustering algorithm identified different astrocytic clusters based 
on the KS distance displayed in the dendrogram (left panel on each row) for GFAP (A), AQP4 (B), and Kir4.1 (C). The spatial organization 
of astrocytes within clusters is represented at the right side of each image (a– c). Scale bars: 50 μm. Each astrocyte was detected using GS 
expression and it was assigned in S. radiatum, S. pyramidale, and S. oriens. Each astrocyte was identified with a number, S. radiatum and S. 
oriens in white and S. pyramidale in yellow. Analysis of GS, EAAT2, and GAT3 can be found in Figure S6. Every astrocyte within a cluster was 
identified and assigned a number with a particular color. The percentage of cells in each cluster in the S. oriens (Ori), S. pyramidale (Pyr), and 
S. radiatum (Rad) is shown in a′– c′ 
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parenchymal microglia showed smaller domains than in cortex 
(~40– 55 μm). Parenchymal microglia in the cerebral cortex and 
hippocampus showed close association with astrocytes labeled for 
GFAP (Figure 10,k′,l′, white arrowheads). Thus, as in other species, 
marmoset astrocytes showed intricate interactions with microg-
lia, likely reflecting their close functional interaction in the healthy 
and diseased brain.

4  | DISCUSSION

In this study we investigated the organization, structure, and mo-
lecular diversity of astrocytes in the adult marmoset brain. We 
were pleased to find that many common astrocyte labels used in 
rodent studies were useful for studying astrocytes in the mar-
moset cerebral cortex, hippocampus, and cerebellum. Marmoset 

F I G U R E  8   Expression of astrocytic markers in the marmoset cerebellum. Labeling of coronal sections of the marmoset cerebellar 
cortex and white matter with antibodies against GFAP (A), S100β (B), GS (C), and Sox9 (D). General images show the molecular layer (ML), 
Purkinje cell layer (PCL), granule cell layer (GCL), and white matter (WM). Each immunolabel is contrasted with DAPI staining of nuclei 
(blue). Scale bars: 100 μm. Panels (a– d) show higher magnification images while panels (a′– d′) show labels with respect to DAPI signal (third 
panel). Purkinje cell bodies are indicated with white asterisks. Scale bars: 50 μm. Magnifications of individual Bergmann glia cells (BG), 
velate astrocytes (VA), and astrocytes located within the white matter (WM) are shown in the last panel and they are indicated with white 
arrows (BG) and arrowheads. Note the presence of many lateral processes of Bergmann glia (white arrows in GFAP, S100β, and GS staining). 
Calbindin (Calb, gray staining) was used as a Purkinje cell marker. Scale bars: 50 μm in Bergmann glia and 20 μm in VA and WM images. bv, 
blood vessel 
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astrocytes showed complex organization and clear inter- regional 
and intra- regional variation in expression of astrocytic labels. 
This molecular variation in marmoset astrocytes was accompa-
nied by some unique structural differences among these cells and 
complex interactions with blood vessels, neurons, and microglia. 
This study increases our understanding of marmoset astrocytes 
and helps to understand the complex properties of astrocytes 
in the primate CNS. It should be noted that robust specific con-
trols for the antibodies used in this study are not available. Also, 
while the antibodies have been extensively used in rodents, 
they have not been previously validated in marmoset tissues. 
However, the similarities in labeling of certain astrocytic popula-
tions and specific astrocytic compartments (i.e., nucleus, cyto-
plasm, soma, fine processes, and endfeet) between rodent and 
marmoset astrocytes and conservation of the antigens/proteins 
used to generate the antibodies, provide confidence that the sig-
nals detected are specific to the intended antigen. Indeed, amino 

acid sequence alignment of rodent and marmoset astrocytic pro-
teins shows that sequences recognized by antibodies used in this 
study had at least 80% conservation. Where residues were not 
conserved, they were replaced by conservative amino acids that 
have similar biochemical properties. Ultimately, future valida-
tion experiments, for example using gene- knock- out approaches, 
will be useful in confirming the specificity of the antibodies in 
marmosets.

