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ABSTRACT
Microglia have long been characterized by their immune
function in the nervous system and are still mainly consid-
ered in a beneficial versus detrimental dialectic. However a
review of literature enables to shed novel lights on micro-
glial function under physiological conditions. It is now rele-
vant to position these cells as full time partners of neuronal
function and more specifically of synaptogenesis and devel-
opmental apoptosis. Indeed, microglia can actively control
neuronal death. It has actually been shown in retina that
microglial nerve growth factor (NGF) is necessary for the
developmental apoptosis to occur. Similarly, in cerebellum,
microglia induces developmental Purkinje cells death
through respiratory burst. Furthermore, in spinal cord,
microglial TNFa commits motoneurons to a neurotrophic
dependent developmental apoptosis. Microglia can also con-
trol synaptogenesis. This is suggested by the fact that a
mutation in KARAP/DAP12, a key protein of microglial
activation impacts synaptic functions in hippocampus, and
synapses protein content. In addition it has been now
demonstrated that microglial brain-derived neurotrophin
factor (BDNF) directly regulates synaptic properties in spi-
nal cord. In conclusion, microglia can control neuronal func-
tion under physiological conditions and it is known that
neuronal activity reciprocally controls microglial activation.
We will discuss the importance of this cross-talk which
allows microglia to orchestrate the balance between synap-
togenesis and neuronal death occurring during development
or injuries. VVC 2006 Wiley-Liss, Inc.

INTRODUCTION

Microglia are macrophages that are located in the
nervous tissue and are able to protect it against infection
and injuries through phagocytosis, antigen presentation,
and cytokines secretion. This aspect of microglial function
has been deeply described (Aloisi, 2001; Kreutzberg, 1996),
but a review of literature allows to shed novel lights on
this cell type. For instance, during development, microglia
invade central nervous tissue at very early stages, before
or concomitantly to the neurogenesis (Dalmau et al.,
1997), and are able to secrete a wide variety of cytokines
that have been implicated in all aspects of neuronal func-
tions (Hanisch, 2002). Therefore, microglia are able to
interact with neurons at early stages of differentiation.
Indeed, we will discuss the ability of microglia to control
developmental apoptosis and synaptogenesis. In the adult,

microglia have a relatively high density in neural tissue
(Long et al., 1998; Mouton et al., 2002; Orlowski et al.,
2003) and form a meshed network able to detect and react
to modifications of the local environment (Davalos et al.,
2005; Nimmerjahn et al., 2005; Stence et al., 2001). Conse-
quently, most neuronal functions are likely to be regulated
by microglia. We will report studies showing that microglia
can actively control synaptic functions. This will finally
allow to highlight a functional crosstalk between neurons
and microglia that set these cells as fulltime partners of
neuronal function.

MICROGLIA REGULATE DEVELOPMENTAL
NEURONAL DEATH

Microglia are long known for their ability to engulf
dead cell bodies (Ferrer et al., 1990; Mallat et al., 2005).
This property probably explains why the ability of
microglia to kill neurons has been initially investigated.
It might also explain the consistent beneficial versus
detrimental dialectic of most of the neuron-microglia
interactions studies (Ekdahl et al., 2003; Kempermann
and Neumann, 2003; Kim and de Vellis, 2005; Taylor
and Oppenheim, 2004).

Activated microglia1 secrete a wide range of factors,
some of which can actively trigger apoptosis in neuronal
cell cultures: glutamate (Piani et al., 1991) or Tumor
Necrosis Factor a (TNFa) with Fas Ligand (FasL) (Piani
et al., 1991; Taylor et al., 2005a) in cerebellar granule cells,
nitric oxide (NO), and interleukin-1b (IL-1b) in mixed
spinal cord cultures (Chao et al., 1992; Tikka and Koisti-
naho, 2001), cathepsin B in hippocampal and cerebellar
granule neurons (Kingham and Pocock, 2001), reactive
oxygen species (Colton and Gilbert, 1987) and TNFa
with NMDA in neuronal cortex cultures (Floden et al.,
2005). At the same time, microglia are also reported to
increase neuronal survival through the release of trophic

