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making. This mismatch is intimately connected 
with the genesis of teenage angst. Puberty and 
its associated angst is a period of heightened 
vulnerability to emotional or social insult15, and 
poorly controlled decision making during this 
time can have a lifetime of consequences. The 
more we understand about puberty and how it 
is controlled, the better for all of us.
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Brain microglia: watchdogs with pedigree
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Microglia have been regarded as the tissue macrophages of the brain. A study now finds that microglia are quite distinct 
from blood-borne macrophages and derive from an erythromyeloid precursor cell of the embryonic hematopoiesis.
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that of other myeloid cell populations, clearly 
distinguishing the microglial developmental 
program from the differentiation of other 
myeloid cell types, such as circulating mono-
cytes and dendritic cells6.

Thus, microglia derive from the transient 
early embryonic hematopoiesis (EHp). To place  
this finding in context, EHp is a ‘primitive’  
process restricted to a limited episode of early 
embryonic development; it is later replaced by 
the ‘definitive’, life-long hematopoiesis (DHp) 
(Fig. 1). The two blood-forming pathways 
build on founder cells with different devel-
opmental potential. EHp derives from the 
aforementioned bipotent erythromyeloid pre-
cursors, which selectively give rise to red blood 
cell and macrophage lineages, and does not 
depend on the transcriptional activator Myb. 
In contrast, DHp’s founders, multipotent stem 
cells able to replenish a complete hematopoi-
etic system, do depend on Myb7.

The finding that microglia are derived from 
EHp and not from DHp is noteworthy in itself. 
It is even more surprising that these progeni-
tors migrate into the neuroectodermal brain 
primordium, settle there permanently and 
function autonomously throughout adulthood, 
disconnected from the bone marrow progeni-
tor niches under normal conditions2,8.

Is this local self-renewing autonomy unique 
to microglia? According to conventional wis-
dom, tissue-resident macrophages are derived 
from recirculating progenitors, mostly blood 
monocytes, and these are continuously 
replaced by incoming young monocytes sup-
plied by the bone marrow, the site of ongoing 
DHp. The absolute validity of this concept has 
been challenged by very recent observations, 
which assign at least some limited self-renewal 
capacity to some macrophage populations in 

The tissues of the CNS are generally consid-
ered to be immunologically privileged, evad-
ing full control by immune surveillance. But 
they are by no means left defenseless: they are 
protected by cellular watchdogs, the micro-
glia. The brain parenchyma is sown with these 
microglial cells, which are very special myeloid 
phagocytes that occupy and govern individual 
tissue territories, responding immediately and 
vigorously to the appearance of any undesir-
able materials1 (degenerated or apoptotic 
cells, tumor cells, and infectious organisms) 
and igniting classic innate immune responses. 
Moreover, once activated, microglia can link to 
the more specific adaptive immune response, 
productively presenting antigens to rea-
ctive lymphocytes. As such, microglia cells 
resemble resident macrophages and dendritic 
cells in peripheral tissues, functioning in the 
brain as immunological watchdogs that raise 
the alarm against intruders and, if necessary, 
assault them. It now seems that these micro-
glial watchdogs descend from a highly dis-
tinct pedigree. A study by Kierdorf et al.2 in 
this issue of Nature Neuroscience shows that 
microglia stem from primitive erythromy-
eloid progenitors. These are cells competent 
to give rise to either red blood cells or early 
macrophage lineages. They reach the CNS 
early in embryonic development and, at their 
CNS destination, gradually assume definitive 
microglial properties.

As was already known, microglia are of 
mesodermal origin, which sets them apart 
from the neuroectodermal neurons, astrocytes 
and oligodendrocytes. Their morphology and 
phagocytic function is strongly reminiscent of 
tissue resident and perivascular macrophages, 
but their origin differs radically. Whereas the 
latter derive from classic hematopoietic stem 
cells that persist throughout life in stem cell 
niches (the bone marrow, in the adult) and 
reach their target tissues via the bloodstream3, 
the precursors of microglia invade the brain 
from the yolk sac. As was discovered recently, 
this happens at a very early stage of embry-
onic development4; however, the cellular 
ancestors giving rise to the microglia had not 
been pinpointed.

