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Microglia are the brain’s resident immune cells and function as the main defense against pathogens or injury. However, in the absence of
disease, microglia have other functions in the normal brain. For example, previous studies showed that microglia contribute to circuit
refinement and synaptic plasticity in the developing and adult brain, respectively. Thus, microglia actively participate in regulating
neuronal excitability and function. Here, we report that in the cortex, but not other brain regions, a subset of microglia extend a single
process that specifically associates and overlaps with the axon initial segment (AIS), the site where action potentials are generated.
Similar associations were not observed with dendrites or distal axons. Microglia–AIS interactions appear early in development, persist
throughout adulthood, and are conserved across species including mice, rats, and primates. However, these interactions are lost after
microglial activation following brain injury, suggesting that such interactions may be part of healthy brain function. Loss of microglial
CX3CR1 receptors, or the specialized extracellular matrix surrounding the AIS, did not disrupt the interaction. However, loss of AIS
proteins by the neuron-specific deletion of the master AIS scaffold AnkyrinG disrupted microglia–AIS interactions. These results reveal
a unique population of microglia that specifically interact with the AIS in the adult cortex.
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Introduction
Microglia are the resident immune cells of the CNS, and their
roles in response to disease and injury have been studied exten-
sively (Kettenmann and Ransom, 2005; Hanisch and Ketten-
mann, 2007). For example, after injury, microglia undergo
dramatic morphological and biochemical changes aimed at pro-
tecting the nervous system, including migrating to and barricad-
ing the injured site, releasing proinflammatory cytokines, and
phagocytosing cellular debris (Kreutzberg, 1996; Hanisch and
Kettenmann, 2007; Ransohoff and Perry, 2009). However, injury
and disease are typically rare events in the lifetime of a brain.
Thus, the functions of microglia in the uninjured and developing
brain have also been of interest to neuroscientists. Indeed, it is
now generally appreciated that “resting” microglia are anything
but resting, and these cells do not simply wait for an insult to the
nervous system to be biologically active. Instead, microglia are
recognized as important contributors to brain development, ho-
meostasis, plasticity, and function.

Live imaging studies of microglia in the uninjured brain show
that although microglial cell bodies are stationary, their processes
are constantly extending and retracting to surveil the surround-

ing environment (Nimmerjahn et al., 2005). Process motility can
be altered by sensory experience, ATP, or neurotransmitters
(Davalos et al., 2005; Tremblay et al., 2010; Fontainhas et al.,
2011). Correspondingly, microglia in the zebrafish optic tectum
preferentially contact highly active neurons. After contact, these
neurons become less responsive to stimuli and have decreased
spontaneous activity (Li et al., 2012). In the developing and adult
brain, microglia contact synapses in an activity-dependent man-
ner and prune some synapses by engulfment (Wake et al., 2009;
Tremblay et al., 2010; Paolicelli et al., 2011; Schafer et al., 2012).
Loss of microglia causes deficits in motor and memory tasks and
impaired motor learning-dependent synaptic plasticity (Parkhurst
et al., 2013). Furthermore, mice with fractalkine receptor CX3CR1-
deficient microglia have impaired synaptic pruning, reduced
functional connectivity, and abnormal social and grooming be-
havior (Paolicelli et al., 2011; Zhan et al., 2014). Although in-
creasing evidence supports the conclusion that microglia
modulate neuronal activity, the mechanisms remain poorly de-
fined. Besides these diverse functions, accumulating evidence
also suggests that microglia are not a homogeneous population of
surveilling cells, but rather that their density, sensitivity to neu-
rotransmitters or neurohormones, and morphology also vary
across brain regions (Lawson et al., 1990; Hanisch, 2013; Gertig et
al., 2014; Pannell et al., 2014).