1Activation of macrophages has been extensively and precisely described Taylor
et al. (2005b) and shown to be an heterogeneous and complex phenotype. Molecu-
lar definitions of microglial activation are still lacking. It is poorly described as sti-
mulation by any kind of factors such as cytokines, growth factors, injuries, inflam-
mation, contact, etc. Considering the complexity of possible stimuli and the proba-
ble microglial heterogeneity, it seems obvious that the notion of microglial
activation needs further characterization.
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and anti-inflammatory factors (Liao et al., 2005; Morgan
et al., 2004; Polazzi et al., 2001). These studies indicate
the potential of microglia to influence neuronal fate, but
have been performed in dissociated cultured cells. In that
context, microglia are at least partially activated and
these studies can barely be extrapolated to in vivo envir-
onments. Studying neurons to microglia interactions in
cultured explants allowed to limit this problem. In em-
bryonic chick retina about 50% of the neurons die during
the so-called period of programmed cell death (PCD)
(Cepko et al., 1996) that temporally follows the invasion
of neural tissue by mesoderm derived macrophages. How-
ever, the neuronal death is dramatically reduced when
embryonic chick retina is dissected out before the inva-
sion of macrophages (Frade and Barde, 1998). It is
restored by the addition of microglial cells, and this effect
is blocked by Nerve Growth Factor (NGF) antibodies
(Frade and Barde, 1998). These results show that NGF
produced by macrophages induces developmental neuro-
nal death (Fig. 1A). Such a role of macrophages is not re-
stricted to retina. Using organotypic slices of cerebellum,
it was demonstrated that cerebellar microglia also trigger
Purkinje cells death (Marin-Teva et al., 2004). When
microglia were eliminated from these slices, using lipo-
somes loaded with clodronate, Purkinje cells did not
undergo PCD (see Fig. 1A). This effect was shown to be
mostly mediated by microglial production of superoxide
ions (Marin-Teva et al., 2004). Thus, under more physio-
logical conditions, microglia can induce apoptosis in
developing neurons via the release of diffusible factors
(Fig. 1). This extends to central nervous system the pio-
neer work performed on developing eye (Lang and
Bishop, 1993; Lobov et al., 2005).

In spinal cord, the relationship is slightly different
and microglia induce a delayed competence for moto-

neurons to undergo apoptosis (Fig. 1B). This again was
demonstrated using cultured explants isolated from
developing embryos at different stages (Sedel et al.,
2004). Indeed, whereas 90% of motoneurons isolated
from embryonic day 13 (E13) rat embryos and cultured
in explants enter a death program 2 days later, half the
motoneurons cultured from E12 embryos escape PCD.
This demonstrates that even though motoneurons die
around E15, they acquire the competence to die between
E12 and E13. It could further be shown that macro-
phages invading the surrounding somites precisely
between E12 and E13 are actually responsible for the
acquisition of competence through secretion of TNFa
(Sedel et al., 2004). This instruction can be inhibited by
killing the macrophages or by blocking TNFa with anti-
bodies, and it is mimicked by exogenous TNFa. Further-
more, motoneurons cell death in explants from either
TNF2/2 or TNFR12/2 mice is dramatically reduced
(see Fig. 1B). Finally, between E12 and E13, microglia
and motoneurons transiently express TNFa and TNFa
receptor 1 (TNFR1) respectively. These experiments demon-
strate that the action of microglia on motoneurons is an
instruction to become competent to die rather than a
direct induction of apoptosis (Sedel et al., 2004). Impor-
tantly, both in spinal cord and in cerebellum, the crosstalk
between neurons and microglia occurs during a defined
critical period, and microglial ability to induce neuronal
death must be triggered (Sedel et al., 2004). The origin of
this developmental program remains largely unexplored.

The above described studies show that a common de-
velopmental feature of retina, spinal cord, and cerebel-
lum is that microglia invade neural tissue shortly before
or concomitantly to the period of naturally occurring
neuronal death, and are actively involved in this pro-
cess. Noteworthy, in these systems the cell death period

Fig. 1. Microglia control developmen-
tal neuronal death. A: In retina and cer-
ebellum, microglia are able to actively
kill neurons through NGF (retina) or O2

2

(cerebellum). In both cases, when micro-
glia are removed, either by dissection or
by selective poisonning, then no neuro-
nal death occurs. B: In spinal cord,
microglia instruct motoneurons through
transient release of TNFa. When micro-
glia are removed, the motoneurons are
no more able to die, even in the absence
of neurotrophic factor.
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precedes the onset of synaptogenesis. Actually, several
studies have shown that microglia might also be
involved in the regulation of synapses properties.

