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Abstract
More than 80 years ago, Pio Del Rio-Hortega recognized that one of the “main contro-
versial points in regard to the microglia” is “whether it belongs to the reticulo-endothelial
system [i.e. monocytes and macrophages] and possesses the ordinary characteristics of
this system or has a more specialized function.” The notion of microglia having functions
that are different from those of other macrophages has gained significant support in recent
years. The brain represents a unique environment and shows species, developmental and
regional specialization. Thus, any consideration of microglial activity has to be thought of
in this tissue context. Contexts may be normal (health, physiology) or disease conditions
showing either primary or secondary microglial involvement. Subclinical, reversible “soft
pathologies” (Kreutzberg) such as pain that involves microglia also exist. Here, we
examine a multilayered approach to understanding microglia that illustrates the emergent
character of the microglial (population) phenotype. Accordingly, terms such as micro-
glial “activation” and microgliosis, which are of increasing importance for our under-
standing of neurological disorders, need to be filled with refined meaning. It is suggested
that the pathophysiological context guides nomenclatorial considerations; for example,
development, trauma or pain-associated microglia is preferred over the traditional but
less distinctive “microglial activation.” This should also help to tease out the different
functional subtypes currently hidden under the umbrella term “neuroinflammation,”
which is being applied so widely that it has become effectively useless in practice and
even inhibits research progress because both true and pseudo-inflammation are covered by
this term.

INTRODUCTION
Following Pio Del Rio-Hortega’s work (15), microglia were
almost ignored until the mid-1980s but this has changed radically.
Microglia are now recognized as the immune and defense cells of
the central nervous system (CNS). Yet, immune and defense func-
tions are only relevant under pathological conditions, and diseases
do not represent the most common, normal state. In other words,
diseases are the exception, but most contemporary knowledge on
microglial cells is derived from disease states. Microglia in
neuroinflammation, the topic of this symposium, are particularly
popular (Figure 1).

Microglial cells are highly interactive cells. It is hard to over-
state this when it is considered that microglia have been shown to
be capable of expressing receptors for neurotransmitters, a large
suite of immune receptors (26), and that their processes are con-
stantly in motion, contacting the membranes of synapses, other
glia (oligodendrocytes and astrocytes) as well as blood vessels (52)
(Figure 2 and Supporting Information). In this article, we try to
capture aspects of the microglial phenotype as emergent properties
of their interactome. The reverse, that is, effects of the microglia on
the system, which they populate, is also considered. Findings on

“neuroinflammation” are discussed in this context and we propose
a heightened focus on the interactome for microglial research.
Thus, a concept of emergent properties as it appears to apply to
microglia is introduced.

UNDERSTANDING MICROGLIA BEYOND
CELLULAR MARKERS
There are examples in the neurosciences of how the consideration
of single entities such as cell surface molecules, receptor expres-
sion and interleukins can lead to flawed conclusions at the pheno-
type and systemic levels (19, 32). Neuroinflammation represents a
particularly illustrative example and conventional thinking in this
field currently goes as follows: Interleukin-X has been found to be
upregulated in the context of tissue inflammation and is known to
support inflammatory cellular reactions; it is called a pro-
inflammatory cytokine. We see upregulation of pro-inflammatory
interleukin-X in the brain in Alzheimer’s disease. Therefore, as this
cytokine is upregulated, there is an inflammatory tissue reaction
taking place in the brain affected by Alzheimer’s disease. In other
words, there is evidence that the brain in Alzheimer’s disease is
inflamed. We conclude that Alzheimer’s disease is an inflammatory
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disorder. Therefore, patients ought to be treated using anti-
inflammatory drugs. And such trials have indeed taken place.
However, not unexpectedly (in view of the above), they have been
of very limited success (1, 2, 42).

We know now that at least some of the assumptions that underlie
the neuroinflammation hypothesis of psychiatric disorders (35) are
incorrect (19). The same likely applies to other diseases where
“inflamed microglia” (a nonsensical choice of terms as inflamma-
tion is a multicellular process!) have been reported (37), and other
“inflammatory” molecules can create similar pitfalls (11). Com-
plement is an example of such a poly-functional class of mol-
ecules. Complement receptors have immunological functions in
the CNS under inflammatory conditions, but in healthy and sub-
clinically stressed (“conditioned”) CNS, complement appears to
have its main role in synaptic turnover (9, 31, 44, 50). MHC class
I is a further example of a classical immune molecule with a neural
role in the refinement of synapses during CNS development (25,
29). Let us assume we discover regulation of one of the above
molecules in a hippocampal slice preparation or in a transgenic
zebrafish screen; if we misidentify its function, the predicted phe-
notype will be in error.

