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Abstract

In order to translate the findings obtained from post-mortem brain tissue samples to functional bi-
ologic mechanisms of central nervous system disease, it will be necessary to understand how these 
findings affect the different cell populations in the brain. The acute isolation and analysis of pure 
glial cell populations are common practice in animal models for neurologic diseases, but are not yet 
regularly applied to human post-mortem brain material. The development of novel cell isolation 
techniques and methods for transcriptomic and proteomic analysis have made it possible to isolate 
and phenotype primary human cell populations from the central nervous system. The psychiatric 
program of the Netherlands Brain Bank has considerable experience with the purification of glial 
cells. This chapter will review the rapid isolation and phenotyping procedures for two major glia 
cell populations in the human brain, microglia and astrocytes, and will also discuss the potential for 
biobanking these cells, as well as the possible alternatives to cell isolations. The acute isolation of glial 
cells without culture-based adherence steps allows the analysis of glial alterations that underlie, or 
are the result of, disease neuropathology of the donor.
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Introduction

Pathophysiologic investigations into neurologic or psychiatric disorders of the central nervous sys-
tem (CNS) will eventually converge into research questions that focus on the individual functional 
units of the CNS, i.e., the individual cells. Traditionally research into CNS disorders has focused on 
genetic studies, non-invasive imaging studies, post-mortem CNS tissue analysis, and animal and 
cellular models, and only more recently has the use of primary human brain cells been developed 
successfully for neuroscience research. This is not surprising, since the techniques required to isolate 
intact, viable cells from the human CNS have only emerged in the last decade. In addition, the avail-
ability of fresh human CNS tissue, derived from either rapid autopsy or surgical resection, is limited 
or unobtainable for most researchers. Fortunately, the current global rise in brain banking initiatives 
is enabling more researchers to work with this valuable material1. Although the use of intact, frozen 
or fixed, post-mortem human tissue remains an invaluable tool to study human CNS disorders, the 
possibility of studying isolated populations of primary human CNS cells provides a new way to 
directly study changes that are associated with CNS disorders, leading to disease-relevant cellular 
mechanisms. Current research methods now allow the investigation of gene expression profiles in 
heterogeneous populations of single cells or in specific combined subpopulations of cells2. Cellular 
biobanking will be necessary in order to more widely distribute primary human CNS cells and to 
make this valuable resource available to more researchers. The purification, storage, and dissemina-
tion of glial cells were key points in the development of the psychiatric program of the Netherlands 
Brain Bank (NBB-Psy).

 In this chapter we will provide an overview of current methods to isolate and characterize 
human primary glial cells. We will discuss the inherent limitations, as well as possible alternatives to 
study specific CNS cell populations from human post-mortem tissue.

 
Glial cells in neurological and psychiatric diseases

The use of primary human cells is considered standard practice in fields where access to human tis-
sue or fluid to derive primary cells from is easily obtained. For example, in immunology, oncology, 
and hematology, human cells are used extensively to further our understanding of the disease pro-
cess. However, in neuroscience research, only a small number of publications exist in which primary 
human CNS cells are isolated and characterized. This limitation is inherent to the field of human 
neuroscience, due to the nature of the human brain, which is inaccessible without highly invasive 
methods (brain surgery and biopsies). The inaccessible nature of the brain also leads to an extended 
period of time between death and sampling, or post-mortem delay (PMD). Moreover, historically 
primary CNS cell biology has been neglected because it was reasoned that neurons should only be 
studied as networks, and not as single cells. This reasoning also affected primary glial cell research. 
The development of novel ways to extract information from post-mortem brain tissue is therefore 
a highly relevant area of neuroscience research, which will be crucial in forming new insights into 
human CNS disorders. 
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 The use of human brain tissue provides the most direct strategy to develop and test new 
hypotheses about the molecular and cellular basis of neurologic and psychiatric disorders. Recent 
years have seen great advances in our understanding of the molecular alterations underlying many 
CNS disorders; however these insights have not led to effective new therapeutic approaches to pre-
vent or reverse brain diseases. A possible reason for this is the focus on neuronal functioning in iden-
tifying affected pathways underlying CNS disorders. While the focus on neuronal dysfunction to 
explain neurologic symptoms seems a logical one, the molecular substrate for dysfunction might also 
lie in glial cells. It is becoming increasingly clear that glia, astrocytes, microglia, and oligodendro-
cytes influence all major aspects of normal neuronal processes, including synaptic transmission and 
neuronal plasticity, under both homeostatic and pathologic circumstances, and in both neurologic 
and psychiatric disorders3–5. It is therefore important to combine research efforts on both neurons 
and glia in order to understand the neuropathologic processes underlying brain disease. The search 
for altered gene expression pathways and disturbances in neuronal communication and function 
should therefore expand to include glial cell populations as well. A recent example illustrates the 
importance of this expanded view, by focusing on the biologic mechanism underlying a genetic risk 
factor for schizophrenia through microglia-mediated effects on synapse elimination6. Only by com-
bining  genomic, transcriptomic, immunohistochemical, and cell biologic data derived from all CNS 
cells will we come to novel insights into the development and pathophysiology of neurologic and 
psychiatric disorders, and subsequently novel approaches to counteract or prevent these changes. 

Microglia

Microglia are brain-resident phagocytic cells, with their ontogeny traced back to a population of 
myeloid progenitors from the yolk sac during embryonic development7,. Under homeostatic condi-
tions the microglia population in the adult CNS is maintained through self-renewal without influx 
of peripheral cells9,10. Microglia are key players in normal CNS function, fulfilling essential roles in 
neurodevelopment, adult synaptic plasticity, and brain immunity11,12. In the adult brain, microglia 
act as surveyors of the local environment to sustain homeostasis and are therefore highly sensitive to 
changes associated with damage, inflammation, or infection within and outside the CNS. It is there-
fore not surprising that changes in microglia function have been described in or proposed to underlie 
changes in most known neurologic disorders like Alzheimer's disease13, Parkinson disease14, and 
multiple sclerosis (MS)15. While neuropathologic alterations can be clearly identified in the post-mor-
tem brain tissue of these neurologic disorders, the neuropathology is less obvious in most neuropsy-
chiatric disorders. But even in the absence of clear neuropathologic alterations, microglia have been 
implicated in disorders like major depressive disorder, schizophrenia, and bipolar disorder3,16.