Emerging evidence shows that astrocytes comprise a heteroge-
neous group of cells in the mammalian CNS. Astrocytes in different 
regions of the brain have substantial variation in gene expression 
and physiology that is attributable, in part, to their developmen-
tal origin (Hochstim et al., 2008; Oberheim et al., 2012; Zhang & 
Barres, 2010). Multiple astrocyte subtypes have been described 
across the rodent CNS including protoplasmic, fibrous, and velate 
astrocytes and polarized astrocytes including BG and Müller glia 
that likely contribute to brain region- specific physiology (Emsley 

F I G U R E  9   Molecular heterogeneity of astrocytes in the marmoset cerebellum. (A) Lower magnification images showing labeling for 
astrocytic proteins with respect to the molecular layer (ML), Purkinje cell layer (PCL), granule cell layer (GCL), and white matter (WM). 
Calbindin is used as a Purkinje cell marker. DAPI staining (blue) shows the nuclear staining of interneurons in the ML and granule cells in 
GCL. Scale bar: 100 μm. (B) Detailed images of ML and GCL stained with specific markers for Bergmann glia (BG) such as GluA1, Kirk4.1, 
and velate astrocytes (VA) such as AQP4. EAAT2 was expressed in both BGs and VAs with higher expression in VAs. Purkinje cell bodies are 
indicated with a white asterisk. Scale bar: 20 μm. bv, blood vessel 
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& Macklis, 2006). Recent investigations in rodents have shown 
significant intra- regional variation in gene expression in astro-
cytes (Batiuk et al., 2020; Bayraktar et al., 2020). This unforeseen 
astrocyte diversity is believed to create specialized astrocyte 

microenvironments near specific neuronal subtypes and circuitry 
(Farmer & Murai, 2017). However, the conservation of this astro-
cyte diversity across species, and importantly, in primates remains 
to be better understood.