The axon initial segment (AIS) is responsible for action po-
tential initiation and is a major regulator of neuronal excitability
(Kole and Stuart, 2012). While investigating the response of the
AIS to nervous system injury, we serendipitously discovered a
subpopulation of microglia that specifically align and interact
with the AIS. These associations are seen in the normal brain, and
when microglia are activated by injury, they are significantly less
likely to occur. Loss of the AIS by deletion of its master scaffold-
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ing protein AnkyrinG (AnkG) leads to a significant decrease in
the frequency of interactions. Thus, we propose that AIS-
associated microglia constitute a unique and previously unrecog-
nized population of cells that may influence neuronal excitability.

Materials and Methods
Animals. Thy1-YFP and Ai9;Viaat-Cre mouse brains were gifts from Drs.
Kimberley Tolias and Andreas Tolias, respectively (Baylor College of
Medicine, Houston, TX). AnkG fl/fl mice were described previously (Ho
et al., 2014). CX3CR1 GFP mice were purchased from The Jackson Labo-
ratory. Brevican/Versican (BcVc)-deficient mice were described previ-
ously (Susuki et al., 2013). Sprague Dawley rats were purchased from
Harlan Laboratories and used for controlled cortical impact (CCI) ex-
periments. For all other experiments, C57BL/6 mice were used. Animals
were housed at Baylor College of Medicine with access to food and drink
ad libitum. Prefrontal cortex from an adult male rhesus monkey (Macaca
mulatta) was provided by Dr. Andreas Tolias (Baylor College of Medi-
cine). All surgical and experimental procedures were conducted in accor-
dance with protocols approved by the Baylor College of Medicine
Institutional Animal Care and Use Committee and the NIH Guide for the
Care and Use of Laboratory Animals.

Brain injury. Mild traumatic brain injury (TBI) was induced using a
CCI device as described previously (Robertson et al., 2013). A pneumatic
impactor device was set to 35 psi, giving an impact velocity of 3 m/s, and
induced a 2.5 mm deformation of the brain.

In utero electroporation. The in utero electroporation was described
previously (Hedstrom et al., 2007). The pCAG-Cre-IRES-EGFP plasmid
was a gift from Dr. Franck Polleux (Columbia University, New York) and
was introduced into mouse embryos at E14 in AnkG fl/fl mice or control
mice. Electroporated mice were killed at P30 for immunostaining and
analysis.

Immunostaining. Immunostaining was performed on 35 �m mounted
brain sections as described previously (Baalman et al., 2013). Briefly,
animals were killed with an overdose of isoflurane. Brains were rapidly
removed and placed in 4% PFA for 1 h at 4°C and then transferred to 20%
sucrose in 0.1 M PB and left overnight at 4°C. Brains were sectioned at 35
�m on a freezing stage microtome, and sections were placed on gelatin-
coated coverslips. Blocking was done with 0.1 M PB, 0.3% Triton X-100,
and 10% goat serum (PBTGS) for 1 h at room temperature. Primary
antibodies were diluted in PBTGS and left overnight at room temper-
ature. After three washes with PBTGS, secondary antibodies were
diluted in PBTGS and left at room temperature for 2 h. After three
washes, slides were air dried and mounted for visualization using a
fluorescence microscope.

Antibodies. Anti-AnkG (N106/36), anti-FGF14 (N56/21), and anti-
Nav1.6 (K87A/10) mouse monoclonal antibodies were purchased
from NeuroMab. Affinity-purified rabbit polyclonal antibodies
against �IV spectrin were described previously (Yang et al., 2004).
NeuN was purchased from Millipore (MAB377). Anti-GFP was pur-
chased from Nacali Teque (GF090R). Hoechst was purchased from
Invitrogen (H3570). Anti-Iba1 was purchased from Wako Chemicals
(019-19741). CD11b was purchased from AbD Serotec (MCA711).
All fluorescent secondary antibodies were purchased from Invitrogen
and Jackson ImmunoResearch.