 Most research on the function of microglia and on their role in health and disease has been 
conducted on in vivo murine models, where a wide range of genetic models have greatly facilitated 
our understanding of microglia characteristics in health and disease (reviewed by Crotti and Ran-
sohoff, 201617). Studies into human microglia function have highlighted similarities but also crucial 
differences between mice and humans18. However, regardless of these similarities and differences, 
the disease mechanism of many human CNS disorders without a known underlying cause will nev-
er be replicated in animal models. To investigate the role of microglia in the context of human CNS 
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disorders, it is therefore crucial to also study human primary microglia.

 
Astrocytes

In the adult brain, astrocytes are the most abundant cell type, constituting about 40% of all cells, 
although a recent publication provides proof of a more conservative number, ranging from 10% to 
20%19. In contrast to microglia, astrocytes derive from the same neuronal precursor cells as neurons 
and oligodendrocytes during early CNS embryogenesis. Long considered to be mere passive support 
cells for neurons, the view on astrocyte function has changed tremendously from their initial classifi-
cation. Astrocytes, like microglia, have been shown to fulfil a plethora of functions crucial for normal 
developmental and adult CNS functions. Genetic and disease animal models have implicated astro-
cyte involvement in all aspects of synaptic regulation3, including synapse elimination20. Astrocytes 
have long been known to play a crucial role in buffering the extracellular space to regulate ion21 and 
neurotransmitter22 concentrations to ensure normal neuronal function. Furthermore, the regulation 
of CNS blood flow and blood–brain barrier homeostasis are functions that have long been attributed 
to astrocytes23. 

 The central role astrocytes play in normal CNS physiology, perhaps unsurprisingly, im-
plicates astrocytes in most neurologic disorders: from developmental disorders24 and psychiatric 
disorders3 to neurologic disorders where neuroinflammation plays a large role25. The morphology 
of human astrocytes is considerably different from their murine counterparts26 and likely reflects a 
profound functional difference. Interestingly, transplanting human glial progenitors into a mouse 
brain is reported to be able to improve the cognitive function of the mouse27. In addition, in an-
imal models of different CNS disorders, activated microglia can induce a subtype of reactive as-
trocyte to drive neuronal dysfunction and neurodegeneration28 and highlights the need to study 
separate CNS cellular populations from within the same brain regions. By dissecting the contri-
butions of different CNS cells and cellular subtypes to certain pathologic states, we can unravel 
the specific processes involved and increase our potential to intervene in these processes. To ful-
ly understand astrocyte function and dysfunction in the human brain, a method is needed that  
allows the direct purification and analysis of these cells from diseased and control brain tissue. 

Oligodendrocytes

Oligodendrocytes are the myelinating cells of the CNS that allow the fast and efficient transfer of 
neuronal communication through the myelination of axons. By ensheathing axons with laminat-
ed, lipid-rich membranes, oligodendrocytes produce the electric insulation needed for fast salta-
tory axonal conduction. Besides providing these segments of insulation, oligodendrocyte myelin 
is important for axonal integrity and provides direct metabolic support. This is illustrated by the 
observation that small changes in oligodendrocyte metabolism lead to neurodegeneration29. Oli-
godendrocytes derive from oligodendrocyte precursor cells (OPCs) both during development and 
in the adult brain30. Many aspects of human oligodendrocyte biology are poorly understood, in 
part due to being hampered by the limitations of studying primary human cells. The importance 
of oligodendrocyte functions and the need for insights into the process of (re)myelination are ex-
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emplified by the chronic demyelinating disease MS, where inflammatory demyelination results in 
lesions that eventually fail to be remyelinated, leaving axons without proper insulation and sup-
port, and resulting in various severe neurologic symptoms15. Changes in oligodendrocyte func-
tion, as evidenced by expression of myelin and myelin regulating genes, have also been linked to 
psychiatric disorders like schizophrenia and bipolar disorder31. Understanding the dynamics of 
myelination, axonal support, and how these processes relate to neurologic and psychiatric disor-
ders will require the specific purification of OPCs and oligodendrocytes from the human brain. 

Obtaining pure glial cell populations

To obtain purified populations of cells, fresh, unfixed brain tissue needs to undergo dissociation in 
order to loosen intact cells from the extracellular matrix and to produce a (single) cell suspension. 
Most published methods rely on a combination of mechanic and enzymatic tissue dissociation, al-
though a method using only mechanic dissociation has been described for microglia as well. An 
overview of the different studies and their methods used to obtain primary glia is given in Table 
19.1. After tissue dissociation, most methods incorporate a density based method to exclude the 
bulk of the myelin debris. Since myelin consists of tightly wrapped oligodendrocyte membranes, 
it is unclear whether this step already excludes the presence of most mature oligodendrocytes in 
the final suspension. One study indirectly describes the presence of mature oligodendrocytes 
in the resulting cell suspension32. The most widely used methods rely on density gradient sepa-
ration using either Percoll or glucose gradients, yielding a mixed glial cell population. This sus-
pension likely contains most CNS cell types, including astrocytes, microglia, oligodendrocytes, 
and OPCs, to be further purified in downstream steps. For isolations from gray-matter tissue, 
this fraction also includes soma of disrupted neurons. The resulting cell suspension can then be 
used in downstream methods to purify specific cell types through culture or capture techniques. 
As many studies use different enzymatic digestions for the various CNS cell types, it is unclear if 
certain enzymatic digestion favors the presence of specific cell types, or even subpopulations of 
cells. One has to consider the fact that an over- or underrepresentation of a certain cell type in the 
mixed suspension can arise as a result of the chosen dissociation strategy. A schematic overview 
of the different methods and downstream analyses, described below, is depicted in Figure 19.1.  