As unsupervised in silico analyses have demonstrated, progress
can be made through the careful analysis of “big data.” Microglia
are already the subject of multiple trancriptome profiling efforts
(7, 36, 38, 40), and transcriptome and proteome data on neurologi-
cal diseases are becoming increasingly available. However, putting
these data together and extracting useful information from it will
not always be simple. There is nothing new in the idea that knowl-
edge of the molecular and genetic components is fundamental to
acquiring an understanding of a biological system. What is new is
the ability to gather a highly comprehensive and even complete set
of these data and analyze it at the vast scale and complexity
required to unpack the combinatorial nature of a phenotype. Yet, it
would be naïve to think that the field being presented with

microglia “big data” will immediately know, without effort and
numerous mistakes, how to conceptualize this information. It is
clear that new thinking tools are required.

IRREDUCIBILITY AND PREDICTION
BY SIMULATION
The chemical and physical interactions going on in a single
microglial cell can be likened to the workings of a biophysical
computation. As transcriptomes, proteomes, sensomes (24), etc.,
become available in increasing numbers, it is foreseeable that a
near-complete snapshot and perhaps even real-time observations
of a cell in contextual action will become possible. However, as the
phenotype depends on the interactome, availability of this infor-
mation alone will not inevitably lead to in-depth understanding of
cellular function.

A thought experiment is illustrative: Consider the microglial
phenotype influenced by the cytosolic Ca2+ concentration (26).
We include the receptor pathways, such as the P2X family (51),
the G-protein-IP3-IP3R cascade and ryanodine receptors, that
push the Ca2+ concentration up (26). In parallel, we must include
pathways, such as the Ca2+ uniporter-Sigma-1-IP3R interaction,
that push this concentration down (22, 23, 33). We also have to
consider feedback loops built in such as store-operated Ca2+

entry and voltage-gated channels (26). In this thought experi-
ment, we take a snapshot and measure the concentration of Ca2+,
as well as gathering transcriptome, proteome, localization and all
other relevant molecular data. Could we use these data to (i)
predict the cytosolic calcium concentration in the next second, or
in the next hour? Or (ii) could we predict how the cell will
respond to a new extracellular source of ATP or free cellular
debris? We could start by powering on our desktop universal
computing machine.

Prediction is a shortcut that can be taken when “the computa-
tions used in the calculation are more sophisticated than those that
the physical system can itself perform” (56). If the computation of
our universal computer can be compressed to be smaller and faster
than that of the physical system, then time given to the idealized
computation can predict a disproportionately greater time of the
physical system. For example, the motion of a ball traveling
through a vacuum can be compressed to a single differential equa-
tion and its future position estimated in a single computation
regardless of the travel time for the ball itself. Compression can
become quickly overwhelmed by parallel, combinatorial interac-
tions. This is well illustrated by the rapid increase in the complex-
ity and unpredictability of the behavior over time when two, three
or n-bodies are orbiting one another (13). To come back to biology,
this type of complexity is perhaps best illustrated by Turing’s
classic work on morphogens (53) where highly idealized, low-
dimensional chemical diffusion systems produce surprising out-
comes, such as oscillatory waves of morphogen concentration and
irregular “dappled” patterning.

For the model microglial cell, our universal machine will need
to determine the outcome, microsecond to microsecond, of a large
set of parallel interactions, each heavily dependent on the outcome
of the interactions occurring among its neighbors in the previous
microsecond. As such, the problem of prediction becomes a
problem of simulation of a computationally irreducible set of

Figure 1. PubMed entries for “microglia” + “neuroinflammation”
(2014 until early July).
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interactions (the interactome). To make a prediction at the molecu-
lar level (question 1 above) or to make a judgment at the phenotype
level (question 2 above) requires moving through a path of inter-
actions. What this thought experiment illustrates is that the
interactome constitutes a nontrivial, context-dependent layer
between the molecular and phenotypic. The inherent complexity of
this increases when the microglia are considered as a population
and further when their functional impact on the CNS environment
is taken into account.