MICROGLIA REGULATE SYNAPTIC FUNCTION

During cortical development, synaptogenesis occurs dur-
ing the first weeks of postnatal life reaching a maximum
by postnatal day 30 (P30) (De Felipe et al., 1997; Steward
and Falk, 1986). Microglia invade the nervous tissue at
prenatal stages, but their density displays a significant
increase during the first weeks of postnatal life, reaching
a maximum by P18 (Dalmau et al., 1998, 2003) that is
concomitant to the period of intense synaptogenesis. In
addition, at early stages, microglia express thrombospon-
dins (Chamak et al., 1995), a family of extracellular matrix
proteins able to induce synaptogenesis (Christopherson et
al., 2005) and which absence induces a dramatic reduction
in the number of synapses formed during postnatal stages
(Christopherson et al., 2005). These observations favor the
notion that microglia could somehow regulate developmen-
tal synaptogenesis. Involvement of microglia in synapto-
genesis can also be deduced from the observation that
alteration of developing microglia impacts synaptic proper-
ties. Actually, KARAP/DAP12 is a transmembrane poly-
peptide associated with cell surface receptors which
expression is strictly restricted to microglia around birth
in the central nervous tissue (Roumier et al., 2004) and
which is also found in myeloid and lymphoid cells of the
immune system (Tomasello et al., 1998). KARAP/DAP12
mutated mice exhibit an enhancement of hippocampal
LTP partly due to a greater permeability to Ca21 of AMPA
receptors (AMPARs) (Roumier et al., 2004) and increased
sensitivity of NMDAR Excitatory Post-Synaptic Currents
(EPSCs) to the NR2B subunit antagonist ifenprodil. More-
over, KARAP/DAP12 mutation induces a specific impair-
ment of synaptic accumulation of the Brain-Derived Neu-
rotrophin Factor (BDNF) tyrosine kinase receptor B
(TrkB) suggesting an alteration of the BDNF/TrkB path-
way (Roumier et al., 2004). These data provide evidence
that the loss of function of a microglial protein expressed
during perinatal stages results in alterations in synaptic
function and plasticity revealing a developmental interac-
tion between microglia and synaptogenesis.

Microglia express a broad spectrum of cytokines and
neurotrophins (Elkabes et al., 1996; Hanisch, 2002) or
other diffusible molecules such as glutamate (Barger
and Basile, 2001; Floden et al., 2005; Piani et al., 1991)
or NO (Chao et al., 1992) which are known to regulate
synaptic functions. The regulation of synaptic properties
by microglia is thus expected. In some cases, a regula-
tion has been clearly demonstrated. For instance, amy-
loid peptide (Ab) is able to impair hippocampal LTP and
this inhibition is prevented when microglial activation is
blocked by minocycline (Wang et al., 2004). Inhibition of
the inducible NO synthase (iNOS) mimics the inhibition
of microglial activation, suggesting that NO might be
the mediator of this microglia to neuron regulation

(Wang et al., 2004). Yet, the involvement of other cell
partners has not been ruled out.

Microglia express a variety of purinergic receptors,
and application of ATP onto cultured microglia triggers
the expression of cytokines (Farber and Kettenmann,
2006). It has also been shown that adenosine, which is
an ATP metabolite, can coordinate synaptic networks
(Pascual et al., 2005). In that case, astrocytes have been
identified as the major source of ATP (Pascual et al.,
2005), but a similar role of microglia cannot be ruled
out. A demonstration of direct ATP signaling between
microglia and neurons has recently been given in spinal
cord (Coull et al., 2005; Tsuda et al., 2003). In this tis-
sue, ATP stimulation of microglia evokes the release of
BDNF which causes allodynia (Coull et al., 2005). This
BDNF induces a depolarizing shift in the anion reversal
potential in neurons (Coull et al., 2005) which inverts
the polarity of currents activated by GABA and converts
GABA- and Glycine receptors into activators. These data
firmly demonstrate that microglia are able to modulate
synaptic activity and highlight BDNF as an intermedi-
ate of this modulation.

FUNCTIONAL CROSSTALK BETWEEN NEURONS
AND MICROGLIA

The above-described studies demonstrate that micro-
glia are implicated in the control of both neuronal apo-
ptosis and synaptic properties (Fig. 2). Synapses are dif-
ferentiated regions of adhesion between neurons. It has
long been known that cell adhesion and apoptosis are
functionally linked (Frisch and Francis, 1994). An
attractive hypothesis is now that in central nervous sys-
tem, microglia orchestrate this regulation. In that
model, microglia activated by damaged neurons would
instruct locally the nonlesioned or remaining neurons
for the delayed formation of new compensatory synapses.

Fig. 2. Functional crosstalks between microglia and neurons. Micro-
glia are able to regulate several aspects of neuronal functions and neu-
rons can control microglial activation.
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Temporal correlation between microglial activation and
apoptosis observed in experimental models of reactive
synaptogenesis favors the existence of such mechanism.
For instance, kainate seizures induce hippocampal
damage with a loss of pyramidal cells in CA1 and CA3
and of interneurons in the hilar region (Yang et al.,
1998). In adult, this cell loss is accompanied by neosynap-
togenesis after the formation of new recurrent excitatory
connections (Nadler et al., 1980a,b; Perez et al., 1996). In
young postnatal animals however, no neuronal loss and
few if any neosynaptogenesis is observed upon seizure
(Yang et al., 1998). Noteworthy, this distinct pattern of
synaptogenesis and cell death parallels that of microglial
activation. In adults, strong activation of microglia and
astrocytes occurs (Rizzi et al., 2003; Rosell et al., 2003)
whereas in young animals, few microglial activation can
be detected after kainate-induced seizure (Rizzi et al.,
2003). Microglial activation associated with neuronal
death and followed by synaptogenesis is also observed
upon experimental axotomy (Moran and Graeber, 2004).
In rodents, facial nerve axotomy induces variable extend
of motoneuronal death depending on the age and the spe-
cies of the animal. In all cases, massive activation of
microglia (Graeber et al., 1988) and a deafferentation
(synaptic loss) of the motoneurons is observed in the
brainstem facial nucleus during the first week postaxot-
omy (Blinzinger and Kreutzberg, 1968). Several weeks af-
ter axotomy, neosynaptogenesis is observed on the soma
of the remaining motoneurons (Eleore et al., 2005).
Again, the precise role of microglia is not known in the
reafferentation process, but it should be noted that upon
axotomy activated microglia secrete thrombospondin
(Chamak et al., 1995; Moller et al., 1996) which is known
to be important for synaptogenesis (Christophersen et al.,
2005). This reinforces the hypothesis that upon neuronal
death, microglia can instruct remaining neurons for a
delayed synaptogenesis.