Studying a sophisticated set of transgenic 
mice, Kierdorf et al.2 identified the microglial 
progenitors from the yolk sac as erythromy-
eloid precursor cells. Passing through an inter-
mediate stage (marker profile: CD45+ c-kitlo 
CX3CR1– F4/80– CD115–) at embryonic day 
9.0 (E9.0), the early descendants assume the 
characteristics of immature macrophages 
(CD45+ c-kit– CX3CR1+ F4/80+ CD115+) 
and become mobile. They leave their yolk 
sac habitat at E9.0, ultimately at E10.5 invad-
ing the structures destined to give rise to the 
brain2. Thus, microglia derive from early  
committed macrophages, which were previ-
ously described as descendants of a second 
wave of primitive hematopoiesis in the yolk 
sac5. The steps that drive erythromyeloid pre-
cursors to intermediate proliferating cells and 
to immature macrophages are controlled by 
the myeloid transcriptional factors Pu.1 and 
IRF8, respectively. However, early microglial 
development does not require the factors Myb, 
Id2, Batf3 and Klf4, which is in contrast with 
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and completely, and the degree to which the 
functions of local microglia can be assumed 
by immigrant CCR2+ monocytes remains to 
be determined.

Why is the CNS colonized so early by 
microglia and why are their lineages seques-
tered throughout a lifetime? The explanation 
could be in their function: microglial cells 
are credited with an elaborate set of func-
tions beyond tissue protection. Their surface 
membranes are decorated with an abundance 
of receptors, including, in addition to sensors  
of innate immunity, receptors for neurotrans-
mitters and for a variety of trophic factors. 
This specialized set of signaling structures 
enables microglial cells to interact with neu-
rons as intimate partners12. With their neu-
rotransmitter receptors, microglia cells receive 
neuronal signals, and they answer by releas-
ing mediators that affect neuronal activity and 
survival. Conversely, neuronal activity emits 
signals that modulate microglial inflammatory 
potential. Of particular importance, microglia 
are capable of removing synaptic connections, 
a process that was termed synaptic stripping13, 
and of harnessing components of complement, 
the innate immune effector system14. This 
contributes to neuronal plasticity, in both the 
developing and adult brain. Finally, there is 
evidence that microglial cells affect mobiliza-
tion and induction of neurogenic progenitor 
cells in their niches15, another way in which 
they help keep the tissue of the brain intact.

Such a repertoire of sophisticated functions 
should require a particularly differentiated, spe-
cialized cell, rather than a ‘simple’ macrophage. 
Thus, development of the microglial phenotype 
may be the result of life-long co-evolution with 
the elements of the brain milieu, a specializa-
tion that could not easily be achieved by freshly 
immigrant monocyte precursors.

The delineation of a separate pedigree of 
microglia by Kierdorf et al.2 will fuel a variety of 
investigations. For example, such work should 
elucidate the nature of the signals inducing the 
microglial phenotype. Would it be possible to 
instruct blood-borne macrophages to fully 
replace degenerating microglia? In a more 
practical vein, it should intensify the search for 
specific markers of microglia distinguishing 
these from circulating macrophages, a search 
that so far has remained futile.
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peripheral organs such as the liver, skin and 
spleen9, albeit not in the perivascular space of  
the brain, with its perivascular and lepto-
meningeal phagocytes, the direct neighbors of  
microglia10. The development of these locally 
self-renewing macrophage populations is, 
like that of microglia, Myb independent7. 
However, in contrast with the microglia, these 
extra-neural macrophage populations tend 
to be slowly replaced in the adult mouse by 
macro phages derived from the DHp2,7–9.