Imaging and analysis. Imaging was performed on a Zeiss Observer Z1
microscope using AxioVision and Zen software. For all quantification,
20� (0.8 numerical aperture) z-stacks were taken. Automated AIS quan-
tification was described previously (Baalman et al., 2013). All other image
analysis was performed using ImageJ. Brain regions [primary motor cor-
tex (M1), primary visual cortex (V1), primary somatosensory cortex
barrel field (S1BF), thalamus, and striatum] were identified using The
Rat Brain in Stereotaxic Coordinates (Paxinos and Watson, 2007). For
NeuN analysis, three animals were used, two brain sections per animal,
and 12 20� fields of view (FOVs) per section (6 FOVs per hemisphere).
For Thy1 analysis, three animals were used, two brain sections per ani-
mal, and 8 FOVs per section. For the developmental studies and adult
analysis, three animals were used per time point, two brain sections per
animal, and 8 –12 FOVs per section per brain region. For the Ai9;Viaat-

Cre brains, four animals were used, one brain section per animal, and 12
FOVs per section (6 FOVs per hemisphere). For CX3CR1 GFP/GFP and
Brevican/Versican-deficient brains, three mice were used, two brain sec-
tions per animal, and 12 FOVs per section (6 FOVs per hemisphere). For
the CCI studies, three rats were used per time point, two brain sections
per animal, 6 FOVs per hemisphere (ipsilateral or contralateral). For a
microglia process to be counted as being associated with an AIS, it had to
have a process and/or cell body that followed at least 50% of the length of
the AIS. In all experiments, n equals the number of animals.

Statistical analyses. All statistical analyses were performed using
GraphPad Prism software. For two-group comparisons, Student’s t test
was used. For multigroup comparisons, one-way ANOVA was used with
Bonferroni’s post hoc test. For the CCI data, a two-way ANOVA was used
with Bonferroni’s post hoc test. Data are presented as mean � SEM unless
noted otherwise, and p values �0.05 were considered significant.

Results
A subset of “satellite” microglia associate with the AIS
A variety of nervous system injuries can dismantle or remodel the
AIS (Schafer et al., 2009; Kuba et al., 2010; Baalman et al., 2013;
Hinman et al., 2013). Since microglia are activated by nervous
system injury, we reasoned that they might also disrupt the AIS.
To determine the location of microglia in the intact, uninjured
brain relative to the AIS, we labeled brain sections from
CX3CR1�/GFP mice (GFP-labeled microglia; Jung et al., 2000)
with anti-NeuN to visualize neuronal cell bodies and anti-AnkG
to identify the AIS. We found that in the adult mouse cortex, a
subset of microglia (15.69 � 0.44%) were intimately associated
with the neuronal cell body (Fig. 1A); these microglia have pre-
viously been called perineuronal satellite microglia and may pro-
vide trophic or metabolic support to highly active neurons, or be
involved in synaptic remodeling of those cells they contact
(Kettenmann and Ransom, 2005). By contrast, only 2.84 �
0.13% of cortical neurons were found to have satellite microglia.
Although satellite microglia were detected on all parts of the
soma (20.15 � 2.12% and 18.01 � 3.37% contacting apical
and lateral regions, respectively), they were preferentially
found on the axonal side (61.84 � 4.96%). Remarkably,
among those satellite microglia found on the axonal side, 47%
(28.78 � 0.26% of all satellite microglia) had a process that
appeared to interact with and extend along at least half of the
AIS (Fig. 1B). Immunostaining with a variety of markers for
the AIS (FGF14, AnkG, Nav1.6, and �IV spectrin) and micro-
glia (Iba1 and Cd11b) confirmed overlapping immunoreac-
tivities (Fig. 1C–F ). Furthermore, AIS–microglia associations
are present in multiple species, including mice (Fig. 1B–F, I, J ),
rats (Rattus norvegicus; Fig. 1K ), and nonhuman primates
(Macaca mulatta; Fig. 1L).

Using Thy1-YFP mice that have constitutively labeled layer 5
pyramidal neurons, we found that microglia associated with the
apical dendrite in only 0.14 � 0.07% of YFP� neurons (n � 3
animals, 905 neurons), whereas 4.35 � 0.95% of YFP� neurons
had microglia aligned with their AIS (Fig. 1G–I). Close examina-
tion of AIS-associated microglia revealed that their cell bodies
could be located at a variety of positions along the AIS (Fig.
2A,F): at the start of the AIS adjacent to the neuronal cell body
(Fig. 2B), at the middle of the AIS (C), or at the end of the AIS
(D). We also found examples of overlapping AIS and micro-
glia processes where the cell body did not contact the AIS (Fig.
2E). Together, these results reveal a unique and previously
unrecognized group of Axon initial segment associated (AXIS)
microglia.

