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Abstract

Microglia are the innate immune cells of the central nervous system (CNS). In the adult
uncompromised CNS, they have a highly ramified morphology and continuously ex-
tend and retract their processes. A subpopulation of microglial cells forms close soma-
to-soma contacts with neurons and have been termed satellite microglia, yet the role
of such interaction is largely unknown. Here, we analyzed the distribution of satellite
microglia in different areas of the CNS of adult male mice applying transgenic- and
immunolabeling of neuronal subtypes and microglia followed by three-dimensional
imaging analysis. We quantified satellite microglia associated with GABAergic and
glutamatergic neurons in the somatosensory cortex, striatum, and thalamus; with
dopaminergic and serotonergic neurons in the basal forebrain and raphe nucleus, re-
spectively; and with cerebellar Purkinje cell neurons. Satellite microglia in the retina
were assessed qualitatively. Microglia form satellites with all neuronal subtypes stud-
ied, whereas a preference for a specific neuron subtype was not found. The occur-
rence and frequency of satellite microglia is determined by the histo-architectural

organization of the brain area and the densities of neuronal somata therein.
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1 | INTRODUCTION

Microglia are the resident immune cells of the central nervous system
(CNS) and function as a first line of defense against pathogens, during
brain perturbations and in neurodegeneration. They also have impor-
tant roles during development and for homeostasis in the uncompro-
mised CNS, where they contribute to synaptic plasticity and neuronal
function (Colonna & Butovsky, 2017; Kettenmann et al., 2011; Schafer
et al.,, 2012; Tremblay et al., 2011). Microglia originate from the yolk

sac and colonize the CNS during early embryonic development. In the
mature healthy brain, they are characterized by a distinct ramified mor-
phology with small cell bodies and branched processes that constantly
surveil their surrounding environment (Davalos et al., 2005; Kettenmann
et al,, 2011; Nimmerjahn et al. 2005). Each microglial cell occupies a de-
fined territory and microglial cell bodies are not in direct contact with
each other (Lawson et al., 1990). It is well established that microglia rep-
resent a phenotypic diversity in terms of number, morphology, activity,
and transcriptomics across brain regions in the adult healthy brain (De
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Biase et al., 2017; Grabert et al., 2016; Masuda et al., 2020). Microglia
are equipped with a plethora of neurotransmitter and neuromodulator
receptors (Kettenmann et al., 2011; Pocock & Kettenmann, 2007), by
which they potentially can sense synaptic activity. It has also become
evident that microglia are heterogeneous with respect to their sensitiv-
ity to neurotransmitters/neurohormones (Pannell et al., 2014).

Already more than a century ago, del Rio Hortega described a
subpopulation of microglia in the rabbit brain, whose cell bodies are
in close contact with a neuron soma. He termed these cells satellite
microglia (Del Rio Hortega, 1919). Due to their close soma-to-soma
interaction they were suggested to provide trophic or metabolic sup-
port to highly active neurons (Streit, 2005). It is unknown whether
the perineuronal satellite microglia plays a functional role for its part-
ner neuron that distinguishes it from the parenchymal non-satellite
microglia. In a previous study, we analyzed if an electrical cross talk
exists between these closely interacting cells by simultaneous elec-
trophysiological recordings from neurons and their satellite microglia.
Although we did not find correlated neuronal and microglial activity or
dye-coupling, we could identify intrinsic, spontaneous microglial ac-
tivity, which was, however, also seen in parenchymal microglia.

Recently, Baalman et al. (2015) described a subpopulation of sat-
ellite microglia in the cortex called AXIS microglia. Their cell bodies
are preferentially attached to the side of cortical neurons where the
axon originates. AXIS microglia can form a single cellular process
overlapping with the axon initial segment (AlS). This interaction de-
pends on an intact neuronal Ankyrin G cytoskeletal scaffold. AXIS
microglia occur early postnatally and reach a steady state in adult
animals. Upon activation by traumatic brain injury, the contacts be-
tween microglia and AIS are reduced, suggesting that the AXIS mi-
croglia may be important for intact brain function. AXIS microglia
were more often found at non-GABAergic neurons than GABAergic
neurons, and more frequently associated with pyramidal neurons
in cortical layer V than with the entire cortical neuron population.
Although these findings indicate that direct interaction of microg-
lia may be specific to functional subtypes of neurons and particular
brain regions, the factors which determine satellite microglia forma-
tion throughout the CNS remain largely unknown.