Adherence-based methods

A number of methods make use of the differential adherent properties of glia to enrich for microglia, 
astrocytes, or oligodendrocytes through culture. These differential adherent properties can rely on 
adhesion to culture plastics or specific substrates, like poly-L-lysine. An added advantage of this 
approach is that the nonadhering cells can be collected and used to purify other cells like neuronal 
precursor cells41 or oligodendrocytes34 as byproducts. Since human primary microglia do not readily 
proliferate in culture, some protocols rely on the addition of mitogens like macrophage colony-stim-
ulating factor and granulocyte–macrophage colony-stimulating factor to expand microglial cultures 
in vitro. These methods usually have high cellular yields and ideally only have in vitro applications, 
such as functional assays for phagocytosis or chemotaxis. While these methods are highly suited to 
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study in vitro responses, microglia in culture have been shown to deviate greatly from noncultured 
primary microglia under basal culture conditions and show a fast decline in expression levels of  
well-described microglia markers42,49. Especially when mitogens are added in culture, it is highly 
probable that these cells no longer reflect in situ changes and are therefore unsuited to relate findings 
to the neuropathologic state of the donor material. 

 

Table 19.1 | Overview of studies using various isolation methods to obtain primary human glia

Reference CNS cell type Tissue source and
dissociation Purification method Downstream 

applications

Dick et al. (1997)33 Microglia Biopsy, collagenase Density-based gradi-
ent centrifugation Flow cytometry

de Groot et al. (2000)34 Microglia, oligoden-
drocytes Autopsy, trypsin Adherence in culture In vitro culture and 

response to stimuli

Olah et al. (2012)35 Microglia Autopsy, no enzyme, 
trypsin, collagenase

Density-based separa-
tion, CD11b capture

Flow cytometry, in 
vitro culture and 
response to stimuli, 
functional assays 
(chemotaxis, phago-
cytosis)

Melief et al. (2012,
2013, 2016)36–38 Microglia Autopsy, collagenase Density-based separa-

tion, CD11b capture

Flow cytometry, in 
vitro culture and 
response to stimuli

Durafourt et al. (2013)39 Microglia Biopsy, trypsin Adherence in culture In vitro culture, stimu-
li-induced polarization

Hendrickx et al. 
(2014)40 Microglia Autopsy, collagenase Density-based separa-

tion, CD11b capture

In vitro culture, 
functional assay 
(phagocytosis)

Rustenhoven et al. 
(2016)41

Microglia, neural 
precursor cells

Biopsy, autopsy, 
papain Adherence in culture

In vitro culture, 
response to stimuli, 
functional assay 
(phagocytosis)

Mizee et al. (2017)42 Microglia Autopsy, collagenase, 
trypsin

Density-based separa-
tion, CD11b capture

Flow cytometry, in 
vitro culture

de Groot et al. (1997)43 Astrocytes Autopsy, mechanical Adherence in culture 
(PLL coating) In vitro culture

Kooij et al. (2011)44 Astrocytes Autopsy, mechanical Adherence in culture 
(PLL coating)

In vitro culture, 
response to stimuli, 
functional assays 
(efflux)

Sun et al. (2013)45 Astrocytes Biopsy, papain GLT1-positive cell 
sorting

Gene expression ana- 
lysis (microarray)

Zhang et al. (2016)46 Astrocytes Biopsy, papain
Sequential immuno-
panning, hepacam 
capture

RNA-sequencing, in 
vitro culture, func-
tional assays (synapse 
engulfment, trophic 
support)

Windrem et al. (2004)47 OPCs Biopsy, papain Antibody-mediated 
capture

Grafted myelination 
assays

Othman et al. (2011)32 Oligodendrocytes, 
OPCs Biopsy, papain Adherence in mixed 

glial culture
In vitro culture, immu-
nocytochemistry

Medina-Rodríguez
et al. (2013)48 OPCs Biopsy, papain Adherence in mixed 

glial culture

In vitro culture, im-
munocytochemistry, 
differentiation assay

CNS = central nervous system; OPCs = oligodendrocyte precursor cells; PLL = poly-L-lysine.
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Antibody-based sorting methods

In order to specifically study multiple aspects of human glia, it is essential to obtain pure glia popula-
tions from post-mortem human brain samples. The main reason to use an acute and direct purificati-
on of glial cells from post-mortem CNS samples is to exclude phenotypical changes induced in these 
cells by prolonged adherence steps used in other isolation protocols34,39,41. Any phenotypical change 
detected in acutely isolated populations should therefore be relevant to the neuropathologic status or 
CNS location of the samples from which the cells were extracted. Depending on the specificity of the 
purification strategy, immediate isolation of glial cells will also reduce the number of contaminating 
cells from undesired cell types. This increased specificity can come with the disadvantage of having 
lower cell yields, thereby limiting the possibility of large-scale culturing applications. The basis for 
the methods to directly isolate microglia lies in the method developed to isolate and phenotype rat 
microglia50, which was further adopted to work with human brain tissue33. To enhance the purifi-
cation of human microglia, we have developed a procedure based on cell density separation and 
antigen capture using magnetic beads coupled to anti-CD11b antibodies36. A major advantage of this 
isolation procedure in comparison with culture-based methods is that it allows for direct analysis of 
isolated microglia. Using this technique, based on the membrane expression of CD45 and CD11b, 
microglia can be distinguished from autologous peripheral macrophages36,42. The enzymatic diges-
tion of post-mortem brain tissue and subsequent isolation of cell populations based on extracellular 
markers have been used by other groups as well35,46 and currently provide the best means to study 
CNS disease-related changes in a pure population of human microglia. With the increasing number 
of RNA-sequencing studies performed on acutely isolated mouse microglia17, many new and spe-
cific extracellular markers for microglia are being described. A recent study shows that transmem-
brane protein 119 can be used to specifically purify mouse microglia using a cell-sorting approach51,  
although this has not been confirmed using human tissue.