Why are these and the other recent findings 
important? They both change a time-honored 
concept of brain immunity and will help us to 
better understand pathological brain condi-
tions. We now recognize that, under normal, 
homeostatic conditions, microglia form a stable,  
self-contained population, a closed society, 
that occupies the brain from very early embry-
onic development. The individual microglial 
cells occupy and control individual territories 
and are replaced by locally proliferating suc-
cessors, rather than by incoming monocytes. 

This self-renewing autonomy ceases, however, 
under pathological conditions. Peripheral 
phagocytes enter the CNS from the blood and 
stay there following inflammatory responses, 
such as in experimental autoimmune encepha-
lomyelitis, a mouse model of multiple sclero-
sis. Apparently, a massive loss of microglia 
initiates an emergency program that allows 
the replenishment of the brain by inflam-
matory CCR2+ monocytes11. This happens, 
for example, in CD11b-HSVTK transgenic 
mice, a model designed to allow large-scale 
ablation of microglia at will, where ablation 
yields repopulation by new Iba-1+ myeloid 
cells within a few weeks. The infiltrators are 
CCR2+ monocytes derived from DHp in the 
bone marrow11. Although the overall distri-
bution of the newly arrived cells resembles 
that of native microglia, their morphological 
appearance remains different from that of the 
resident microglia up to 27 weeks after inva-
sion11. Thus, the CNS milieu does not seem 
to assimilate the incoming phagocytes readily 
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Figure 1  Pedigrees of microglial and macrophage lineages. Microglia (green) are derived from immature 
phagocytes of the embryonic hematopoiesis (EHp), which migrate from the yolk sac through the 
primitive vascular system into the neuroepithelium. Their progenitor is an erythromyeloid precursor 
cell that only exists in the embryo and whose developmental potency is limited to macrophages 
and erythrocyte lineages. In contrast, the multipotent hematopoietic stem cell of the definitive 
hematopoiesis (DHp) is located in the adult bone marrow. Most tissue resident macrophages, 
including the perivascular brain macrophages (dark blue), which are confined by the blood-brain 
barrier to a space around the blood vessels, are derived from DHp. Brain microglia are a fully self-
maintaining population and are not replenished from the blood under normal conditions. However, 
under exceptional conditions, such as autoimmune diseases or massive loss of microglia, inflammatory 
CCR2+ monocytes derived from the DHp are admitted into the brain and become post-inflammatory 
macrophages (purple) with microglia-like features.
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Circuits supporting the grid
Matthew Lovett-Barron & Attila Losonczy

Two studies show that local inhibitory connectivity and hippocampal excitatory input support the spatial firing 
patterns of entorhinal grid cells, providing support for continuous attractor model of grid cell firing.
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cells together; fast-spiking local interneurons 
inhibited roughly half of the recorded stellate 
cells, whereas connections from low thresh-
old–spiking cells were sparse. This indicates 
that, at least in layer II, stellate cells and fast-
spiking cells act in a closed circuit to promote 
this inhibitory surround.

It has been reported that grid cells in the 
MEC stabilize around the third or fourth week 
of postnatal life6,7. If recurrent inhibitory cir-
cuitry in the MEC is the cellular foundation 
that underlies grid firing, then the devel-
opmental timescale of recurrent inhibition 
should match. Indeed, Couey et al.3 found 
that mice younger than 2 weeks of age lack 
recurrent inhibition, and even have some 
recurrent excitation. Between 3 and 4 weeks 
of age, recurrent excitation drops to zero and 
inhibitory connectivity reaches adult levels, 
supporting the authors’ conclusions about 
the importance of recurrent inhibition for grid  
cell firing.