Here, we studied the interactions of satellite microglia with dif-
ferent functional subtypes of neurons in the adult CNS, and assessed
whether a systematic pattern exists that may be governed by tissue
architectural cues in a given brain region. Transgenic reporter mice
with fluorescently labeled GABAergic, glutamatergic, and serotonergic
neurons and a combined immunofluorescence approach were used to
label specific neuronal subtypes and the microglia population. Stacks
of confocal images from different CNS regions were subjected to
guantitative approaches to determine absolute neuron and microglia
densities, and percentage of satellite microglia. We investigated satel-
lite formation with GABAergic or glutamatergic neurons in the cortex,
striatum, and thalamus; with the cerebellar Purkinje cells; and with se-
rotonergic neurons in the raphe nucleus and dopaminergic neurons in
the substantia nigra (SN). Our findings indicate that in the adult brain
the neuronal density in a given brain region correlates with the fre-
guency of satellite microglia. We did not find a preference for defined

Significance

Microglia are the immune cells of the central nervous system.
A subpopulation, satellite microglia, form direct contact of their
cell body to a neuron soma. This particular neuron-glia interac-
tion may have implications for neuron function. To understand
what factors determine satellite microglia formation, we per-
formed a morphological analysis of adult mouse brains and reti-
nae and studied interactions with different neuronal subtypes.
Satellite microglia occur in all areas containing neuron somata.
Their frequency is determined by the neuron density in a given
brain region, whereas a preference to form a satellite with neu-

rons of a specific neurotransmitter subtype was not found.

neuronal subtypes but found that satellite microglia are associated
with all the neuronal subtypes which have been analyzed.

2 | MATERIALS AND METHODS

2.1 | Mice

All mice used in this study were based on a C57BL/6 background, if
not stated otherwise. Animals were kept according to the German
law for animal protection under a 12-hr dark-light cycle with food
and water supply ad libitum. Male animals aged 9-12 weeks were
used for this study. The Csf1R-EGFP (“MacGreen EGFP”) mouse
line (RRID:MGI_3052341) expresses enhanced green fluorescent
protein (EGFP), driven under the Csflr (colony-stimulating factor 1
receptor) promoter in microglia (Sasmono et al., 2003). These mice
were crossbred to the B6.Cg-Gt(ROSA)26Sorim4(CAG tdTomatolHze /)
mouse strain (Jackson Laboratory) (RRID:IMSR_JAX:007914) with a
loxP-flanked STOP cassette of the red fluorescent protein variant of
tdTomato (Madisen et al., 2010). The resulting MacGreen EGFP x td-
Tomato strain was either crossbred to vglut2 (vesicular glutamate
transporter2)-ires-cre knock-in mice (Slc17a6™reltow/). Jackson
Lab; RRID:IMSR_JAX:016963) that have Cre recombinase expres-
sion directed to excitatory glutamatergic neurons, or to vgat (vesic-
ular GABA transporter)-ires-cre knock-in mice (Slc32q1tmereltowl;).
Jackson lab; RRID:IMSR_JAX:016962) that have Cre recombinase
expression directed to inhibitory GABAergic neurons. Offspring
showed Macgreen EGFP expression in microglia and robust expres-
sion of tdTomato in either excitatory glutamatergic neurons or in
inhibitory GABAergic neurons. For the sake of simplicity, they are
termed vgat- or vglut mice in the following. The TPH2-ChR2(H134R)-
EYFP transgenic mice (RRID:IMSR_JAX:014555) (Zhao et al., 2011)
express Channelrhodopsin-2-EYFP (enhanced yellow fluorescent pro-
tein) under the control of the promoter for tryptophan hydroxylase 2
(TPH2) which results in fluorescent labeling specific to serotonergic
neurons. Mice were kindly provided by PD Dr. Friederike Klempin
(Max Delbriick Center for Molecular Medicine, Berlin, Germany).
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2.2 | Immunohistochemistry