    In contrast to studies on microglia, there are only a few publications to date that describe 
methods to directly purify human astrocytes. Recently, Zhang and colleagues (2016)46 published a 
novel way to directly purify adult primary human astrocytes from CNS tissue, based on the mem-
brane presence of hepacam. An earlier study described the purification of adult astrocytes by sort-
ing GLT1-positive cells from three CNS samples45. In both studies, only samples resected from the 
adult CNS during neurologic surgery were used, and therefore the question remains whether these 
cells can be purified from post-mortem tissue as well. Both studies highlighted the uniqueness of 
the human astrocyte gene expression profile, compared to murine astrocytes. Furthermore, clear-
ly defined gene expression profiles could be seen in astrocytes isolated from glioblastoma tumors. 
The same study also describes the acute purification and analysis of mature oligodendrocytes, 
whereas other studies only use isolated OPCs to generate oligodendrocytes in culture (Table 19.1). 
 
 
Biobanking potential of purified cell populations

The ongoing increase in the number and size of brain banking initiatives worldwide has tremendous 
promise for all neuroscientists who wish to expand their research into post-mortem CNS samples1. 
Although this will increase the availability of fixed and/or frozen samples, it remains a challenge 
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to implement a widespread distribution of fresh post-mortem or surgically resected CNS tissue for 
multiple research purposes. To enable researchers worldwide without local access to fresh autopsy 
and biopsy material to address research questions using purified primary cell populations, profes-
sional biobank facilities are needed to process, characterize, store, and dessiminate samples. Within 
NBB-Psy, described in Chapter 1 of this volume, microglia isolations have been implemented in the 
brain bank procedures in a standardized way and can then be applied for through the regular appli-
cation procedures of the NBB. The NBB purifies microglia in a standardized way from subcortical 
white matter and occipital cortex from all nonpsychiatric control and psychiatric donors who come 
to autopsy. Microglia from each donor are assessed for viability and percentage of cells that are 
CD45+CD11b+, of which the mean expression can also be used as a measure for microglial activation37. 
From this population a proportion of cells is immediately lysed in Trisure for RNA extraction, and 
a proportion of cells is cryogenically stored in freezing medium containing 10% dimethyl sulfoxide.  

Microglia from each donor are assessed for viability and percentage of cells that are CD45+CD11b+, 
of which the mean expression can also be used as a measure for microglial activation37. This allows 

Figure 19.1. | A schematic overview of the isolation of glial cells from human brain samples. Brain tissue derived from 
biopsy or autopsy is collected in medium and kept cold until processing. The tissue is then mechanically and enzymatically 
treated to dissociate the cells. An enriched glial population can be obtained by subjecting the dissociated cell suspension to a 
density-based separation (Percoll or glucose gradient). The resulting (glial) cellular fraction is mostly free from myelin debris 
and red blood cells (RBC), and can be subjected to downstream purifications. For single-cell RNA sequencing, the whole glial 
fraction can be used. To enrich for a specific cell type, both adherence-based and antibody-based methods are described. 
The choice of isolation strategy depends on the desired cell type and downstream application (direct analysis or functional 
assays).
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researchers to process the viable cells as desired upon reconstitution. We have performed multiple 
pilot experiments to assess the feasibility of cryogenic storage and recovery of freshly isolated mi-
croglia. Recovery rates of cryogenically stored microglia are highly variable, averaging around 30%42. 
The usability of these cells depends on the desired downstream applications. Culturing microglia 
after cryogenic recovery is not advisable based on our observations, in which we rarely observed 
viable cultures upon reconstitution after thawing. However, recovery of cells with the purpose of ex-
tracting RNA, DNA, or protein samples is feasible. When kept cold during the thawing and washing 
process, expressional changes are minimal, but should be taken into account nonetheless. Since we 
have observed an increase in CD45 expression after cryogenic storage, acutely analyzed microglia 
and cryogenically stored microglia should not be compared directly. As we did not observe an effect 
on CD11b expression, cellular markers might be differentially affected. We expect the same will hold 
true for astrocyte isolations. Primary human astrocytes isolated through culture expansion do have 
the potential for cryogenic storage and recovery43. However, the recently published, and currently 
only reliable, method for acute purification of primary astrocytes46 is very costly and therefore we 
have not yet standardized the isolation and storage of astrocytes from post-mortem samples.

Downstream applications of pure glia cell populations 

Once a purified population of cells is obtained, various opportunities are generated to analyze the 
glial phenotype in relation to disease. Genomic, epigenetic, transcriptomic, and proteomic approach-
es can be applied and even combined to generate cell-specific signatures of various neurologic and 
psychiatric disorders. As the largest body of work on the various applications of primary glia con-
cerns primary microglia, we have focused primarily on this cell type in this section.

 
Multi-omics analysis of purified primary glial cells

The advent of next-generation sequencing allows the use of small samples of DNA or RNA as input, 
while generating a large amount of data on transcript or gene count levels. This level of sensitivity is 
therefore ideally suited to follow the purification of the oftentimes relatively low number of viable 
cells from post-mortem CNS tissue. Transcriptomic analyses can be used to generate cell specific 
gene expression signatures and disease-specific gene expression patterns, as described for human 
healthy and tumor-associated astrocytes46 and mouse microglia17, and with the analyses of the hu-
man microglia gene expression profile coming shortly. Similarly, microRNA expression profiles can 
be assessed to provide insights into the fine-tuning of disease-related gene expression changes, as 
well as provide possible ways for therapeutic intervention. DNA sequencing can be used to generate 
cell-specific epigenomic data using DNA methylation profiling, which can then shed light on the 
importance of disease-associated genotypes found in genome wide association studies by profiling 
active sites of transcription. 