F I G U R E  1 0   Interactions of marmoset astrocytes with capillaries, neurons, and microglia. (A) Schema showing the gliovascular unit and 
blood vessel- associated microglia. (B) GFAP and S100β labeling in astrocytic processes and endfeet surrounding a capillary in the marmoset 
cortex. Yellow circle shows high S100β expression and red circles highlight low S100β expression. Scale bar: 20 µm. (C) Cross- sectional view 
of a capillary in the marmoset hippocampus displaying expression of AQP4 and GFAP at the astrocyte endfeet. Yellow arrowheads indicate 
GFAP expression at endfeet and white arrowheads indicate areas of co- localization between GFAP and AQP4. Laminin (Lam) and DAPI 
labels show the basement membrane and nuclei of endothelial cells and pericytes (green arrowheads), respectively. Scale bars: 5 µm. (D) 
Cross- sectional view of a capillary showing expression of Kir4.1 and GFAP at astrocyte endfeet and DAPI in endothelial cell and pericyte 
nuclei. Yellow arrowheads indicate GFAP expression, white arrowheads show areas of co- localization between GFAP and Kir4.1, and green 
arrowheads highlight nuclei. Scale bars: 5 µm. (E– I) Co- labeling of GFAP with neuronal markers including MAP2 (E, temporal cortex; G, 
hippocampus), Kv2.1 (F, temporal cortex; H hippocampus), and Calbindin (I, cerebellum). Higher magnification images are shown to the right 
of each panel (panels e′– i′). White arrowheads highlight the tight spatial neuronal- astrocyte interaction. (J– L) Co- labeling of GFAP with 
the microglial marker Iba1 in temporal cortex (J and K) and hippocampus (L). Images to the right of each panel (panels j′– l′) show higher 
magnifications. (J) Vessel- associated microglia. Higher magnification images show microglia around the blood vessel (orange arrowheads) 
and microglia attached at the capillary (white arrowheads) (panels j′, j″). White arrowheads highlight the close spatial microglial– astrocyte 
interaction. Scale bars in panels E– L are 50 µm and e′– l′ are 20 µm. bv, blood vessel 
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Historically, protoplasmic astrocytes in the cerebral cortex 
have been thought to constitute a uniform cell population import-
ant for brain structural integrity and homeostasis. However, re-
cent investigations have revealed that astrocytes in cortical layers 
have distinct morphologies with differences in territorial volume, 
cell orientation, arborization, and differences in gene expression 
(Lanjakornsiripan et al., 2018). This may be due to the layer- specific 
features of neurons within cerebral cortex that have specific affer-
ent, efferent, and local connectivity. Astrocytes located in layers II/
III have a greater territorial volume and form larger “glio- neuronal” 
units than astrocytes in cortical layer VI (Clavreul et al., 2019; 
Lanjakornsiripan et al., 2018). Furthermore, perisynaptic astrocytic 
processes have greater synaptic ensheathment in layer II/III than 
layer VI (Lanjakornsiripan et al., 2018). This is consistent with differ-
ences in transcriptional profiles of astrocytes in these cortical layers 
(John Lin et al., 2017; Morel et al., 2019). Astrocytes may interact 
differently with neighboring synapses depending on layer- specific 
molecular and structural information. This may enable differential 
modulation of synaptic function and plasticity for example through 
regulation of neurotransmitter clearance, ion homeostasis, or re-
lease of neuroactive molecules. Interesting, a recent study showed 
that a common progenitor clone can produce protoplasmic and pial 
astrocytes, arguing against specific intrinsic genetic programs that 
create different astrocyte types that reside in disparate locations 
(Clavreul et al., 2019). This suggests that some astrocytes adapt to 
local environmental cues to optimize their molecular configuration 
(Clavreul et al., 2019; Farmer et al., 2016) and is consistent with 
Lanjakornsiripan et al. (2018) showing that neuronal layering is a 
prerequisite for the establishment of the layer- specific properties 
of cortical astrocytes. The patchy expression of astrocyte proteins 
such as Kir4.1 and EAAT2 observed in this study can reasonably 
be explained by this (Figure 3). EAAT2 and EAAT1 are known to be 
differentially expressed during CNS development and maturation in 
the rodent brain (Furuta et al., 1997; Lehre et al., 1995; Rothstein 
et al., 1994). EAAT1 has been found to be highly expressed in middle 
cortical layers at postnatal day 1 and its concentrated distribution 
was shown to dissipate by postnatal day 24. EAAT2, in contrast, has 
prominent expression in periventricular and deep cortical layers at 
postnatal day 1 but more uniform expression by postnatal day 24 
(Regan et al., 2007). EAAT2 showed patchy expression in cortical 
layers in the adult marmoset and had especially low expression in 
layer I (Figure 3A), as previously has been reported by Rothstein 
et al. (1994). Kir4.1 also showed variable expression and its distribu-
tion resembled what has been reported for Kir4.1 in the rat where it 
is more enriched in certain cortical layers (Moroni et al., 2015). From 
our cluster analysis, astrocytes expressing similar levels of molecules 
such as EAAT2 and Kir4.1 show an especially interesting pattern of 
organization. In the future, it will be interesting to study whether 
these astrocytes have shared developmental origins or have com-
mon signaling mechanisms that actively control their molecular 
profile.

Our analysis also showed that marmosets contain both pial 
and subpial ILAs in the cerebral cortex. Interlaminar astrocytes in 

human cortex were first described by Andriezen using Golgi stain-
ing (Andriezen, 1893). However, these astrocytes received little at-
tention for nearly a century until Colombo et al. analyzed samples 
from New World monkeys (platyrrhini) and showed that ILA pro-
cesses were GFAP immunoreactive (Colombo et al., 1995). Recently, 
Falcone et al., performed a comprehensive study of pial and sub-
pial astrocytes from 46 mammalian species, including 22 primates 
(platyrrhini and Old World (catarrhine) monkeys) but not the common 
marmoset (C. jacchus). We found that the complexity of astrocytes 
residing in the pia mater of the cerebral cortex of the common mar-
moset was similar to descriptions made by Falcone et al. (2019) with 
respect to other monkey species belonging to Family Callitrichidae 
(Cebuella pigmaea and Saginus imperator) in terms of cell position, and 
number and length of processes. However, marmoset ILAs appear to 
be shorter than those observed in the larger monkey species Cebus 
apella and Saimiri sciureus (Colombo et al., 1995). Thus, the mar-
moset cortex contains ILAs with similar features to those in other 
non- human primate species and humans, opening the possibility of 
conserved function related to their structural features. Taking ad-
vantage of the superficial positioning of ILAs in the lissencephalic 
marmoset brain, in vivo calcium imaging experiments are likely to 
provide important insight into the physiological dynamics of this in-
teresting cell population.