Immunohistochemistry was performed on slices prepared from frozen
brains or retinae and on retinal whole mounts. Mice were anesthetized
(Narcorene, 100 mg/kg, i.p., Merial GmbH, Germany) and perfused
transcardially with 10 ml of 0.9% saline solution followed by 50 ml of
4% paraformaldehyde in 0.1 M PB (pH 7.4). The dissected brains or
eyes were postfixed in 4% paraformaldehyde in 0.1 M PB buffer for
12 h at 4 °C, then cryoprotected in sucrose (20% and 30% for 24 h
each) in PBS (pH 7.4) at 4 °C, frozen in 2-methylbutane precooled
on dry ice, and stored at -80°C. Frozen brains were sectioned coro-
nally into 50-pm thick slices on a sliding microtome (Leica SM2000R,
Nussloch, Germany). Brain regions were localized with the help of the
Mouse Brain in stereotactic coordinates atlas (Paxinos & Franklin, 2001).

To isolate the retinae, the eyes were enucleated after perfusion,
either postfixed and cryoprotected as above, embedded in methyl-
cellulose and frozen. Twenty-micrometer thick transverse cryosec-
tions of the retinae were mounted to glass slides (Superfrost®Plus,
Menzel-Glaser, Braunschweig, Germany).

Rabbit anti-lbal (1:500; FUJIFILM Wako Shibayagi cat# 019-
19741, RRID:AB_839504) and chicken polyclonal anti-NeuN antibod-
ies (1:500, EMD Merck Millipore, Darmstadt, Germany, cat# ABN91,
RRID:AB_11205760) were used to label microglia and neurons, re-
spectively. Dopaminergic neurons were labeled by sheep anti-Tyrosine
Hydroxylase polyclonal antibodies (1:1,000; AB1542 Merck Millipore,
Darmstadt, Germany; RRID:AB_90755). Goat polyclonal anti-green flu-
orescent protein (GFP) antibodies (1125; Acris Antibodies, Cat# R1091P,
RRID:AB_1002036) were used to enhance the signal in serotonergic re-
porter mice (see Table S1). GABAergic, glutamatergic, and serotonergic
neurons were identified by their transgenic labels. Primary antibodies
were visualized by donkey secondary antibodies conjugted to Alexa
fluor-488, Cy 3 or Alexa fluor-647 (1:200 Jackson/Dianova, Hamburg).

Immunolabeling was performed on free-floating brain slices or ret-
inal whole mounts, and on mounted retina sections. First, slices/slides
were rinsed with TBS (50 mM Tris, 146 mM NaCl, pH 7.4) and then
were incubated for 15 min in a detergent-containing solution (2% Triton
X-100 in TBS) followed by incubation in blocking solution (5% BSA, 5%
donkey serum, 0.2% Triton X-100 in TBS) for 1 hour at room tempera-
ture. Slices were incubated with primary antibodies, diluted in 50%
blocking solution for 48 hr at 4°C with gentle agitation. After several
washes with TBS-T (TBS, 0.5% Tween, 0.1% BSA), slices were incubated
with secondary antibodies for 2 hr at RT. Nuclei were labeled with DAPI
(200 nM, in TBS). Immunolabeled slices were mounted onto glass mi-
croscope slides, embedded in Aqua Polymount media (Polysciences

Europe GmbH, Germany), and kept at 4°C until image acquisition.