In these pathological models, damaged or dying neu-
rons induce microglial activation. This highlights the
functional interplay between these two cell types, with
microglia controlling apoptosis and synaptic properties,
and neurons being able to regulate microglial activation.
In fact, neuronal control of microglial activation also
occurs under physiological situations and might even be
a general feature in central nervous tissue. For instance
neurotransmitters themselves can modulate microglial
activation (Fig. 3). Microglia do express GABAB recep-
tors which activation strongly decreases the lipopolysac-
charide (LPS)-induced secretion of certain but not all
inflammatory cytokines (Kuhn et al., 2004). Glycine,
which is the other inhibitory neurotransmitter, also
attenuates the production of inflammatory cytokines and
the phagocytic activity of brain macrophages (Schilling
and Eder, 2004). Similarly, noradrenalin reduces the
LPS-stimulated release of NO (Chang and Liu, 2000;
Farber et al., 2005), IL-6 and TNFa (Farber et al.,
2005). Dopamine might also regulate microglial release,
but this issue remains debated (Chang and Liu, 2000;
Farber et al., 2005). Finally, stimulation of vagus nerve
attenuates peripheral macrophage activation through

the release of acetylcholine (Borovikova et al., 2000;
Wang et al., 2003). These observations suggest that neu-
rotransmitters could in general reduce microglial release
(Farber et al., 2005). However, the role of glutamate,
which is the main excitatory neurotransmitter, remains
to be clarified. Indeed, glutamate has been described as
a proinflammatory factor acting through both ionotropic
and metabotropic receptors (Noda et al., 2000; Tikka
and Koistinaho, 2001). But, different glutamate metabo-
tropic receptors might display opposite effects on micro-
glia: group III receptors reduce microglial toxicity
(Taylor et al., 2003) whereas group II receptors trigger
neurotoxicity (Taylor et al., 2005a). It should now be
determined whether and when such regulations occur
under normal conditions in the adult CNS.

In organotypic slice cultures, neuronal activity con-
trols the extent of microglial activation since interferon
g (IFNg)-induced major-histocompatibility complex II
(MHCII) expression is increased in microglia when spon-
taneous neuronal activity is blocked by tetrodotoxin
(Neumann et al., 1998). In that case however, the puta-
tive intermediate linking neuronal activity to microglial
state has not been characterized. In few cases, neuronal
factors inhibiting microglial activation could be charac-
terized. In mixed neurons/microglia cultures, neurons
secrete CD22 which inhibits proinflammatory cytokines
production by microglia through binding to the trans-
membrane tyrosine phosphatase CD45 (Mott et al.,
2004). Similarly, neurons express fractalkine (CX3XL1)

Fig. 3. Molecular actors of neuron to microglia communication. In-
formation flow from neuron to microglia is achieved through contact or
by secreted mediators.
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a chemokine that exists in two forms (Bazan et al.,
1997), either soluble or anchored to the membrane, and
which receptor (CX3CR1) is expressed only by microglia
in the CNS (Verge et al., 2004). In cultured microglia,
fractalkine is able to downregulate TNFa secretion
(Zujovic et al., 2000). In addition, antifractalkine antibo-
dies injected into the ventricle potentiate the LPS
induced production of TNFa (Zujovic et al., 2001).
Finally, it has recently been shown that loss of CX3CR1
function increases microglial neurotoxicity upon central
nervous system alteration (Cardona et al., 2006). This
further supports the notion that neuronal fractalkine
restraints microglial function.

The existence of a neuronal membrane-anchored frac-
talkine with a microglial receptor suggests that neuron-
microglia crosstalk also takes place by contact. Recent
works using transgenic mouse models confirmed the ex-
istence of this kind of regulation. Microglia express
CD200R, a transmembrane receptor which ligand CD200,
a membrane protein with intracellular signaling motifs,
is expressed by most of the neurons (Webb and Barclay,
1984). Interestingly, CD200 deletion in mice leads to
higher expression of activation markers by microglia as
well as proliferation (Hoek et al., 2000). Consequently,
various responses to trauma are more severe and more
rapid in the absence of CD200. Such a role of CD200-
CD200R in the control of microglia by neurons could also
be shared by other membrane receptor-ligand systems
such as SIRPa-CD47 which are expressed by microglia
and neurons respectively, and which mediate inhibitory
effects in peripheral macrophages (Barclay et al., 2002;
Gordon and Taylor, 2005; Smith et al., 2003).