In the hippocampus, we found that astrocytes showed different 
morphologies depending on their location within area CA1. In gen-
eral, marmoset protoplasmic astrocytes in the S. radiatum showed a 
stellate morphology with processes leaving round- shaped cell bod-
ies (Figure 5J). This is similar to what has been reported for rodent 
astrocytes in the S. radiatum of CA1 that show exclusive domain/
territory organization (Bushong et al., 2002; Nixdorf- Bergweiler 
et al., 1994). Interestingly, astrocytes located at the interface of the 
S. radiatum and S. pyramidale displayed a unique structure, contain-
ing long, highly polarized processes interlacing between pyramidal 
cell somas and with sparse side branches (Figure 5I,L,M). This unique 
structural adaptation may enable astrocytes to directionally prop-
agate information across the pyramidal cell layer and between the 
S. radiatum and S. oriens. As was found with in the cerebral cortex, 
protoplasmic astrocytes showed variable expression of some known 
astrocyte proteins. Of particular interest was the discovery of an en-
riched band of labeling of molecules such as EAAT2, Kir4.1, GFAP, and 
AQP4, at the boundary of the S. radiatum/S. pyramidale (Figures 5, 
6 and S6). It is possible that astrocytic processes in this specific re-
gion may have specialized properties in maintaining glutamate, po-
tassium, and intra/extracellular water levels. The high expression of 
EAAT2 in the S. oriens and S. radiatum has been previously reported 
in rodent brain (Lehre et al., 1995; Rothstein et al., 1994). The rela-
tively high expression of AQP4 may contribute to neurotransmitter 
and ion homeostasis which are known to impact synaptic function 
and long- term plasticity (Scharfman & Binder, 2013). Interestingly, 
AQP4 KO mice have been shown to have a selective impairment in 
BDNF- dependent LTP and LTD at Schaffer collateral synapses onto 
CA1 pyramidal cells (Skucas et al., 2011) and have cognitive defi-
cits in object recognition memory but not contextual fear or spatial 
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memory (Skucas et al., 2011). AQP4 KO mice have increased extra-
cellular space (ECS) which can affect synaptic transmission (Binder 
et al., 2004) potentially through inability of astrocytes to uptake 
glutamate (Zeng et al., 2007). This is consistent with findings that 
ECS and cell volume changes occur in response to altered extra-
cellular osmolarity and are associated with seizure activity (Binder 
et al., 2004). The high expression of Kir4.1 in S. oriens has been pre-
viously reported in the rodent brain (Takumi et al., 1995). Polarized 
Kir4.1 expression may also support greater uptake and redistribu-
tion of potassium during times of high neuronal activity (Binder 
et al., 2006; Djukic et al., 2007). Further experimentation is needed 
to understand the physiological implications for the enrichment of 
molecules such as AQP4, Kir4.1, and glutamate transporters, in this 
specific region.