2.3 | Imaging

Confocal images were taken at a resolution of 1,024 x 1,024 pixels
from the different brain areas (see Table S2) using an LSM700 confo-
cal laser scanning microscope (Carl Zeiss, Jena, Germany), equipped

h 1107

with motorized table, four diode lasers, and controlled by Zen2010

Neuroscience Researc

software. Z-stacks with 1-pm steps were acquired from the bot-
tom to the top optical section showing fluorescent profiles, using a
Plan Apochromat 20x/NA 0.8 or a Plan-Neofluar 40x/NA 1.30 oil-
immersion objective. Pinhole size was set to 1 Airy unit. For compar-
ative analysis of the cortex, striatum, and thalamus (Figure 2), three
(cortex: four) slices were scanned per animal (from three animals).
For analysis of the SN, a total of nine sections (from three animals)
were scanned. A total of eight sections, containing the raphe nu-
cleus (from five animals), were scanned, and cerebellar Purkinje cells
were analyzed in 15 sections from three animals. Although all slices
were sectioned at a thickness of 50 um, this thickness was not repro-
duced when imaging Z-stacks. The Z-stack optical thickness varied
between 18 and 45 um (27.5 + 6.8 um SD, n = 24 slices), which was
on average 55% of the original thickness. Thickness appeared to de-
crease depending on the time after embedding which indicated that
the slices undergo some flattening. Bermejo et al. (2003) have quan-
tified the shrinkage of sections and reported a mean shrinkage in the
Z-direction of 43%, which concurs with our observation. For calcu-

lating 3D volumes, we inferred the original slice thickness of 50 pm.

2.4 | 3D analysis of cell densities and microglia-
neuron surface contacts

The 3D Imaris interactive software package (version 9.2, Bitplane,
Oxford Instruments, RRID:SCR_007370) equipped with the colocal-
ization tool was used to analyze the fluorescent tiled Z-stack images
of cortical, thalamic, and striatal areas. First, four to six rectangular
clippings of the Z-stacks were randomly selected from each brain
area of interest for subsequent analysis. Surface rendering was per-
formed on the cropped volumes for the Iba-1 channel to dissect the
microglia cell body surfaces, and for NeuN or vgat td Tomato fluo-
rescent channel to dissect the neuron soma surfaces. In case of high
background fluorescence of the tdTomato signals in layer IV of the
cortex, the vglut-positive neurons were first dissected with the help
of fluorescence colocalization with the NeuN channel, and subse-
quently neuronal surfaces were rendered from the colocalization
channel. In ROIs of high neuron density, touching objects were split
through classifying seed points by quality. Finally, objects were fil-
tered by number of voxels to gain only the somata. The densities of a
particular cell type per ROl were determined for a given fluorescent
channel. Subsequently, the Imaris surface tool (surface-to-surface
contacts) was used to identify and quantify those areas where the
rendered microglial and neuronal surfaces were in contact; the re-
sulting objects were filtered for contact areas larger than 50 pm2
(Figure 1) (see also [Wogram et al., 2016]). Colocalized contact areas
of rendered surfaces were then verified manually in orthogonal
view to confirm the presence of microglia to neuron soma contacts.
In cases where microglia had contact to more than one adjacent
neuron, multiple contact sites were merged into a single contact.

Algorithms for object segmentation are given in the supplement (S2).
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FIGURE 1 Quantitative assessment of microglia and neuronal cell densities and formation of satellite microglia in 3D volumes. (a) Imaris
surface rendering approach to quantify cell densities and satellite microglia formation in rectangular volumes of interest (ROls). Z-stack of
confocal tile scans spanning from the cortex to striatum were obtained from immunolabeled brain sections; NeuN staining (white), vgat
tdT transgenic label (magenta), and Iba-1 staining (green). From the areas of interest, Z-stacks of defined x-y dimension were randomly
cropped (as indicated by dotted lines) for further analysis (right). (b) Confocal (projection) image from the striatum shows vgat-labeled
neuronal somata (magenta) and Iba-1 immunolabeling in microglia (green), fluorescence overlap (white) indicates microglia cell bodies in
contact with neuron soma. (c) 3D surface rendering image of framed area in b for vgat neurons and microglia cell bodies. (d) Same 3D
volume as in d; contact areas (yellow, arrows) between microglia surfaces (masked) and vgat neuron surfaces (magenta) identified by the
surface colocalization function. (e-g) ImageJ-based approach to obtain quantitative data on microglia and specific neuron densities in
irregular volumes of interest (here confocal projection image of substantia nigra showing Iba-1-labeled microglia (green) and TH staining
on dopaminergic neurons (magenta)). Dotted line marks ROl selected for cell counter analysis. (f) cell counter window: Microglia and TH
neurons within selected ROI are marked and counted by ImageJ cell counter plugin. White circles indicate microglia closely neighboring