CONCLUSION

Microglia are a highly responsive population of cells
with a well established role in regulating the immune
surveillance of the nervous system (Aloisi, 2001; Kreutz-
berg, 1996; Neumann, 2001). We have now reviewed stu-
dies indicating that microglia are also involved in the
regulation of various steps of neuronal development
such as apoptosis or synaptogenesis. We have not con-
sidered the involvement of other non-neuronal cells such
as astrocytes or oligodendrocytes, eventhough their
interactions are also documented (see for instance (Bezzi
et al., 2001) and it is highly probable that other func-
tional interactions are to be understood. Finally, one
might anticipate that the real role of microglia in neuro-
nal functions will only be fully understood in light of the
elucidation of interplay between microglia, neurons, and
the other non-neuronal cells.

ACKNOWLEDGMENTS

A.B. is a fellow of the Centre National de la Recherche
Scientifique. A.R. is a fellow of the Foundation pour la Re-
cherche M�edicale and the R�egion Ile de France. We grate-
fully thank Antoine Triller and Olivier Pascual for fruitful
discussions and critical reading of the manuscript.

REFERENCES

Aloisi F. 2001. Immune function of microglia. Glia 36:165–179.
Barclay AN, Wright GJ, Brooke G, Brown MH. 2002. CD200 and mem-

brane protein interactions in the control of myeloid cells. Trends
Immunol 23:285–290.

Barger SW, Basile AS. 2001. Activation of microglia by secreted amyloid
precursor protein evokes release of glutamate by cystine exchange
and attenuates synaptic function. J Neurochem 76:846–854.

Bazan JF, Bacon KB, Hardiman G, Wang W, Soo K, Rossi D, Greaves DR,
Zlotnik A, Schall TJ. 1997. A new class of membrane-bound chemokine
with a CX3C motif. Nature 385:640–644.

Bezzi P, Domercq M, Brambilla L, Galli R, Schols D, De Clercq E, Ves-
covi A, Bagetta G, Kollias G, Meldolesi J, Volterra A. 2001. CXCR4-
activated astrocyte glutamate release via TNFa: Amplification by
microglia triggers neurotoxicity. Nat Neurosci 4:702–710.

Blinzinger K, Kreutzberg G. 1968. Displacement of synaptic terminals
from regenerating motoneurons by microglial cells. Z Zellforsch Mik-
rosk Anat 85:145–157.

Borovikova LV, Ivanova S, Zhang M, Yang H, Botchkina GI, Watkins LR,
Wang H, Abumrad N, Eaton JW, Tracey KJ. 2000. Vagus nerve stimula-
tion attenuates the systemic inflammatory response to endotoxin. Na-
ture 405:458–462.

Cardona AE, Pioro EP, Sasse ME, Kostenko V, Cardona SM, Dijkstra IM,
Huang D, Kidd G, Dombrowski S, Dutta R, et al. 2006. Control of micro-
glial neurotoxicity by the fractalkine receptor. Nat Neurosci 9:917–924.

Cepko CL, Austin CP, Yang X, Alexiades M, Ezzeddine D. 1996. Cell
fate determination in the vertebrate retina. Proc Natl Acad Sci USA
93:589–595.

Chamak B, Dobbertin A, Mallat M. 1995. Immunohistochemical detec-
tion of thrombospondin in microglia in the developing rat brain. Neu-
roscience 69:177–187.

Chang JY, Liu LZ. 2000. Catecholamines inhibit microglial nitric oxide
production. Brain Res Bull 52:525–530.

Chao CC, Hu S, Molitor TW, Shaskan EG, Peterson PK. 1992. Acti-
vated microglia mediate neuronal cell injury via a nitric oxide mecha-
nism. J Immunol 149:2736–2741.

Christopherson KS, Ullian EM, Stokes CC, Mullowney CE, Hell JW,
Agah A, Lawler J, Mosher DF, Bornstein P, Barres BA. 2005. Throm-
bospondins are astrocyte-secreted proteins that promote CNS synap-
togenesis. Cell 120:421–433.

Colton CA, Gilbert DL. 1987. Production of superoxide anions by a
CNS macrophage, the microglia. FEBS Lett 223:284–288.

Coull JA, Beggs S, Boudreau D, Boivin D, Tsuda M, Inoue K, Gravel C,
Salter MW, De Koninck Y. 2005. BDNF from microglia causes the
shift in neuronal anion gradient underlying neuropathic pain. Nature
438:1017–1021.