We should reconsider the use of “microglial activation” in this
context. The term has become very broad, too broad considering
the very specific roles microglia (as well as astrocytes) seem to
have in distinct disease states. Therefore, it may be more appro-
priate to include the context when speaking about microglia
associated with certain CNS states rather than using the one-size-
fits-all term, “microglia activation,” or even worse, “neuroinflam-
mation.” As Ludwig Wittgenstein once said: “If you wrap up
different kinds of furniture in enough wrapping paper, you can
make them all look the same shape” (46).

The term “activated microglial cells” was first used when an
early molecular marker enabled detection of this comparatively
subtle (see below) phenotypic change (20). In contrast, the
neuropathological designation “microgliosis” refers to population
changes of the microglia that are often characterized by
increased cell numbers and altered nuclear shape (e.g. comma or
rod; the latter is not to be confused with classical cortical rod
cells that show linear elongated cell processes as well), which
occur in various disease settings but usually not in isolation.
Microgliosis is characteristically accompanied by astrogliosis
but may be dominant (hence the name). Thus, the term micro-
gliosis is descriptive and not tied to any specific pathology or
molecular mechanism. It is thus as unspecific as “microglial
activation” but predates it as it stems from classical histology
where tinctorial properties of nervous tissue based on the use of
chemical dyes originally allowed the delineation of neuropath-
ological tissue alterations. “Microgliosis” generally indicates
more severe pathology than “microglial activation,” which may
not be detectable in routine histological stains. Both terms

Figure 2. Microglia images showing exemplary zebrafish microglia
dynamically in contact with neuronal cell bodies, other microglia,
neurites and the vasculature. Microglia in all images are visualized
through the mpeg1:mCherry-CAAX fluorophore transgene (represented
as magenta). All images were acquired on a Zeiss LSM 710 confocal
microscope with a 20× W-Plan Apochromat (B, C and E) or a 40×
W-Plan Apochromat objective (A and D). A. Microglia (magenta)
with processes contacting neurons (green) expressing the Gal41038,
UAS:Synaptophysin-GFP transgene in the Zebrafish optic tectum at 4
days post fertilization (dpf). Single slice from confocal stack with a z
depth of 0.55 μm. Scale = 10 μm. B, C. Processes of adjacent microglia
coming into contact. (B) and (C) are maximum projections from different

regions of the same stack in the Zebrafish optic tectum at 6 dpf. (B) has
a z depth of 23 μm and (C) has a z depth of 25 μm. Scale = 10 μm. D.
Microglia membrane co-localized (white) with an axon (green) in the
forebrain from a hypothalamic HCRT neuron expressing HCRT:
Synaptophysin-GFP at 6 dpf. Maximum projection from a z depth of
3.47 μm. Scale = 5 μm. E. Microglial cell profiles in the brain paren-
chyma covering a blood vessel in the optic tectum at 8 dpf. The vascular
tissue is highlighted by a standard deviation projection wherein
vasculature appears white and cell masses appear grey/black (photo on
the right). Maximum and standard deviation projections from a z depth
of 22.6 μm. Scale = 10 μm.
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should be abandoned in favor of more precise contextual
definitions.

ADOPTING NEW THINKING TOOLS
The professionals of thinking on thinking are the philoso-
phers and it is from their discourse that we may obtain a start
upon the conceptual tools we are seeking. The concept of emer-
gence provides a “toolbox” for dealing with multilevel interac-
tions and complexity, often with input to and from computational
science. In particular, emergence helps with the understanding of
systems biology. We therefore propose to use emergence as a
thinking toolbox for dealing with “big data” and the complex
and highly plastic as well as dynamic microglial phenotype in
particular.