a neuron. (g) Verification of close neighbors as satellites by orthogonal view. The flanking images on the right and below are orthogonal
views. Bars indicate 100 pm in a, 10 pm in b, 20 pm in c and d, 100 pm in e, and 50 um in g. (h) Scatterplots (mean + SEM) comparing
microglia densities (top), vgat-, vglut-, or NeuN- neuron densities (middle) and % satellite microglia (bottom) obtained by either Imaris and
ImageJ approach in five ROIs from the striatum, somatosensory cortex layers IV and V as indicated. Pairwise comparisons of mean values
obtained by ImageJ versus Imaris with two-tailed t test show no significant (n.s., p > 0.05) differences for cell densities obtained by the two

quantitative approaches

To analyze cell densities in irregular shaped volumes of the
deep midbrain nuclei (SN) and raphe nuclei or cerebellum, we
used the ImagelJ software (RRID:SCR_003070) and the Biovoxxel
toolbox (RRID:SCR_015825). To determine the volume of inter-
est in a given Z-stack, the area containing labeled neuronal so-
mata was outlined with the freehand selection tool (in a Max
projection image) and area size in the x-y plane was measured.

The x-y area selection was copied to the Z-stack and the outside
area cropped (see Figure 1). Subsequently, the cell counter plugin
was used to determine the densities of each cell type in the dif-
ferent fluorescent channels throughout the cropped Z-stacks.
Where a microglial cell was detected in the close vicinity of a neu-
ron, the orthogonal view was used to verify direct microglia to
neuron-soma contact (Figure 1). As in the Imaris approach, the
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FIGURE 2 Quantitative analysis of satellite microglia in the somatosensory cortex, striatum, and thalamus in vgat-ires-cre x td

tomato x MacGreen transgenic mice. (a-c) Confocal images from the cortex (a), striatum (b), and thalamus (c). Immunolabeling of sections
with neuronal marker NeuN (white), Iba-1 antibodies to label the microglia (green), and DAPI (blue) to label nuclei. Transgenic label of vgat
td tomato is given in magenta. (a) NeuN labeling is visible in most neuron somata and appears in both the nucleus and cytoplasm, vgat signal
(magenta) is confined to a subpopulation of neurons and also labels neurites (arrow). Parenchymal microglia (green), and satellite microglia
(arrowheads) attached to NeuN- and vgat-positive neuron. (b) In the striatum, almost all neurons are vgat positive (magenta), arrowhead
indicates a microglial cell (green) forming a satellite with a vgat neuron. NeuN is not shown. (c) In the thalamus, vgat transgenic label is
visible in neurites (magenta, white arrows) but not found in neuronal somata. Arrowhead indicates a microglial cell (Iba-1, green) forming a
satellite (arrowhead) to a NeuN (white)-labeled neuron. Bar 20 pm, valid for a-c. (d-f) One-way ANOVA with Tukey’s multiple comparisons
test, or two-tailed t test applied, as indicated by (f) or t values. (d) Quantitative analysis of cell densities (N/mm?®) of microglia, NeuN-positive
neurons, and vgat-expressing neurons in the somatosensory cortex (circle), striatum (black diamond), and thalamus (red triangle) by surface
rendering with Imaris. Mean + SEM (data from nine to 12 slices and three animals). Microglia density is lower in the thalamus compared to
the striatum or to the cortex (**p = 0.0014, ***p = 0.0002, F[2, 27] = 12.55), but not between cortex and striatum (p = 0.89). NeuN neuron
density is lower in the thalamus compared to the cortex and striatum (****p < 0.0001, F[2, 27] = 20.21). Vgat neuron density is significantly
lower in the cortex compared to the striatum (****p < 0.0001; t[19] = 14.7); note that in thalamus there are no vgat neuron somata. (e)
Percentage (%) of satellite microglia on NeuN neurons (left) and on vgat neurons (right) in the different brain areas; significantly lower %
satellite microglia on NeuN neurons in the thalamus versus cortex and striatum (****p < 0.0001, F[2, 27] = 18.3), no difference between the
cortex and striatum (p = 0.75); % satellite microglia on vgat neurons is significantly lower in the cortex compared to the striatum (p < 0.0001;
t[18] = 12.6; two-tailed t test). (f) Percentage of NeuN neurons (left) and vgat neurons (right) that carry satellite microglia: No significant
difference of % NeuN neurons with satellite in the striatum versus cortex (p = 0.98), striatum versus thalamus (p = 0.22), or cortex versus
thalamus (p = 0.051, F[4, 46] = 6.65); % of vgat neurons with satellites is lower in the striatum compared to those in the cortex (*p = 0.020;
t[19] = 2.53)