Dalmau I, Finsen B, Tonder N, Zimmer J, Gonzalez B, Castellano B.
1997. Development of microglia in the prenatal rat hippocampus.
J Comp Neurol 377:70–84.

Dalmau I, Finsen B, Zimmer J, Gonzalez B, Castellano B. 1998. Devel-
opment of microglia in the postnatal rat hippocampus. Hippocampus
8:458–474.

Dalmau I, Vela JM, Gonzalez B, Finsen B, Castellano B. 2003. Dynamics
of microglia in the developing rat brain. J Comp Neurol 458:144–157.

Davalos D, Grutzendler J, Yang G, Kim JV, Zuo Y, Jung S, Littman DR,
Dustin ML, Gan WB. 2005. ATP mediates rapid microglial response to
local brain injury in vivo. Nat Neurosci 8:752–758.

De Felipe J, Marco P, Fairen A, Jones EG. 1997. Inhibitory synaptogen-
esis in mouse somatosensory cortex. Cereb Cortex 7:619–634.

Ekdahl CT, Claasen JH, Bonde S, Kokaia Z, Lindvall O. 2003. Inflam-
mation is detrimental for neurogenesis in adult brain. Proc Natl
Acad Sci USA 100:13632–13637.

Eleore L, Vassias I, Vidal PP, de Waele C. 2005. Modulation of the glu-
tamatergic receptors (AMPA and NMDA) and of glutamate vesicular
transporter 2 in the rat facial nucleus after axotomy. Neuroscience
136:147–160.

Elkabes S, DiCicco-Bloom EM, Black IB. 1996. Brain microglia/macro-
phages express neurotrophins that selectively regulate microglial pro-
liferation and function. J Neurosci 16:2508–2521.

Farber K, Kettenmann H. 2006. Purinergic signaling and microglia.
Pflugers Arch 452:615–621.

Farber K, Pannasch U, Kettenmann H. 2005. Dopamine and noradren-
aline control distinct functions in rodent microglial cells. Mol Cell
Neurosci 29:128–138.

Ferrer I, Bernet E, Soriano E, del Rio T, Fonseca M. 1990. Naturally
occurring cell death in the cerebral cortex of the rat and removal of
dead cells by transitory phagocytes. Neuroscience 39:451–458.

Floden AM, Li S, Combs CK. 2005. b-Amyloid-stimulated microglia
induce neuron death via synergistic stimulation of tumor necrosis
factor alpha and NMDA receptors. J Neurosci 25:2566–2575.

237MICROGLIA, SYNAPSES AND NEURONAL DEATH

GLIA DOI 10.1002/glia



Frade JM, Barde YA. 1998. Microglia-derived nerve growth factor
causes cell death in the developing retina. Neuron 20:35–41.

Frisch SM, Francis H. 1994. Disruption of epithelial cell-matrix interac-
tions induces apoptosis. J Cell Biol 124:619–626.

Gordon S, Taylor PR. 2005. Monocyte and macrophage heterogeneity.
Nat Rev Immunol 5:953–964.

Graeber MB, Tetzlaff W, Streit WJ, Kreutzberg GW. 1988. Microglial
cells but not astrocytes undergo mitosis following rat facial nerve
axotomy. Neurosci Lett 85:317–321.

Hanisch UK. 2002. Microglia as a source and target of cytokines. Glia
40:140–155.

Hoek RM, Ruuls SR, Murphy CA, Wright GJ, Goddard R, Zurawski SM,
Blom B, Homola ME, Streit WJ, Brown MH, et al. 2000. Down-
regulation of the macrophage lineage through interaction with OX2
(CD200). Science 290:1768–1771.

Kempermann G, Neumann H. 2003. Neuroscience. Microglia: The
enemy within? Science 302:1689–1690.

Kim SU, de Vellis J. 2005. Microglia in health and disease. J Neurosci
Res 81:302–313.

Kingham PJ, Pocock JM. 2001. Microglial secreted cathepsin B induces
neuronal apoptosis. J Neurochem 76:1475–1484.

Kreutzberg GW. 1996. Microglia: A sensor for pathological events in the
CNS. Trends Neurosci 19:312–318.

Kuhn SA, van Landeghem FK, Zacharias R, Farber K, Rappert A, Pav-
lovic S, Hoffmann A, Nolte C, Kettenmann H. 2004. Microglia
express GABAB receptors to modulate interleukin release. Mol Cell
Neurosci 25:312–322.

Lang RA, Bishop JM. 1993. Macrophages are required for cell death
and tissue remodeling in the developing mouse eye. Cell 74:453–462.

Liao H, Bu WY, Wang TH, Ahmed S, Xiao ZC. 2005. Tenascin-R plays a
role in neuroprotection via its distinct domains that coordinate to
modulate the microglia function. J Biol Chem 280:8316–8323.

Lobov IB, Rao S, Carroll TJ, Vallance JE, Ito M, Ondr JK, Kurup S,
Glass DA, Patel MS, Shu W, et al. 2005. WNT7b mediates macro-
phage-induced programmed cell death in patterning of the vascula-
ture. Nature 437:417–421.