 Epigenetic profiles can also provide a link between long-lasting changes induced by  
early-life events, and susceptibility to psychiatric disorders in later life52. This is an area in which cell 
type-specific information is currently lacking. An exciting new addition to the neuroscientist’s tool-
box is analysis of transcriptomics or epigenomics on a single-cell level2. Using a single-cell approach 
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allows the identification of different subtypes of cells within a population of cells. This can lead to 
ground-breaking new insights in heterogeneity of cellular responses in certain pathologic states, or 
to the discovery of novel subtypes within existing populations of cell types. Furthermore, single-cell 
analysis may at some point eliminate the need to purify specific cell types, as unbiased clustering 
of transcriptomic or epigenomic data will allow the subsequent separation of data into different 
cell (sub)type clusters53. Purified populations of cells can also be used to directly study proteomic 
changes that underlie various CNS disorders. Isolating intact cells enables the investigation of the 
proteomic changes that occur in different cellular compartments, or the specific changes in lysosomal 
protein content that may reflect recent phagocytosis. Studying the different cellular compartments 
also enables the investigation of the nuclear versus cytoplasmic presence of transcription factors. The 
study of proteomic changes can either be performed on protein lysates, for protein-wide approaches, 
or directly on individual cells using flow cytometry in more directed approaches, as described below 
for human microglia. 

 
Flow cytometry characterization of primary glial cells

Phenotyping acutely isolated microglia based on flow cytometric analysis is a fast technique to 
quantify expression of multiple proteins on a single-cell level. Flow cytometry is a powerful tool 
to define subpopulations of cells within a heterogeneous cell suspension and to characterize these 
subpopulations based on a panel of antibodies, which is not feasible with transcriptomics when 
not using a single-cell approach. Only a small number of cells are required to study an extensive 
panel of proteins of interest by flow cytometry. After excluding nonviable cells using a viability 
dye, CD11b purified cells are defined as CD45-positive and CD15-negative cells to separate them 
from any other cell types. Additional markers will provide information about the activation status 
of microglia, such as the pattern recognition receptor CD14, Fc-gamma receptors, and CD80 and 
CD86 for T-cell interaction. Our group has previously shown that white-matter microglia isolated 
from donors with peripheral inflammation36 and donors diagnosed with MS37,42 display increased 
size, granularity, Fc-gamma receptor and CD45 expression when compared with microglia derived 
from control donors, indicating an alerted or primed state in the patient groups. Similar findings 
exist for glioblastoma-derived microglia35. These findings clearly demonstrate the potential for flow 
cytometry of purified microglia to shed light on the neurologic disease processes as they manifest 
shortly before death. In our ongoing study, a broad panel of cell surface markers, including HLA-DR 
and CD40 to define the activation status of microglia, CD200R and SIRPA as suppressive immune 
markers, scavenger receptors as markers for phagocytic activity and complement receptors to define 
the humoral response of microglia, will all expand the microglial phenotyping in normal-appearing 
MS tissue. Although not part of the glial repertoire of CNS cell types, lymphocytes play a sizable role 
in the pathogenesis of MS, so post-mortem tissue can also be used to purify and characterize CNS 
exogenous cells54. Besides the characterization of cell populations, flow cytometry is an indispensable 
technique to sort specific cell populations from a heterogeneous population for downstream applica-
tions like RNA-sequencing51,55. 

Functional assays using primary glial cells



62

The immediate analysis of the proteome or transcriptome of acutely isolated microglia will continue 
to be the most accurate reflection of microglial phenotype in situ. However, functional assays using 
primary human microglia could provide a unique tool to study functional glial responses to various 
stimuli in vitro, related to either neurologic disease mechanisms or therapeutic interventions. Func-
tional assays can also help to study and understand specific human aspects of cellular processes 
like myelination of axons by oligodendrocytes27, human myelin-phagocytosis by microglia40,56, and 
to gain mechanistic insight into the isolated responses of glial cells to various inflammatory stimuli  
(Table 19.1). Although cultured microglia deviate from uncultured microglia, they seem to be pref-
erable over the use of immortalized cell lines or a monocyte-derived microglia model38 in terms of 
certain cellular markers. For primary human astrocytes, these functional assays lead to a new un-
derstanding of the role of astrocytes in both synapse formation and synapse elimination46. Cellular 
responses of cultured cells can in part still reflect the neuropathologic state of the donor materi-
al, as was shown for astrocytes cultured from MS lesion tissue or from adjacent normal-appearing 
white-matter tissue44. This may result from the persistent, long-lasting epigenetic cellular changes. 
However, the changes that cells undergo while in culture are confounding factors when relating the 
data to the in situ characteristics of the donor tissue and therefore should not be used as such. In 
addition, for cell types like the different subtypes of neurons it will not be possible to isolate intact 
and specific populations of cells. Possible alternatives to study neurons and other cell types for which 
purification is not feasible are described in the final part of this chapter. 

 
Discussion 

The use of fresh CNS tissue to purify glial populations is not yet a widely applied technique in hu-
man neuroscience studies. However, both the increasing availability of donor material to researchers, 
and the greater knowledge regarding the purification of glial cells, will result in a rapid increase 
in the number of studies that apply these methods. Considering the continuously developing and 
increasing sensitivity of the methods that can be used to generate data from isolated populations of 
cells, it is essential that we understand the issues that arise from using post-mortem tissue, such as 
donor-to-donor variability and disease-related factors that are difficult to control for.