What is an emergent property? Let us consider an example
provided by John Searle (48): “Suppose we have a system, S, made
up of elements a, b, c. . . For example, S might be a stone and the
elements might be molecules. In general, there will be features of
S that are not, or not necessarily, features of a, b, c. . . For example,
S might weigh ten pounds, but the molecules individually do not
weigh ten pounds. Let us call such features ‘system features’. The

shape and the weight of the stone are system features. Some
system features can be deduced or figured out or calculated from
the features of a, b, c . . . just from the way these are composed and
arranged (and sometimes from their relations to the rest of the
environment). Examples of these would be shape, weight, and
velocity. But some other system features cannot be figured out just
from the composition of the elements and environmental relations;
they have to be explained in terms of the causal interactions among
the elements. Let’s call these ‘causally emergent system features’.
Solidity, liquidity, and transparency are examples of causally
emergent system features.” A visual representation of these ideas
adapted to pathways is shown in Figure 3.

The behavioral effects of microglial sculpting of synapses
during development (39, 41, 44, 57), microglial sex differences
and their apparent impact on behavior (10, 30, 45), microglial
systemic defense functions, and their population changes in
response to peripheral cytokine storms during peripheral infec-
tions that may reach the brain and may cause delirium (12, 14, 21)
can all be viewed as features of individual microglia cells just as
liquidity and the capacity to form waves or snowflakes are features
of water molecules.

Therefore, we are not merely interested in creating a catalog of
microglial properties and functions but to try and understand that
what we observe is a complex combination of individual proper-
ties, with interactions at a high enough level that makes it appro-
priate to use the language of emergent states. Dealing with
microglia, and their functions as a population in particular, now
requires this in our opinion. Such a point of view emphasizes the
need for more transcriptome and proteome level experiments on
both individual cell types and whole tissues coupled with pathway
and interactome analyses to fill in the layer(s) between molecular
and phenotypic (Box 1).

Figure 3. A property, P, is an emergent property of a mereologically
complex object shown in (A) if and only if P supervenes on properties
and relations of the pathways of the object. P is not observed in any of
the parts of the object and the object has a downward functional causal
influence over its parts, constraining their relations in space-time so that
the pattern of constraints realizes (arrow) as shown in (B) and, thus,
explains P [modified after (18)].

Box 1. Suggested new thinking tools: definition of entities.

At its core, emergence (49) holds a fundamental idea that is of
great relevance to all of the life sciences: interaction is an
entity of the system. In order to define some terms: any object
that is capable of receiving input, processing this input and
producing an output is an entity. The input, internal processing
and output are all processes. Emergence, then, is a phenom-
enon wherein the output processes of two or more entities
interact to form a new output, distinct from the output of any
one entity involved. The new output is not reducible to any one
entity; it comes into existence only out of the interaction
between output processes. Emergence elevates this interaction
to the status of entity, imbued with its own inputs, processes
and outputs. The action of raising the interaction from process
to entity is simple, but key. Through this we can begin to
consider the interaction as an object that has unique features. It
can be turned around and examined. A basic illustration of
what constitutes an emergent property is shown in Figure 3.
Some suggestions for further reading are included (3–6, 8, 16,
17, 27, 28, 43, 47, 48, 54, 55).
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CONCLUDING REMARKS
Transcriptomes (7, 24) and proteomes (34) will increasingly
become the standard readout of microglia experimentation. Emer-
gence appears very useful as a concept when the phenotype being
observed is composed of irreducible context-dependent interac-
tions. Emergence can be wielded as a thinking tool to deal with
intracellular and intercellular microglial interactions at an appro-
priate conceptual level, that is, comparable to their molecular
components. As a result, the role of the microglia in both health
and disease should become clearer and the impact of the microglia
on behavior and how their life in an electrical organ differs from
that of other macrophages better understood.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

Movie S1. An example of an mpeg1:EGFP expressing microglial
cell quickly morphing between ramified and amoeboid morpholo-
gies in the optic tectum at 4 dpf. Note how the morphology can
change dramatically in a single time frame. Depth = 31.5 μm.
Scale bar = 10 μm. Time = 2 h 56.8 mins. Each frame = 5 mins
12 s. Reproduced from (52).
Movie S2. Example of a ramified mpeg1:mCherry expressing
microglial cell in the optic tectum at 11 dpf. Dynamic activity
occurs at the endings of the thin processes while the cell
body remains sessile. Depth = 25 μm. Scale bar = 10 μm.
Time = 45 mins 26 s. Each frame = 2 mins 16 s. Reproduced
from (52).
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