Long JM, Kalehua AN, Muth NJ, Hengemihle JM, Jucker M, Calhoun
ME, Ingram DK, Mouton PR. 1998. Stereological estimation of total
microglia number in mouse hippocampus. J Neurosci Methods 84(1/2):
101–108.

Mallat M, Marin-Teva JL, Cheret C. 2005. Phagocytosis in the developing
CNS: More than clearing the corpses. Curr Opin Neurobiol 15:101–107.

Marin-Teva JL, Dusart I, Colin C, Gervais A, van Rooijen N, Mallat M.
2004. Microglia promote the death of developing Purkinje cells. Neu-
ron 41:535–547.

Moller JC, Klein MA, Haas S, Jones LL, Kreutzberg GW, Raivich G.
1996. Regulation of thrombospondin in the regenerating mouse facial
motor nucleus. Glia 17:121–132.

Moran LB, Graeber MB. 2004. The facial nerve axotomy model. Brain
Res Brain Res Rev 44(2/3):154–178.

Morgan SC, Taylor DL, Pocock JM. 2004. Microglia release activators
of neuronal proliferation mediated by activation of mitogen-activated
protein kinase, phosphatidylinositol-3-kinase/Akt and d-Notch signal-
ling cascades. J Neurochem 90:89–101.

Mott RT, Ait-Ghezala G, Town T, Mori T, Vendrame M, Zeng J, Ehrhart J,
Mullan M, Tan J. 2004. Neuronal expression of CD22: Novel mechanism
for inhibiting microglial proinflammatory cytokine production. Glia 46:
369–379.

Mouton PR, Long JM, Lei DL, Howard V, Jucker M, Calhoun ME,
Ingram DK. 2002. Age and gender effects on microglia and astrocyte
numbers in brains of mice. Brain Res 956:30–35.

Nadler JV, Perry BW, Cotman CW. 1980a. Selective reinnervation of
hippocampal area CA1 and the fascia dentata after destruction of
CA3-CA4 afferents with kainic acid. Brain Res 182:1–9.

Nadler JV, Perry BW, Gentry C, Cotman CW. 1980b. Loss and reacqui-
sition of hippocampal synapses after selective destruction of CA3-
CA4 afferents with kainic acid. Brain Res 191:387–403.

Neumann H. 2001. Control of glial immune function by neurons. Glia
36:191–199.

Neumann H, Misgeld T, Matsumuro K, Wekerle H. 1998. Neurotro-
phins inhibit major histocompatibility class II inducibility of micro-
glia: Involvement of the p75 neurotrophin receptor. Proc Natl Acad
Sci USA 95:5779–5784.

Nimmerjahn A, Kirchhoff F, Helmchen F. 2005. Resting microglial cells
are highly dynamic surveillants of brain parenchyma in vivo. Science
308:1314–1318.

Noda M, Nakanishi H, Nabekura J, Akaike N. 2000. AMPA-kainate
subtypes of glutamate receptor in rat cerebral microglia. J Neurosci
20:251–258.

Orlowski D, Soltys Z, Janeczko K. 2003. Morphological development of
microglia in the postnatal rat brain. A quantitative study. Int J Dev
Neurosci 21:445–450.

Pascual O, Casper KB, Kubera C, Zhang J, Revilla-Sanchez R, Sul JY,
Takano H, Moss SJ, McCarthy K, Haydon PG. 2005. Astrocytic puri-
nergic signaling coordinates synaptic networks. Science 310:113–116.

Perez Y, Morin F, Beaulieu C, Lacaille JC. 1996. Axonal sprouting of
CA1 pyramidal cells in hyperexcitable hippocampal slices of kainate-
treated rats. Eur J Neurosci 8:736–748.

Piani D, Frei K, Do KQ, Cuenod M, Fontana A. 1991. Murine brain
macrophages induced NMDA receptor mediated neurotoxicity in vitro
by secreting glutamate. Neurosci Lett 133:159–162.

Polazzi E, Gianni T, Contestabile A. 2001. Microglial cells protect cere-
bellar granule neurons from apoptosis: evidence for reciprocal signal-
ing. Glia 36:271–280.

Rizzi M, Perego C, Aliprandi M, Richichi C, Ravizza T, Colella D, Velis-
kova J, Moshe SL, De Simoni MG, Vezzani A. 2003. Glia activation and
cytokine increase in rat hippocampus by kainic acid-induced status epi-
lepticus during postnatal development. Neurobiol Dis 14:494–503.

Rosell DR, Nacher J, Akama KT, McEwen BS. 2003. Spatiotemporal
distribution of gp130 cytokines and their receptors after status epi-
lepticus: comparison with neuronal degeneration and microglial acti-
vation. Neuroscience 122:329–348.