 
Donor variables affecting glial cell yield

Inherent to working with post-mortem human CNS tissue is the absence of control over donor pa-
rameters other than neurologic diagnosis, both antemortem and post-mortem, that have the poten-
tial to induce changes in the tissue. This not only holds true for the isolation of viable cells, but also 
affects post-mortem fixed and frozen CNS samples, albeit to a lesser extent. The average PMD for 
NBB donors is 6 hours, counted from the time of death until the end of the autopsy. Although it 
seems likely that increasing PMD affects the physiology of cells residing in the brain tissue after 
death, surprisingly we and others found no correlation between viable microglia yield and PMD, nor 
with time until tissue processing35,42. This finding is in line with a study that showed no loss of RNA 
integrity, as a measure of tissue integrity, with increasing PMD of the brain donor57. The same study 
also showed that the presence of antemortem events like artificial ventilation, coma, and respiratory 
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illness were negatively associated with RNA integrity. Furthermore, tissue pH was a good indicator 
of tissue/RNA integrity. In our own microglia isolation cohort cerebrospinal fluid (CSF) acidity at 
the time of autopsy was a strong indicator of viable microglia yield, as was also shown in a smaller 
study35. As CNS acidity has been shown to relate to agonal state, we showed in our cohort that the 
cause of death relates to CSF pH. Brain donors who suffered from cachexia or pneumonia before 
death showed lower CSF pH than donors who underwent euthanasia and who did not suffer from 
cachexia or pneumonia. Thus, it seems that total viable microglia yield is not affected by variations 
in PMD or by the total time elapsed after death and before the tissue was processed, nor is the age of 
the donor of predictive value42. Furthermore, we did not find any indication in our cohort that PMD, 
age, or CSF pH was correlated with flow cytometric analysis of CD45 and CD11b expression. All 
considered, we recommend carefully matching the CSF or tissue pH of brain donors as a precaution 
for unwanted noise in the final data set, either before or after tissue processing.

 
Alternatives to intact cell isolations

In this chapter we have focused on the isolation of primary human glial cells from fresh post-mortem 
brain tissue. The reason to exclude neurons from this overview is that intact, viable terminally dif-
ferentiated neurons are not considered to be present in cell suspensions, as described in this chapter. 
Although the isolation and culture of human primary neurons have been described58, it seems more 
likely that these cultures arise from neuronal precursor cells in culture, rather than represent acutely 
isolated viable neurons. Recently, a publication described the use of isolated nuclei from human 
post-mortem frozen tissue as a source for cell-specific transcriptomic information59. By making use of 
the small amounts of mRNA present in cell nuclei53,60, and a single nucleus sequencing approach, the 
authors were able to generate neuronal subtype specific transcriptomic profiles from post-mortem 
tissue. If these methods can be adapted to purify specific nuclei from any cell type from high-quality 
(frozen) CNS tissue samples, they will provide major advantages over the isolation of intact cells and 
will unlock precious frozen and well-characterized human brain tissue collections for cell-specific 
analyses. We can select donor material retrospectively, gather information on multiple cell types in a 
given tissue block, and reduce the influence on gene expression by PMD to a minimum. This method 
might also be combined with laser dissection microscopy to select specific regions of interest using 
morphology or even immunohistochemistry. The use of single-cell RNA sequencing will provide 
an even greater advantage, since no nuclear cell-specific markers need to be used to purify specific 
nuclei. Statistical methods using unbiased clustering will provide the means to extract expression 
profiles of specific populations. Disadvantages lie in the fact that only epigenomic and transcrip-
tomic analyses are possible, and there are currently high costs associated with single cell/nucleus 
sequencing. 

 Another alternative to the isolation of primary human cells is the generation of primary 
cells from donor-derived induced pluripotent stem cells (iPSCs). Primary human fibroblasts can be 
obtained from skin samples acquired through biopsy or post-mortem. Fibroblasts are then repro-
grammed into a pluripotent stem cell phenotype and can be transdifferentiated into the desired cell 
type61. This allows the study of patient-specific, physiologically active CNS cells, which has proven 
to be useful in many fields of neuroscience, including molecular psychiatry62. The generation of iPSC 
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biobanks can aid in generating sample sets large enough to perform high throughput analysis in 
pharmacologic screening studies. Within the NBB-Psy program, post-mortem skin samples from 
all psychiatric and control donors are routinely processed into iPSC lines and stored. This allows 
researchers worldwide who have the capacity to differentiate these cells to work with primary cel-
lular models in neuropsychiatric research. Although the neurons and glia generated this way do not 
reflect in situ CNS changes from brain donors, these models can help to generate working models of 
pathophysiology for disorders with a clearly defined genetic component. 

 
Future perspectives

The use of post-mortem human brain tissue to generate cell type-specific information in neurologic 
and psychiatric disorders has come a long way in recent years. Human brain banking initiatives have 
made these advances possible. Although modern analyses of fixed and frozen sections have provid-
ed a wealth of cell-specific information regarding cellular processes in neuropathologic circumstanc-
es, the use of animal models and in vitro assays has provided most of the mechanistic insights we 
possess today. Although extensive, these mechanistic insights still lack the human elements that are 
desperately needed for translation purposes. Especially in the case of glial cells, acute purification of 
cells from relevant human post-mortem samples will add a new layer of understanding and transla-
tion potential to the available hypotheses.

 A pitfall of using human brain tissue can be the relatively low availability of samples when 
compared to the high degree of variation between donor parameters. In order to transcend the high 
level of noise, the number of samples will need to be increased. Standardization of isolation strategies 
between research groups can help to build complementary sample sets both for validation and to 
increase the analysis power. In addition, the biobanking initiatives that wish to purify cells can play a 
role by standardizing procedures. While the isolation of tissue nuclei seems like a promising strategy 
to replace the isolation of intact cells, it is not yet clear exactly how nuclear RNA sequencing relates 
to whole-cell RNA sequencing. Furthermore, functional assays using primary human CNS cells will 
still rely on fresh tissue isolates. An interesting future application is the possible combination of hu-
man CNS cells derived from patient-derived iPSCs and primary human cells. It will be interesting 
to see which direction human cellular neuroscience takes. However, the use of fresh CNS tissue as 
a source for primary cells, especially while progressing into the single-cell analysis age, is likely to 
remain a highly relevant field of research directed at finding novel explanations for neurologic and 
psychiatric pathophysiology.

Acknowledgements

The authors would like to thank Dr. J. Hamann for his valuable feedback during the writing of this 
manuscript. The psychiatry program of the Netherlands Brain Bank (www.nbb-psy.nl) is funded by 
grant 240-921200 from the Netherlands Organization for Scientific Research (NWO).