Although microglia enter the mouse brain at about embry-
onic day 9.5 (E9.5; Chan et al., 2007; Ginhoux et al., 2010),
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they are relatively sparse until postnatal day 7 (P7)–P9, when
microglia proliferate and undergo rapid local expansion
(Hristova et al., 2010). To determine when AXIS microglia
appear, we analyzed cortex from P9, P15, and P30 mice. Al-
though AXIS microglia were found at all time points examined
(Fig. 3 A, B), the frequency increased throughout develop-
ment, and their position at the proximal AIS became more
prominent with increasing age (Fig. 2F ). The number of mi-
croglia per FOV increased significantly between P9 and P15, as
microglia rapidly divided to populate the cortex, but the den-
sity then decreased by P30 as the size of the brain increased
(Fig. 3C). Since nearly all AISs in the cortex are present by P9
(Galiano et al., 2012), we also observed a decrease in the num-
ber of AISs per FOV due to the increase in brain size during
development (Fig. 3D).

To determine whether there are differences in the number of
AXIS microglia among brain regions, we measured their percent-
ages and the percentages of AISs with AXIS microglia in M1,
S1BF, V1, thalamus, and striatum in adult mice (8 –12 weeks old;
Fig. 3E,F). We found that the percentage of AXIS microglia is
consistent across cortical areas (�8% of microglia are AXIS mi-
croglia in the adult cortex), but the thalamus and striatum have
significantly fewer AXIS microglia (Fig. 3E), resulting in signifi-
cantly fewer AISs with associated microglia in these latter brain
regions (Fig. 3F). Furthermore, the cortical areas and striatum
had similar numbers of microglia per FOV, whereas the thalamus
has significantly fewer microglia per FOV (Fig. 3G), suggesting
that differences in the percentage of AXIS microglia across brain
regions do not simply reflect differences in the number of micro-
glia found in those brain regions. On the other hand, the fre-

Figure 1. A subset of satellite microglia interact with the AIS. A, Mouse cortical neurons labeled for NeuN (red) and AnkG (blue) are contacted by perineuronal satellite microglia (arrow; GFP from
a CX3CR1 GFP/� mouse). B, A mouse cortical neuron labeled for NeuN (red) and AnkG (blue), and a perineuronal satellite microglia aligned along the AIS (arrow; GFP from a CX3CR1 GFP/� mouse).
Hoechst labels nuclei (white in the merged image). C, Immunostaining for FGF14 to label the AIS (red, arrow), Iba1 to label microglia (green), and Hoechst to label nuclei (blue). D, Immunostaining
for AnkG to label the AIS (red, arrow), Iba1 to label microglia (green), and Hoechst to label nuclei (blue). E, Immunostaining for Nav1.6 to label the AIS (red, arrow), Iba1 to label microglia (green),
and Hoechst to label nuclei (blue). F, Immunostaining for �IV spectrin to label the AIS (green, arrow), Cd11b to label microglia (red), and Hoechst to label nuclei (blue). G, Quantification of
associations between microglia and the apical dendrite or AIS in Thy1� layer 5 pyramidal cells (n � 3, 904 cells). H, Satellite microglia do not associate with the apical dendrite (arrow) in layer 5
cells. I, Example of overlapping AIS (arrow) and microglial branch in Thy1� cell. J–L, Immunostaining of AIS (AnkG, red), microglia (Iba1, green), and nuclei (Hoechst) in mouse (J ), rat (K ), and
macaque (L) cortex. Scale bars: A, 10 �m; B–F, H–L, 5 �m. *p � 0.05 (unpaired t test with Welch’s correction).
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quency of interactions may reflect the number of AISs in a brain
region that can be contacted since the percentage of AXIS micro-
glia most closely parallels the number of AISs in a given brain
region (Fig. 3H). Together, these observations reveal develop-
mental and brain-region-specific differences in the number of
AXIS microglia.