Given that stellate cells mutually inhibit each 
other and lack reciprocal excitation, what is the 
source of the excitatory drive that causes stel-
late cells to spike in a grid pattern during navi-
gation? A potential source is the hippocampal 
place cell population, which is itself a target 
of layer II grid cells. Hippocampal place cells 
fire action potentials at one specific location in 
space and send a powerful projection back to 
the entorhinal cortex, terminating in deep and 
superficial MEC8. To determine the influence 
of hippocampal excitation on MEC grid cells, 
Bonnevie et al.4 identified grid cells by means 
of extracellular electrodes that recorded action 
potentials from individual MEC neurons in 
rats that walked around a 100–150-cm box.  
The authors measured spiking patterns while 
infusing the GABAA receptor agonist musci-
mol into the dorsal hippocampus to inactivate  
it (Fig. 1). They found that bilateral inactiva-
tion of the hippocampus disrupted the grid 
cell map, causing firing fields to become dif-
fuse and irregular. Disruption of grid cell  
firing was strongly associated with a reduction  

When searching for the neural circuit basis of 
behavior, researchers have historically focused 
on sensory systems in which neural activity 
can be reliably evoked with external stimuli. 
Inconveniently, cognition relies on internally 
generated activity in the nervous system, 
a poorly understood process that limits its 
experimental accessibility for the study of neu-
ral circuits. A notable exception is the spatial 
representation system in the hippocampus and 
parahippocampal cortices, where the action 
potential output of neurons conveys infor-
mation about an animal’s location in physical 
space. In the medial entorhinal cortex (MEC), 
so-called grid cells fire action potentials when 
an animal passes through regularly spaced 
locations that tile their entire environment in 
a hexagonal pattern1. This pattern of spiking 
provides the animal with a two-dimensional 
cognitive map of space and provides experi-
menters with a uniquely reliable neural sig-
nature of internally generated activity. This 
pattern of neural activity has inspired many 
modeling efforts to gain insight into the 
underlying circuit mechanisms2. Despite the 
predictions from modeling studies, however, 
most experimental studies of grid cells to date 
have been descriptive, with little data available 
for discerning the underlying circuit mecha-
nisms and to constrain models. In this issue 
of Nature Neuroscience, two companion stud-
ies provide crucial experimental support for 
a specific model of grid cell generation in the 
MEC of the rat. Taken together, these find-
ings describe how the firing patterns of grid 
cells arise from local circuitry3 and extrinsic 
input4, providing evidence for a continuous 

attractor network based on recurrent inhibi-
tion and driven by external excitation from  
the hippocampus.

To determine how MEC grid cells com-
municate with one another, Couey et al.3 
investigated the synaptic connectivity among 
stellate cells in layer II, a population of excit-
atory neurons that frequently display grid fir-
ing. They assessed synaptic connectivity by 
targeting multiple layer II neurons for simul-
taneous patch-clamp recordings in rat brain 
slices. By triggering action potentials in one 
or more neurons and recording the postsyn-
aptic potentials in others, the authors were able 
to reliably assess the presence and strength 
of synaptic connections between cells. The 
authors recorded from over 600 pairs of stel-
late cells and found that there was little or no 
recurrent excitation among stellate cells. This 
wiring rule is distinct from that in other neo-
cortical areas, where dense recurrent excitation 
between principal neurons is the norm. Even 
so, Couey et al.3 found that stellate cells have 
an indirect synaptic influence on each other 
through polysynaptic GABAergic inhibition. 
Spiking stellate cells excited local GABAergic 
interneurons, which in turn inhibited neigh-
boring stellate cells. Inhibition was triggered 
more effectively in stellate cells when multiple 
neighboring stellate cells were simultaneously 
spiking in high-frequency bursts, indicating 
that the probability of inhibition increased as 
a function of active stellate cells. Surprisingly, 
this inhibitory input was not graded, but 
instead appeared as an all-or-none synaptic 
event of constant amplitude. This even per-
sisted when higher numbers of inputs were 
synchronously driven by optical activation of 
many channelrhodopsin-2–expressing stel-
late cells. This stands in contrast with superfi-
cial layers of sensory cortex, where recurrent 
excitation is present and recurrent inhibition 
increases in amplitude with the number of 
excited principal cells5. The authors also used 
multiple intracellular recordings to identify 
the type of interneurons that couple stellate 
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