65

Purification of primary human glial cells

3

References

1. Samarasekera, N. et al. Brain banking for neurological disorders. Lancet Neurol. 12, 1096–1105 (2013).

2. Wang, J. & Song, Y. Single cell sequencing: a distinct new field. Clin. Transl. Med. 6, 10 (2017).

3. Chung, W., Welsh, C. A., Barres, B. A. & Stevens, B. Do glia drive synaptic and cognitive impairment in 
disease? Nat. Neurosci. 18, 1539–1545 (2015).

4. Yirmiya, R., Rimmerman, N. & Reshef, R. Depression as a Microglial Disease. Trends Neurosci. 38, 637–
658 (2015).

5. Pantazatos, S. P. et al. Whole-transcriptome brain expression and exon-usage profiling in major depres-
sion and suicide: evidence for altered glial, endothelial and ATPase activity. Mol. Psychiatry 22, 760–773 
(2017).

6. Sekar, A. et al. Schizophrenia risk from complex variation of complement component 4. Nature 530, 
177–183 (2016).

7. Ginhoux, F. et al. Fate Mapping Analysis Reveals That Adult Microglia Derive from Primitive Macro-
phages. Science. 330, 841 (2010).

8. Kierdorf, K. et al. Microglia emerge from erythromyeloid precursors via Pu.1- and Irf8-dependent path-
ways. Nat. Neurosci. 16, 273–280 (2013).

9. Ajami, B., Bennett, J. L., Krieger, C., Tetzlaff, W. & Rossi, F. M. V. Local self-renewal can sustain CNS 
microglia maintenance and function throughout adult life. Nat. Neurosci. 10, 1538–1543 (2007).

10. Bruttger, J. et al. Genetic Cell Ablation Reveals Clusters of Local Self-Renewing Microglia in the Mamma-
lian Central Nervous System. Immunity 43, 1–15 (2015).

11. Salter, M. W. & Beggs, S. Sublime Microglia: Expanding Roles for the Guardians of the CNS. Cell 158, 
15–24 (2014).

12. Schafer, D. P. & Stevens, B. Microglia Function in Central Nervous System Development and Plasticity. 
Cold Spring Harb. Perspect. Biol. 7, a020545 (2015).

13. Heneka, M. T. et al. Neuroinflammation in Alzheimer’s disease. Lancet Neurol. 14, 388–405 (2015).

14. Sanchez-Guajardo, V., Tentillier, N. & Romero-Ramos, M. The Relation Between a-Synuclein and Mi-
croglia in Parkinson’s Disease: Recent Developments. Neuroscience 302, 47–58 (2015).

15. Mahad, D. H. & Trapp, Bruce D ; Lassmann, H. Progressive multiple sclerosis Pathological mechanisms 
in progressive multiple sclerosis. Lancet Neurol 14, 183–93 (2015).

16. Beumer, W. et al. The immune theory of psychiatric diseases: a key role for activated microglia and cir-
culating monocytes. J. Leukoc. Biol. 92, 959–975 (2012).

17. Crotti, A. & Ransohoff, R. M. Microglial Physiology and Pathophysiology: Insights from Genome-wide 
Transcriptional Profiling. Immunity 44, 505–515 (2016).

18. Smith, A. M. & Dragunow, M. The human side of microglia. Trends Neurosci. 37, 125–135 (2014).

19. Sun, X. W. et al. SOX9 Is an Astrocyte-Specific Nuclear Marker in the Adult Brain Outside the Neurogen-
ic Regions. J. Neurosci. 37, 4493–4507 (2017).

20. Chung, W. et al. Astrocytes mediate synapse elimination through MEGF10 and MERTK pathways. Na-
ture 504, 394–400 (2013).

21. Kuffler, S. W., Nicholis, J. G. & Orkand, R. K. Physiological properties of glial cells in the central nervous 
system of amphibia. J. Neurophysiol. 29, 768-787 (1966).

22. Rothstein, J. D. et al. Knockout of Glutamate Transporters Reveals a Major Role for Astroglial Transport 
in Excitotoxicity and Clearance of Glutamate. Neuron 16, 675–686 (1996).

23. Abbott, N. J., Rönnbäck, L. & Hansson, E. Astrocyte–endothelial interactions at the blood–brain barrier. 
Nat. Rev. Neurosci. 7, 41–53 (2006).



66

24. Molofsky, A. V et al. Astrocytes and disease: a neurodevelopmental perspective. Genes Dev. 26, 891–907 
(2012). 

25. Sofroniew, M. V. Astrocyte barriers to neurotoxic inflammation. Nat. Rev. Neurosci. 16, 249–263 (2015).

26. Oberheim, N. A. et al. Uniquely Hominid Features of Adult Human Astrocytes. J. Neurosci. 29, 3276–3287 
(2009).

27. Han, X. et al. Forebrain Engraftment by Human Glial Progenitor Cells Enhances Synaptic Plasticity and 
Learning in Adult Mice. Cell Stem Cell 12, 342–353 (2013).

28. Liddelow, S. A. et al. Neurotoxic reactive astrocytes are induced by activated microglia. Nature 541, 
481–487 (2017).

29. Kassmann, C. M. et al. Axonal loss and neuroinflammation caused by peroxisome-deficient oligodendro-
cytes. Nat. Genet. 39, 969–976 (2007).

30. Miller, R. H. Oligodendrocyte origins. Trends Neurosci. 19, 92–96 (1996).

31. Tkachev, D. et al. Mechanisms of disease Oligodendrocyte dysfunction in schizophrenia and bipolar 
disorder. Lancet 362, 798–805 (2003).

32. Othman, A. et al. Olig1 is Expressed in Human Oligodendrocytes During Maturation and Regeneration. 
Glia 59, 914–926 (2011).

33. Dick, A. D., Pell, M., Brew, B. J., Foulcher, E. & Sedgwick, J. D. Direct ex vivo flow cytometric analysis of 
human microglial cell CD4 expression: examination of central nervous system biopsy specimens from 
HIV-seropositive patients and patients with other neurological disease. AIDS 11, 1699–1708 (1997).