Activated microglia do not associate with the AIS
What do AXIS microglia do? In the normal brain, AXIS microglia
are morphologically indistinguishable from other microglia.
Nevertheless, in many instances, the longest process of AXIS mi-
croglia overlapped with the AIS (Fig. 1D), but a single long mi-
croglial process was not predictive of AIS overlap (data not
shown). Microglia have very plastic morphologies, and virtually
any insult to the brain can cause microglia to become activated
(Nimmerjahn et al., 2005; Hanisch and Kettenmann, 2007). Ac-
tivated microglia have a variety of morphological responses, in-
cluding increased soma size, retraction and thickening of
processes, and eventually loss of all processes (Hanisch and
Kettenmann, 2007; Ransohoff and Perry, 2009). To determine
whether the number of AXIS microglia increases in response to

brain injury and whether microglia contribute to AIS disruption
or remodeling, we examined AXIS microglia in the CCI model of
TBI. Using the impactor, we induced a mild TBI as described
previously (Robertson et al., 2013). Robust morphological
changes occurred in microglia on the ipsilateral (injured) side of
the brain as early as 3 h after injury, accompanied by an increase
in Iba1 expression that persisted for 72 h after injury (Fig. 4A). At
3, 24, and 72 h after injury, we found significantly fewer AXIS
microglia on the injured side of the brain (Fig. 4B). Furthermore,
the number of AIS with AXIS microglia was also reduced (Fig.
4B). We did not observe an increase in the total number of mi-
croglia on the ipsilateral side of the brain until 72 h after injury,
although we cannot exclude the possibility that these cells corre-
spond to infiltrating macrophages in response to the injury, and
we observed no reduction in the number of AISs (Fig. 4C). Thus,
in contrast to our original expectation, microglia do not prefer-
entially interact with the AIS after injury, and they do not con-
tribute to AIS dismantling. Instead, these data suggest that AXIS
microglia are a class of surveilling microglia that play roles pri-
marily in normal brain function.

Figure 2. AIS-associated microglial cell bodies are preferentially located at the start of the AIS. A, AnkG-labeled cortical AIS (red) and GFP� microglia from a CX3CR1 �/GFP mouse show multiple
examples of AIS–microglia overlaps (white boxes). B–D, Microglial cell bodies located at the start (B), middle (C), and end (D) of the AIS. E, A “branched: microglial cell process associated with the
AIS. F, Quantification of the location of the AIS-associated microglial cell body relative to the AIS at P9, P15, and P30 and in the adult. P9, P15, and P30 data are from M1 only; adult data include
regions M1, S1BF, and V1. Scale bars: A, 25 �m; B–E, 8 �m.
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AXIS microglia preferentially associate with
excitatory neurons
Perineuronal satellite microglia have been suggested to provide
trophic or metabolic support to highly active neurons, or to be

involved in synaptic remodeling (Kettenmann and Ransom,
2005). Alternatively, AXIS microglia may preferentially associate
with functionally distinct types of neurons. To test this possibil-
ity, we used Viaat-cre;Ai9 reporter mice, which express tdTomato