Z-dimension was inferred as 50 pm, although the optical thickness Data describing microglia and neuron densities were obtained
could be smaller, due to flattening of the slices. Cell densities were from at least three mice and three sections per different brain re-
normalized to N/mm?. gions including the somatosensory cortex, striatum, thalamus,
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SN, raphe nuclei, and cerebellum. For the comparative analysis in
Figure 2, initially four to six rectangular ROIs were analyzed in either
region and mean values were calculated for each section, resulting in
nine (striatum, thalamus) and 12 data points (cortex). The total num-
ber of microglia and specific neurons per brain region was calculated
for the imaged volumes and normalized to cells/mm?®. The amount
of satellite microglia in a given brain region as based on its contact
with a neuron (see above) is presented as percentage of the microglia
population. Neurons that are contacted by a microglial cell are also

presented as percent neurons with satellite.

2.5 | Distribution analysis of satellite microglia

The distribution of satellite microglia was analyzed in the soma-
tosensory cortex, striatum, and thalamus with the 2D particle
distribution plugin of ImageJ (https://imagej.net/plugins/biovo
xxel-toolbox; RRID:SCR_015825). Surface-to surface contacts were
obtained by Imaris in 3D volumes as described above. Images were
captured and binarized, and contacts were considered as individual
objects for distribution analysis. According to the ultimate eroded
point of the objects and nearest neighbor distances, the macro sta-
tistically determines if objects are likely to be randomly distributed,
self-avoiding, or build clusters.

2.6 | Statistical analysis

GraphGraphPad prism software (version 7.03) was used for statisti-
cal analysis. Data are presented as mean values + SEM, unless oth-
erwise stated. The normal distribution of the data was checked by
D’Agostino-Pearson test. Ordinary one-way ANOVA with Tukey’s
multiple comparisons test was performed to compare the specific
cell densities and proportions of satellites in different brain regions.
For pairwise comparisons of mean values, we used a two-tailed t
test. The differences were considered statistically significant at
p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***). Pearson correlation
coefficient was computed under the assumption of Gaussian distri-
bution with confidence intervals of 95% and choosing a two-tailed

p-value.

3 | RESULTS

3.1 | Analysis of microglia to neuron contacts using
two different approaches

In our study, we analyze the proportion of microglia that form sat-
ellites with defined neuronal subtypes in different brain areas and
calculate the percentage of a given neuronal subtype being attached
to a satellite microglial cell. For that purpose, we obtained confo-
cal Z-stacks of fluorescently labeled brain slices from the brain re-
gions of interest. Defined volumes were analyzed by two different

