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Microglia contribute to excitatory synapse formation

developing mouse neocortex
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Summary of thesis contents

A SCE H : Microglia contribute to excitatory synapse formation in developing mouse neocortex.

It has recently been reported that microglia, the immune cells of the central nervous
systems (CNS), actively interact with synapses in their resting state. Resting microglia
selectively and physically contact synapses in the intact brain, and are also involved in
synapse elimination in immature brain and in the penumbra region, the cortical area
adjacent to ischemic core. This synapse elimination contributes to neural circuit
reorganization during development, and possibly to circuit recovery from injury.
However, although activated microglia can release several molecules related to
synapse formation (e.g. thrombospondins (TSPs), neurotrophins), whether microglia
can also actively contribute to synapse formation is not known. Therefore in this study,
I focused on 1) whether microglia are involved in synapse formation in the intact mice
neocortex during the developmental period when rapid increase in excitatory synapses
occurs (postnatal day (P) 8-10), and 2) the possible mechanisms underlying any of
such effects observed.

To elucidate whether microglia play any roles in synaptogenesis in the developing
neocortex, I separately visualized and analyzed both microglia and neurons. I used
Ibal-EGFP mice, in which enhanced green fluorescent protein (EGFP) is selectively
expressed in microglia of the CNS. To visualize layer (L) 2/3 pyramidal neurons, I
performed in utero electroporation of embryonic day (E) 14-15 Ibal-EGFP mice with
constructs which express red fluorescent protein. Using these mice, 1 could
simultaneously observe microglia and neurons, and detect any contacts or interactions
between the two, using in vivo two-photon imaging under physiological conditions.

During in vivo time-lapse imaging, the formation of dendritic protrusion was detected
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following microglia contact with dendrites. The formation rate of these protrusion was
significantly higher in dendritic regions that had been contacted by microglia, as
compared with adjacent dendritic regions (10 um lateral) in which contacts had not
generally been observed. Ninety percent of these newly formed protrusions had a
filopodia structure. Although these filopodia sometimes retracted or disappeared
during an imaging session, their overall survival rate was not significantly different
from other newly formed filopodia. Real time imaging (with higher temporal
resolution) revealed that the protrusions were usually formed very soon (< 10 minutes)
after microglia contact. Thus, microglia contact with dendrites appears to be involved
in the initiation of filopodia.

I also observed microglia-neuron interactions at P12-14 and at P26-30. However,
there was no significant difference in the formation rate of filopodia between
microglia contacted and adjacent dendritic regions, indicating the microglia associated
filopodia formation was age-specific. It is known that microglia in the immature brain
show an activated morphology. Injection of minocycline, which inhibits the activation
of microglia, decreased microglia-induced filopodia formation. To investigate possible
mechanisms mediating microglia-related spine formation, I checked TSP expression
using immunohistochemistry and revealed that TSP1 was present in P8 microglia
processes. Co-expression of TSP1 and EGFP (in Ibal-EGFP mice) was reduced at P14
and virtually absent in adult microglia. Confocal imaging indicated that TSP1 is
present within the microglia themselves. Furthermore, multiple dosing of mice with
gabapentin (GBP), a blocker of TSPI receptor a20-1 subunit of voltage-dependent
Ca?" channel, significantly decreased filopodia formation. Together these data suggest
that TSP1 is released from activated microglia and involved in the microglia-induced
filopodia formation. Filopodia are known to be actin rich structures and I proposed

that actin accumulation was needed for the structural re-arrangements accompanying
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filopodia formation. To visualize actin filaments, I cultured PS5 cortical slices and
transfected them with pCMV-lifeact-mCherry by ballistic gene transfer. Lifeact is a
peptide that binds to actin. Real time imaging revealed that actin accumulated at the
microglia contacted dendritic site, and filopodia formed at the peak of this actin
accumulation. This suggests that microglia contact attracts the recruitment and
formation of actin for filopodia formation.

Finally I investigated whether microglia contact mediated filopodia become
functional synapses. Double transgenic mice were generated by crossing
Ibal-tetracycline transactivator (Ibal-tTA) mice and tetracycline operator-diphtheria
toxin A (tetO-DTA) mice. This enabled the selective ablation of microglia upon
withdrawal of doxycycline (Dox) from the diet. The density of microglia was
significantly decreased three days after of Dox removal, and spine density was
significantly decreased by six days of Dox removal during P5-11. Minocycline
injected mice had reduced spine density. Miniature excitatory postsynaptic currents
(mEPSCs) were recorded from L2/3 pyramidal neurons, and mEPSCs frequency was
significantly reduced in microglia-ablated mice. These data indicate that
microglia-induced filopodia mature into functional synapses during cortex
development.

In conclusion, microglia contribute to excitatory synapse formation through filopodia
formation at L2/3 pyramidal neurons in developmental mice neocortex. This indicate
that microglia contribute not only to neuronal circuit rearrangement but also to circuit

formation.
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