Figure 3. The frequency and distribution of AXIS microglia. A, The percentage of AXIS microglia as a function of age. B, The percentage of AISs with an associated microglia as a function of age.
C, The number of microglia per FOV changes as a function of age. D, The number of AISs per FOV decreases as the size of the brain increases during development. E, F, The percentage of AXIS microglia
in different brain regions: M1, S1BF, V1, thalamus (Thal), and striatum. G, H, The numbers of microglia per FOV and AISs per FOV in different brain regions. *p � 0.05; **p � 0.01; ***p � 0.001
(one-way ANOVA with Bonferroni’s multiple comparison test). n � 3 animals in all experiments.
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Figure 4. Activated microglia do not associate with the AIS. A, Representative images from 3, 12, and 72 h after injury on both the injured and contralateral sides of the brain. Asterisks indicate
AXIS microglia (green, anti-Iba1); AISs are labeled by anti-AnkG (red). B, The percentage of AXIS microglia at 3, 24, and 72 h after injury. C, The number of microglia is significantly higher 72 h after
injury, whereas the number of AISs does not change. Scale bars, 25 �m. *p � 0.05; **p � 0.01; ***p � 0.001 (two-way ANOVA with Bonferroni multiple comparison test), n � 3 animals per time point.
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specifically in GABAergic neurons (Fig. 5A; Chao et al., 2010).
Consistent with previous reports, we found 15.34 � 2.74% of
neurons in the adult cortex (M1) to be labeled for tdTomato
(Merchant et al., 2012). Of 1750 tdTomato� cells (n � 4 ani-
mals), 1.08 � 0.26% had AXIS microglia (Fig. 5B). This was
significantly fewer than for tdTomato� neurons, of which 1.95 �
0.23% had AXIS microglia (Fig. 5C,D). In Thy1-YFP mice, AXIS
microglia were found at 4.35 � 0.95% of layer 5 pyramidal neu-
rons (Fig. 1G,I), compared to 1.26 � 0.09% for all neurons across
the cortex. Together, these data suggest that AXIS microglia pre-
fer specific neuronal populations.

AXIS microglia require an intact AIS
How do AXIS microglia associate with the AIS, and are AIS pro-
teins required for this interaction? Since little is known about the
molecules mediating interactions between microglia and neu-
rons, we tested whether CX3CR1 GFP/GFP mice (fractalkine recep-
tor knock-out), have reduced numbers of AXIS microglia.
CX3CR1 signaling was shown previously to be involved in neu-
ron–microglia communication, synaptic pruning by microglia,
microglia migration, hippocampal neurogenesis, and cognitive
function (Sierra et al., 2010; Bachstetter et al., 2011; Paolicelli et
al., 2011; Rogers et al., 2011; Hoshiko et al., 2012). Compared
with CX3CR1�/GFP mice, we found no difference in the percent-
age of AXIS microglia or AISs contacted by microglia, or total
number of microglia or AISs (Fig. 6A,C–F). Thus, CX3CR1 sig-
naling is not required for AXIS microglia.

AISs are ensheathed by a specialized extracellular matrix
(ECM) consisting of the chondroitin sulfate proteoglycans
Brevican and Versican (Hedstrom et al., 2007; Susuki et al.,
2013). To determine whether AXIS microglia interact with
this AIS ECM, we generated mice lacking both Brevican and
Versican (BcVc DKO; Susuki et al., 2013). However, we found
no difference in the percentage of AXIS microglia or AISs
contacted by microglia, or the total number of microglia or
AISs (Fig. 6 B, C–F ). Thus, the AIS ECM is not required for
AXIS microglia.

Finally, to determine whether AXIS microglia require an in-
tact AIS, we eliminated AnkG expression from individual cortical
neurons in vivo. AIS assembly and the clustering of all AIS pro-
teins depends on AnkG (Hedstrom et al., 2007). To do this, we
performed in utero electroporation at embryonic day 14 to intro-
duce Cre-GFP into AnkG fl/fl mice (AnkG KO) or control
(AnkG�/�) mice. We confirmed that AnkG fl/fl neurons express-
ing Cre-GFP had no AnkG-labeled AISs (Fig. 6G,H, arrow). We
counted the number of AXIS microglia in electroporated neu-
rons from P30 mice and saw a significant decrease in the fre-
quency of interactions in AnkG KO neurons compared to control
animals electroporated with the same construct (Fig. 6I, arrow, J;
n � 1011 GFP� electroporated neurons from three AnkG fl/fl

mice and 1014 GFP� electroporated neurons from four control
mice). In contrast, we saw no decrease in the percentage of
perineuronal satellite microglia (Fig. 6K). These results strongly
suggest that specific AIS proteins mediate neuron–microglia in-
teractions and define AXIS microglia.