Roumier A, Bechade C, Poncer JC, Smalla KH, Tomasello E, Vivier E, Gun-
delfinger ED, Triller A, Bessis A. 2004. Impaired synaptic function in the
microglial KARAP/DAP12-deficient mouse. J Neurosci 24:11421–11428.

Schilling T, Eder C. 2004. A novel physiological mechanism of glycine-
induced immunomodulation: Na1-coupled amino acid transporter cur-
rents in cultured brain macrophages. J Physiol 559 (Part 1):35–40.

Sedel F, B�echade C, Vyas S, Triller A. 2004. Macrophage-derived tumor
necrosis factor alpha, an early developmental signal for motoneuron
death. J Neurosci 24:2236–2246.

Smith RE, Patel V, Seatter SD, Deehan MR, Brown MH, Brooke GP,
Goodridge HS, Howard CJ, Rigley KP, Harnett W, et al. 2003. A
novel MyD-1 (SIRP-1a) signaling pathway that inhibits LPS-induced
TNFa production by monocytes. Blood 102:2532–2540.

Stence N, Waite M, Dailey ME. 2001. Dynamics of microglial activation:
A confocal time-lapse analysis in hippocampal slices. Glia 33:256–266.

Steward O, Falk PM. 1986. Protein-synthetic machinery at postsynaptic
sites during synaptogenesis: A quantitative study of the association
between polyribosomes and developing synapses. J Neurosci 6:412–423.

Taylor AR, Oppenheim RW. 2004. The kiss of death. Neuron 41:491–493.
Taylor DL, Diemel LT, Pocock JM. 2003. Activation of microglial group

III metabotropic glutamate receptors protects neurons against micro-
glial neurotoxicity. J Neurosci 23:2150–2160.

Taylor DL, Jones F, Kubota ES, Pocock JM. 2005a. Stimulation of
microglial metabotropic glutamate receptor mGlu2 triggers tumor ne-
crosis factor a-induced neurotoxicity in concert with microglial-
derived Fas ligand. J Neurosci 25:2952–2964.

Taylor PR, Martinez-Pomares L, Stacey M, Lin HH, Brown GD, Gordon S.
2005b. Macrophage receptors and immune recognition. Annu Rev Immu-
nol 23:901–944.

Tikka TM, Koistinaho JE. 2001. Minocycline provides neuroprotection
against N-methyl-D-aspartate neurotoxicity by inhibiting microglia.
J Immunol 166:7527–7533.

Tomasello E, Olcese L, Vely F, Geourgeon C, Blery M, Moqrich A, Gautheret
D, Djabali M, Mattei MG, Vivier E. 1998. Gene structure, expression pat-
tern, and biological activity of mouse killer cell activating receptor-
associated protein (KARAP)/DAP-12. J Biol Chem 273:34115–34119.

Tsuda M, Shigemoto-Mogami Y, Koizumi S, Mizokoshi A, Kohsaka S,
Salter MW, Inoue K. 2003. P2X4 receptors induced in spinal micro-
glia gate tactile allodynia after nerve injury. Nature 424:778–783.

Verge GM, Milligan ED, Maier SF, Watkins LR, Naeve GS, Foster AC.
2004. Fractalkine (CX3CL1) and fractalkine receptor (CX3CR1) dis-
tribution in spinal cord and dorsal root ganglia under basal and neu-
ropathic pain conditions. Eur J Neurosci 20:1150–1160.

Wang H, Yu M, Ochani M, Amella CA, Tanovic M, Susarla S, Li JH, Wang
H, Yang H, Ulloa L, et al. 2003. Nicotinic acetylcholine receptor a7 sub-
unit is an essential regulator of inflammation. Nature 421:384–388.

Wang Q, Rowan MJ, Anwyl R. 2004. b-Amyloid-mediated inhibition of
NMDA receptor-dependent long-term potentiation induction involves
activation of microglia and stimulation of inducible nitric oxide
synthase and superoxide. J Neurosci 24:6049–6056.

Webb M, Barclay AN. 1984. Localisation of the MRC OX-2 glycoprotein
on the surfaces of neurones. J Neurochem 43:1061–1067.

Yang Y, Tandon P, Liu Z, Sarkisian MR, Stafstrom CE, Holmes GL.
1998. Synaptic reorganization following kainic acid-induced seizures
during development. Brain Res Dev Brain Res 107:169–177.

Zujovic V, Benavides J, Vige X, Carter C, Taupin V. 2000. Fractalkine
modulates TNF-a secretion and neurotoxicity induced by microglial
activation. Glia 29:305–315.

Zujovic V, Schussler N, Jourdain D, Duverger D, Taupin V. 2001. In
vivo neutralization of endogenous brain fractalkine increases hippo-
campal TNFa and 8-isoprostane production induced by intracerebro-
ventricular injection of LPS. J Neuroimmunol 115(1/2):135–143.

238 BESSIS ET AL.

GLIA DOI 10.1002/glia