34. de Groot, C. J. A. et al. Isolation and characterization of adult microglial cells and oligodendrocytes de-
rived from postmortem human brain tissue. Brain Res. Protoc. 5, 85–94 (2000).

35. Olah, M. et al. An optimized protocol for the acute isolation of human microglia from autopsy brain 
samples. Glia 60, 96–111 (2012).

36. Melief, J. et al. Phenotyping primary human microglia: Tight regulation of LPS responsiveness. Glia 60, 
1506–1517 (2012).

37. Melief, J. et al. Microglia in normal appearing white matter of multiple sclerosis are alerted but immuno-
suppressed. Glia 61, 1848–1861 (2013).

38. Melief, J. et al. Characterizing Primary Human Microglia: A Comparative Study with Myeloid Subsets 
and Culture Models. Glia 64, 1857–68 (2016).

39. Durafourt, B. A., Moore, C. S., Blain, M. & Antel, J. P. Isolating, Culturing, and Polarizing Primary Hu-
man Adult and Fetal Microglia. Methods Mol. Biol. 1041, 199–211 (2013).

40. Hendrickx, D. A. E., Schuurman, K. G., van Draanen, M., Hamann, J. & Huitinga, I. Enhanced uptake of 
multiple sclerosis-derived myelin by THP-1 macrophages and primary human microglia. J. Neuroinflam-
mation 11, 64 (2014).

41. Rustenhoven, J. et al. Isolation of highly enriched primary human microglia for functional studies. Sci. 
Rep. 6, 19371 (2016).

42. Mizee, M. R. et al. Isolation of primary microglia from the human post-mortem brain: effects of ante- and 
post-mortem variables. Acta Neuropathol. Commun. 5, 1–14 (2017).

43. de Groot, C. J. A. et al. Establishment of Human Adult Astrocyte Cultures Derived From Post-mortem 
Multiple Sclerosis and Control Brain and Spinal Cord Regions: Immunophenotypical and Functional 
Characterization. J. Neurosci. Res. 49, 342–354 (1997).

44. Kooij, G. et al. Adenosine triphosphate-binding cassette transporters mediate chemokine (C-C motif) 
ligand 2 secretion from reactive astrocytes: relevance to multiple sclerosis pathogenesis. Brain 134, 555–
570 (2011).

45. Sun, W. et al. Glutamate-Dependent Neuroglial Calcium Signaling Differs Between Young and Adult 
Brain. Science. 339, 197–200 (2013).

46. Zhang, Y. et al. Purification and Characterization of Progenitor and Mature Human Astrocytes Reveals 



67

Purification of primary human glial cells

3

Transcriptional and Functional Differences with Mouse. Neuron 89, 37–53 (2016).

47. Windrem, M. S. et al. Fetal and adult human oligodendrocyte progenitor cell isolates myelinate the con-
genitally dysmyelinated brain. Nat. Med. 10, 93–97 (2004).

48. Medina-Rodríguez, E. M., Arenzana, F. J., Bribián, A. & Castro, F. De. Protocol to Isolate a Large Amount 
of Functional Oligodendrocyte Precursor Cells from the Cerebral Cortex of Adult Mice and Humans. 
PlosOne 8, e81620 (2013).

49. Becher, B. & Antel, J. P. Comparison of Phenotypic and Functional Properties of Immediately Ex Vivo 
and Cultured Human Adult Microglia. Glia 18, 1–10 (1996).

50. Sedgwick, J. D. et al. Isolation and direct characterization of resident microglial cells from the normal and 
inflamed central nervous system. PNAS 88, 7438–7442 (1991).

51. Bennett, M. L. et al. New tools for studying microglia in the mouse and human CNS. Proc. Natl. Acad. Sci. 
113, E1738–E1746 (2016).

52. Frodl, T. Do (epi) genetics impact the brain in functional neurologic disorders? Handb. Clin. Neurol. 139, 
157-165 (2016).

53. Krishnaswami, S. R. et al. Using single nuclei for RNA-seq to capture the transcriptome of postmortem 
neurons. Nat. Protoc. 11, 499–524 (2016).

54. Smolders, J., Remmerswaal, E. B. M. & Schuurman, K. G. Characteristics of differentiated CD8+ and 
CD4+ T cells present in the human brain. Acta Neuropathol. 126, 525–535 (2013).

55. Matcovitch-Natan, O. et al. Microglia development follows a stepwise program to regulate brain homeo-
stasis. Science. 353, aad8670 (2016).

56. Healy, L. M. et al. MerTK Is a Functional Regulator of Myelin Phagocytosis by Human Myeloid Cells. J. 
Immunol. 196, 3375–3384 (2016).

57. Durrenberger, P. F. et al. Effects of Antemortem and Postmortem Variables on Human Brain mRNA 
Quality: A BrainNet Europe Study. J. Neuropathol. Exp. Neurol. 69, 70–81 (2010).

58. Konishi, Y., Lindholm, K., Yang, L., Li, R. & Shen, Y. Isolation of Living Neurons from Human Elderly 
Brains Using the Immunomagnetic Sorting DNA-Linker System. Am. J. Pathol. 161, 1567–1576 (2002).

59. Lake, B. B. et al. Neuronal subtypes and diversity revealed by single-nucleus RNA sequencing of the 
human brain. Science. 352, 1586–1590 (2016).

60. Grindberg, R. V et al. RNA-sequencing from single nuclei. PNAS 110, 3–8 (2013).

61. Yu, J. et al. Induced Pluripotent Stem Cell Lines Derived from Human Somatic Cells. Science. 318, 93–97 
(2007).

62. Haggarty, S. J. & Perlis, R. H. Translation: Screening for Novel Therapeutics With Disease-Relevant Cell 
Types Derived from Human Stem Cell Models. Biol. Psychiatry 75, 952–960 (2014).