BG in the ML and VA in the GCL are two main types of astro-
cytes in the cerebellar cortex. During development, BG play a crucial 
role in nearly all phases of cerebellar corticogenesis such as folia-
tion, orientation, stratification of granule cells, neuronal migration, 
neurite outgrowth, and synaptogenesis (Buffo & Rossi, 2013). In 
adulthood, BG are important for maintaining synaptic stability (Iino 
et al., 2001; Saab et al., 2012), extracellular ion homeostasis (Wang 
et al., 2012), metabolic function, and plasticity, and are needed for 
neuroprotection of Purkinje cells (Poblete- Naredo et al., 2011). 
Marmoset BG show high expression of the AMPA receptor GluA1 
and the potassium channel Kir4.1 (Figure 9A,B). This result is con-
sistent with previous reports in rats and mice (Matsui et al., 2005; 
Saab et al., 2012; Takumi et al., 1995). Similar to the rodent, we 
found dichotomous expression of several proteins in BG and VAs, 
with enriched expression of GluA1, Kir4.1 in BGs, and AQP4 in 
VAs (Farmer et al., 2016). EAAT2 was found in BGs and VAs with 
higher expression in VAs. Previous reports have shown that EAAT2 
was enriched in BG more than VAs in rat brain (Lehre et al., 1995; 
Rothstein et al., 1994). This suggests some differential distribution 
across species. Immunoreactivity for GS (Figure 8C, BG) and glu-
tamate receptors/transporters GluA1 and EAAT2 (Figure 9A,B) in 
BG processes in the ML and near Purkinje cell body suggests that 
marmoset BGs, like in other species, are geared toward glutamate 
detection, recovery, and signaling related to parallel and climbing 
fiber glutamatergic transmission (Maragakis & Rothstein, 2004). BG 
fibers of early postnatal rodents are smooth and lack lateral pro-
cesses (Grosche et al., 2002), however, lateral appendages appear 
after the first week of life potentially associated with an increase in 
neuronal activity in the cerebellum (Bender et al., 2020; Grosche 
et al., 1999, 2002). Recently, lateral appendages have been involved 
in a new type of plasticity mediated by GluA1 AMPARs and induced 
by emotional stress (Bender et al., 2020). Thus, lateral appendages 
of BG could be a new target to investigate cerebellar plasticity and 
learning. Compared with its rodent counterpart, the adult marmo-
set ML has a strikingly complex network of long lateral appendages 
emerging from main radial BG processes, visualized by GFAP and 
to a lesser extent GS, and S100β staining (Figure 9). Further experi-
mentation using fluorescent dye filling, or viral/transgene- mediated 
expression of genetically encoded reporters would be necessary 

for detailed investigation of lateral processes and to make struc-
tural comparisons with processes observed in the rodent (Grosche 
et al., 1999, 2002). We also detected complex relationships of 
marmoset astrocytes with cerebrovasculature, neurons, and mi-
croglia. Several neuronal and microglia markers (i.e., MAP2, Kv2.1, 
and Calbindin in neurons and Iba1 in microglia) were efficient in re-
vealing their intricate relationship with astrocytes within the brain 
parenchyma. Astrocytes also showed intricate GFAP- labeled end-
foot structures on capillaries with concentrated Kir4.1, AQP4, and 
S100β protein. In the human brain, the endfoot more completely 
encompasses blood vessel, creating a cobblestone pattern along 
the vasculature (Oberheim et al., 2009). Marmoset endfeet formed 
rosettes similar to those observed in the rodent brain. Thus, the 
marmoset endfoot has certain features that more closely resemble 
structures in the rodent rather than in humans. However, additional 
investigation is needed to dissect the marmoset endfoot compart-
ment. As in rodents, marmoset protoplasmic astrocytes appeared 
to respect territorial boundaries with neighboring astrocytes 
(Figure 3) but were fully interlaced among cell bodies and processes 
of neurons and microglia (Figure 10). Thus, the mechanisms leading 
to the organization and spacing of astrocytes may be well preserved 
among rodents and marmosets. Future investigations involving 
single- cell RNA- seq (Luecken & Theis, 2019) and multi- label in situ 
hybridization (Lukumbuzya et al., 2019) techniques will enhance our 
understanding of the molecular profile of marmoset astrocytes and 
strengthen the basis for experiments that reveal the complex func-
tional properties of this diverse cell population in the CNS.
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SUPPORTING INFORMATION
Additional supporting information may be found in the online ver-
sion of the article at the publisher’s website.
FIGURE S1 Comparison of astrocytic markers in cortex using two 
different fixation methods. The fixation methods assessed were 
10% formaldehyde (left panel) and 4% formaldehyde (right panel). 
Details about fixation methods can be found in the Material and 
Methods section. (A), GFAP labeling was used to identify different 
cortical astrocytes such as interlaminar astrocyte (ILA), protoplas-
mic, fibrous astrocyte and the endfoot compartment. Orange arrow-
heads indicate interlaminar astrocytic process and Roman numerals 
at the left side of the panel indicate approximate location of cortical 
layers. DAPI (blue) is used as a nuclear marker and AQP4 (blue) as 
an endfoot marker. Scale bars: 20 μm and 5 μm (endfoot). Pial ILA 
(B– E) and subpial ILA (F– I) astrocytes labeled by S100β (B, F), GS (C, 
G), Sox9 (D, H), and Kir4.1 (E, I). Yellow arrowheads show astrocytic 
soma and processes in B– I. Scale bar: 20 μm. bv, blood vessel
FIGURE S2 Comparison of astrocytic markers in hippocampus using 
two different fixation methods. The fixation methods assessed were 
10% formaldehyde (left panels) and 4% formaldehyde (right panel). 
Details about fixation methods can be found in the Material and 
Methods section. Hippocampal astrocytes were labeled with the as-
trocytic markers: GS (A), Sox9 (B), and GFAP (C). Double immunos-
taining of GS and SOX9 (D), GS and GFAP (E), and S100β and GFAP 
(F) to show heterogeneous expression. Scale bar: 50 μm. (G), GFAP 
labeling was used to identify polarization of astrocytes located at 
the edge of pyramidal layer (apical processes (a), basal processes (b)) 
and astrocytes in S. radiatum (H). Scale bar: 20 μm. Astrocytic mark-
ers (EAAT2, GAT3, and AQP4) were also display in gray scale (I) and 
in heat maps (J) showing the density of expression of each marker. 
A purple– blue color indicates lower intensity signal and red– yellow 
color means higher intensity signal. White arrows highlight areas of 
particularly high signal intensity. Scale bars: 50 μm