Discussion
To understand how the brain works will require a detailed under-
standing of its cellular constituents, their functions, and their
interactions. Cells in the brain have been classified according to
their transcriptional profiles, the unique molecules they express,
and their location, excitability, and morphology. Whereas the
diversity of neurons is widely appreciated and has been studied
for many years, glial diversity is only now being characterized and
shown to contribute to nervous system function. For example, it
is evident that heterogeneity exists among both astrocytes and
microglia, and their properties can even be modulated by stimuli
ranging from normal neural activity to injury and disease (Zhang
and Barres, 2010; Rusnakova et al., 2013; Gertig and Hanisch, 2014).

The results presented here are the first showing a unique pool
of cortical perineuronal satellite microglia that specifically asso-
ciate with the AIS in the uninjured brain; we have named these
cells AXIS microglia. Although we do not know whether AXIS
microglia have unique transcriptional or protein expression pro-

Figure 5. AXIS microglia preferentially interact with non-GABAergic neurons. A, Cortex showing GABAergic neurons (tdTomato, red), AISs (anti-AnkG, blue), and microglia (anti-Iba1, green). B,
C, Example of a microglia/AIS interaction in a tdTomato� cell (B) and a tdTomato� cell (C). Arrows show overlapping processes, and the asterisk marks the neuronal cell body. D, The percentage
of tdTomato� and tdTomato� neurons with AXIS microglia (n � 4 mice). Scale bars: A, 25 �m; B, C, 5 �m. *p � 0.05 (unpaired Student’s t test).
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files, the specific association and interaction of AXIS microglia
with the AISs of cortical neurons suggests they comprise a distinct
population of microglia. However, the response of AXIS micro-
glia to injury shows that as with other microglia in the brain, their
phenotype is plastic and they can actively respond to disease or
injury. Thus, in addition to the classifiers of cell types listed
above, we propose that the connections among cell types and the
state of the brain (i.e., disease, activity, etc.) must also be consid-
ered when classifying cells in the nervous system.

AXIS microglia comprise �8% of the total cortical microglia,
but associate with only a small percentage of AISs: 1% across the
entire cortex, but as high as 4% in layer 5 pyramidal neurons.
AXIS microglia preferentially interact with cortical excitatory
neurons, but are rarely observed in thalamus, striatum, or cere-

bellum. In vivo imaging of microglia suggests that although mi-
croglial cell bodies are quite stationary, their processes are
extremely motile (Nimmerjahn et al., 2005). Since the majority of
AXIS microglial cell bodies are located at the start of the AIS, it
will be interesting to determine whether the processes associated
with the AIS are also static, or if they are highly motile and only
transiently contact the AIS. If the latter is true, the measure-
ment of 1– 4% of AISs being contacted by AXIS microglia may
underestimate the total number of AISs sampled. In any case,
it is not clear why some neurons have AXIS microglia, whereas
most do not.

AXIS microglia may reflect unique properties of the contacted
AISs, the AXIS microglial cells, or both. Several cell adhesion
molecules (CAMs) and extracellular matrix molecules are en-