bias- and assumption-free approaches, based on Imaris or ImageJ
software. They yield absolute cell counts for labeled microglia and
neurons per volume and allow to identify the subpopulation of satel-
lite microglia whose cell bodies are in contact with somata of defined
neurons. Imaris software was used for analyzing 3D volumes in the
cortex, striatum, and thalamus (Figure 1a-d). Surface rendering of
neurons and microglia requires a rather homogeneous labeling of the
somata. This approach yields information on cell densities in a semi-
automated, high-throughput fashion; however, it can only be applied
to rectangular volumes (ROIs). For those brain areas, in which the
specific neurons are confined to discrete nuclei (raphe nuclei, SN
in the basal forebrain) or are arranged in “curved” layers (cerebel-
lar PC layer) (Figure le-g), we applied an ImageJ-based approach
which allows to analyze irregularly shaped volumes. Transgenic
mouse models with genetically labeled glutamatergic, GABAergic,
and serotonergic neurons and specific antibodies were used to iden-
tify neuronal subtypes. NeuN antibody was used as a pan-neuronal
marker and Iba-1 as a microglial cell marker.

The two approaches are illustrated in Figure 1. For analysis with
surface rendering, large confocal Z-stack scans ranging from the cor-
tex to the striatum were obtained in tile-scan mode (Figure 1a). This
covers large areas and allows similar imaging settings for the differ-
ent brain areas. For subsequent quantitative analysis with Imaris (see
Figure 2), four to six rectangular volumes (320 x 320 x 50 pm®) that
should overlap not more than 30% were randomly selected from
the tile scans in the cortex and striatum as illustrated in Figure 1a.
A zoomed in confocal image of such a volume analysis is shown in
Figure 1b. The microglia are immunolabeled by Iba-1 in green and
vgat-tdT-expressing neurons are shown in magenta. A microglial cell
body which is in direct contact with a neuronal soma is referred to
as satellite microglia, indicated by overlapping fluorescence at the
potential contact site. In contrast, microglia whose cell bodies are
not attached to a neuronal soma are referred to as parenchymal
microglia. For identification and quantification of the percentage of
microglia that are satellites to a specific neuron, the Imaris surface-
to-surface-contacts tool was used. An example of 3D-rendered
microglia and neuron surfaces are shown in Figure 1c, the co-
localized cell-cell contact areas on the neuronal surfaces are given
in Figure 1d.

As an example for the analysis with ImageJ of an irregular region,
we show TH staining of dopaminergic neurons in the SN (Figure 1e).
First, irregular shaped areas containing the somata of the neurons of
interest were selected with the freehand selection tool and cropped
(Figure 1e). The cell counter plugin was applied to manually quan-
tify the neurons and microglia in the cropped Z-stacks (Figure 1f).
Contacts between microglia closely neighboring a neuron were ver-
ified individually in the orthogonal view (Figure 1g).

To test if the Imaris- and Imagel-based approaches generate
comparable cell density data, we cropped irregular areas of the
striatum and cortical layers and analyzed the cell densities of mi-
croglia and neurons with the ImageJ cell counter plugin in five ROls.
After normalizing the densities to cells/mm?®, we compared those to
the values that were generated by the Imaris algorithm for surface


https://imagej.net/plugins/biovoxxel-toolbox
https://imagej.net/plugins/biovoxxel-toolbox
https://scicrunch.org/resolver/RRID:SCR_015825
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rendering and object identification in the same brain areas. The nor-
malized densities of microglia and of vgat-positive neurons in the
striatum, vglut-positive neurons in the layer IV, or NeuN neurons
in the layer V of the cortex acquired by both approaches are plot-
ted in Figure 1h. A comparison of the mean values for cell densities
obtained by the two quantitative approaches did not yield signif-
icant differences (microglia densities in the striatum: 1.256 + 0.08
vs. 1.062 + 0.07 x 10%/mm?®, p = 0.11, t(8) = 1.82; in layer IV:
1.257 + 0.12 vs. 1.151 + 0.05 x 10*/mm°, p = 0.44, t(8) = 0.82; and
in layer V: 1.328 + 0.066 vs. 1.380 + 0.038 x 10%/mm?®, p = 0.51,
t(8) = 0.68). Mean values obtained for vgat neuron densities in the
striatum did not differ (9.183 + 0.54 vs. 9.416 + 0.05 x 10%/mm?,
p = 0.76, t(8) = 0.32). Values for vglut neuron densities in layer IV
(2.078 + 0.07 vs. 1.976 + 0.14 x 10°/mm?®, p = 0.53, t(8) = 0.65) and
NeuN neuron densities in layer V were comparable (1.232 + 0.05 vs.
1.150 + 0.03 x 10°/mm°, p = 0.17, t(8) = 1.53. Also, the amounts
of satellite microglia as determined by the two approaches were
comparable (% satellite microglia in the striatum: 294 + 3.1
vs. 28.2 + 1.2%, p = 0.73, t(8) = 0.36; in layer IV: 53.1 + 2.9 vs.
56.8 + 1.5%, p = 0.29, t(8) = 1.13; and in layer V: 39.9 + 3.4 vs.
39.4 +4.1% p =0.92,t(8) = 0.11).