FIGURE S3 Comparison of astrocytic markers in cerebellum using 
two different fixation methods. The fixation methods used were 
10% formaldehyde (left panel) and 4% formaldehyde (right panel). 
Details about fixation methods can be found in the Material and 
Methods section. Coronal sections were labeled using GFAP (A), 
S100β (B), GS (C) and Sox9 (D). Lower magnification images show 
four different areas: molecular layer (ML), Purkinje cell layer (PCL), 
granule cell layer (GCL), and white matter (WM). DAPI was used to 
identify nuclei (blue staining). Scale bars: 100 μm. Second and right 
panels show higher magnification of Bergmann glia (BG), velate as-
trocytes (VA), and astrocytes located in WM. In BG images, white 
asterisks indicate Purkinje cell bodies and white arrows show lateral 
BG processes. White arrowheads indicate astrocytic soma in VA and 
WM. Scale bars: 50 μm (BG) and 20 μm (VA, WM). Astrocytic mark-
ers such as GluA1, Kir4.1, EAAT2, AQP4, and Cx43 were also used in 
lower magnification images (E) and higher magnification of ML and 
GCL (F). Purkinje cell bodies are indicated with a white asterisk. Scale 
bar: 100 μm (E) and 20 μm (F)
FIGURE S4 Agglomerative indices for images analyzed. High values 
reflect tight clustering of objects, whilst low values indicate weaker- 
formed clusters. Note that Ward2 criteria were among the best op-
tions for clustering
FIGURE S5 Cortical heterogeneity of GS immunolabeling. Left, den-
drogram showing astrocytic clusters assigned by the hierarchical 
clustering algorithm. Right, spatial organization of clusters. GS ex-
pression was used to identify individual astrocytes and they were 
assigned in a region from pia matter surface (R1) to inner cortical 
layer (R2, R3, and R4). Scale bars: 50 μm. Each astrocyte was iden-
tified with a number. Each cluster was identified with a number and 
particular color and the percentage of each cluster in regions 1– 4 is 
shown in a′. A more detailed description can be found in the legend 
for Figure 4
FIGURE S6 Heterogeneity of EAAT2, GAT3, and GS immunolabel-
ing in hippocampus. Left, dendrogram showing astrocytic clusters 
assigned by hierarchical clustering algorithm for EAAT2 (A), GAT3 
(B), and GS (C). (a– c) show the spatial organization of cells within 
clusters. GS expression was used to identify individual astrocytes. 
Astrocyte were assigned to the S. radiatum, S. pyramidale, and S. 
oriens and were assigned a number. Scale bars: 50 μm. Each cluster 
was identified with a number and a particular color and the percent-
age of each cluster into S. oriens, S. pyramidale, and S. radiatum is 
shown in a′– c′. A more detailed description can be found in the leg-
end for Figure 7
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