Figure 6. An intact AIS is required for AIS–microglia interactions. A, AXIS microglia in a CX3CR1 GFP/GFP (CX3CR1 KO) mouse. The AIS (arrow) is labeled using anti-�IV spectrin antibodies (red). B,
AXIS microglia labeled using Iba1 antibodies (red) in a Brevican�/�;Versican�/� (BcVc DKO) mouse. The AIS (arrow) is labeled using anti-AnkG antibodies (green). C, D, Neither the percentage
of microglia contacting the AIS nor the percentage of AIS with AXIS microglia is different between control, CX3CR1 KO, and BcVc DKO mice. E, F, Neither the number of microglia per FOV nor the
number of AISs per FOV is different between control, CX3CR1 KO, and BcVc DKO mice. G, A perineuronal satellite microglia (Iba1, red) at the start of the axon in a Cre-GFP electroporated,
AnkG-deficient neuron. AISs are labeled using anti-AnkG antibodies (blue), and nuclei are labeled by Hoechst (white in the merged image). The axon is indicated by an arrow, and the microglial
process does not interact with the axon. H, Example of an interaction in a neuron lacking AnkG with the microglia in the middle of the AIS. The axon is indicated by an arrow. I, Example of a control
GFP� cell (green) with an AXIS microglia labeled using anti-Iba1 antibodies (red). The AIS is labeled using antibodies against AnkG (blue), and the nuclei of the neuron and AXIS microglia are labeled
using Hoechst (white in the merged image). J, K, The percentage of control and AnkG-deficient (AnkG KO) neurons with an AXIS microglia (J ) or satellite microglia (K ). Scale bars: A, B, 5 �m; G–I,
8 �m. **p � 0.01 (unpaired Student’s t test). In A–F, n � 3 mice per genotype. In G–K, n � 3 mice for AnkG KO, with 1011 analyzed, and n � 4 mice for controls, with 1014 neurons analyzed.
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riched at the AIS, including NF186, NrCAM, Caspr2, TAG1,
ADAM22, Brevican, and Versican (Hedstrom et al., 2007; Ogawa
et al., 2008, 2010; Susuki et al., 2013). The ECM proteins Brevican
and Versican are dispensable for AXIS microglia, but future stud-
ies will be required to determine whether other known AIS CAMs
interact with AXIS microglia. Alternatively, some other unknown
AIS CAM may be specific to those neurons contacted by AXIS
microglia and mediate the interaction. Loss of AnkG (AnkG is
required for all AIS-enriched proteins; Hedstrom et al., 2007)
significantly reduced the number of AXIS microglia, confirming
that molecules normally restricted to the AIS are important for
AXIS microglia and that the interactions described here are not
random.

What do AXIS microglia do? AXIS microglia may provide
trophic support to neurons to modulate their functions and/or
viability, as has been proposed for other satellite microglia
(Kettenmann and Ransom, 2005; Ueno et al., 2013). Several cell
types in the brain specifically contact and interact with the AIS.
Chandelier neurons in the cortex form GABAergic synapses on
the AISs of excitatory neurons. These synapses modulate pyrami-
dal neuron output since they provide excitatory or inhibitory
drive to the AIS depending on the pyramidal neuron’s resting
membrane potential (Szabadics et al., 2006; Woodruff et al.,
2011). In the cerebellum, GABAergic basket cells innervate Pur-
kinje neuron AISs and form the highly organized cerebellar
pinceau. These terminals are enriched with K� channels and
have been proposed to modulate Purkinje neuron output, al-
though this conclusion remains controversial (Iwakura et al.,
2012). By analogy to chandelier and basket cell neurons, the func-
tion of AXIS microglia may be to modulate the excitable proper-
ties of the AISs they contact. This could occur through the
regulation of local ion concentrations, for example, by buffering
K� through inwardly rectifying K� channels found in microglia
(Newell and Schlichter, 2005). Alternatively, AXIS microglia may
monitor AIS synapses. During development, microglia engulf
synaptic material, suggesting that they actively prune synapses
and participate in circuit refinement (Paolicelli et al., 2011; Scha-
fer and Stevens, 2013). In the adult brain after disease or injury,
microglia can strip synapses from dendrites. We speculate that
AXIS microglia may perform similar functions for chandelier
neurons at the AIS in the adult, uninjured brain. This function
would be consistent with recent studies showing that AIS prop-
erties are plastic and can be modified depending on neural activ-
ity (Grubb and Burrone, 2010; Kuba et al., 2010; Baalman et al.,
2013). In this case, AXIS microglia may alter neuronal activity by
removing GABAergic synapses that, depending on the state of the
neuron being modified, could increase or decrease AIS excitabil-
ity. Testing these possibilities will require efficient ways of simul-
taneously monitoring both AIS properties and AXIS microglia in
the intact brain.

In conclusion, we describe AXIS microglia, a subpopulation
of microglia that specifically associate with the axon initial seg-
ment. Although the functions of these cells are at present enig-
matic, our data provide additional support for the concept that
microglia are heterogeneous and play diverse roles in the normal
adult brain.
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