To verify that the two approaches identify similar contacts be-
tween microglia and neurons, we performed a side-by-side compar-
ison by Imaris and ImageJ of representative images for a data set
from the striatum (Figure S1). We focused on satellite microglia with
transgenically labeled vgat neurons. Four randomly cropped vol-
umes were analyzed by IMARIS surface rendering and cell-to-cell
contacts were determined. The identical volumes were analyzed in
ImageJ by the cell counter plugin and colocalization strategy as de-
scribed. Results from both approaches match well when comparing
them side-by-side. The cell counter strategy detects slightly more
contacts which may be explained by the fact that the ImageJ proce-
dure does not set a cutoff value for the area of the contact and may
include also contacts that are <50 pm?. On the other hand, manual
counting with ImagelJ is prone to human error, especially in the re-
gions of high neuron density. Nevertheless, we feel confident that
the data from the two approaches are comparable and can be inte-

grated in one data set.

3.2 | Satellite microglia in the somatosensory
cortex, striatum and thalamus of adult mice associate
with inhibitory neurons

To study the interaction of inhibitory interneurons with satellite micro-
glia, we used the vgat-ires-cre x td Tomato x MacGreen reporter mice,
in which GABAergic interneurons express tdTomato and can thus easily
be identified. In this animal model, microglial cells are recognizable by
their green GFP fluorescence. Slices were immunolabeled with NeuN as
a pan-neuronal marker, with lba-1 antibody to supplement the intrinsic
GFP fluorescence of the microglia and with DAPI to label nuclei.
Quantitative analysis was performed on coronal slices
taken between the bregma +1 and O which contain the primary
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slices between the bregma -1.3 and -1.8 containing the barrel
cortex and thalamic areas. Representative examples of confocal
images (Figure 2a-c) illustrate that only a subpopulation of all
NeuN-positive neurons expresses vgat td Tomato in the somato-
sensory cortex (both rostral and more caudal areas) (Figure 2a),
whereas in the striatum the majority of all NeuN-positive neurons
are vgat positive (Figure 2b, NeuN not shown)). In the thalamus, no
vgat-positive neuronal somata, but a few vgat-positive projection
axons can be observed (Figure 2c). Microglia cells show a homoge-
nous distribution throughout these four analyzed brain areas, and
in all regions a subpopulation of microglia can be observed that
form satellites with neurons.

The absolute densities of microglia, all neurons (NeuN), and vgat-
positive neurons in the 3D volumes were obtained as described, and
are given in Figure 2d (and Table 1). To minimize the error due to cell
density variability in different cortex layers or due to interspersed
white matter tracts in the striatum, four to six rectangular ROls were
analyzed in either region and mean values were calculated for each
section, resulting in nine (striatum, thalamus) or 12 (cortex) individ-
ual data points (obtained from three mice). Results of statistical anal-
ysis and respective tests are given in the legend of Figure 2.

Microglia densities range from 1.27 + 0.04 x 10*/mm?® in the cor-
tex to 1.23 + 0.08 x 10*/mm? in the striatum to 0.94 + 0.04 x 10%/
mm? in the thalamus. Significant differences were recorded between
the cortex and thalamus, and between the striatum and thalamus
(p =0.0002 and p = 0.0014, respectively, F[2, 27] = 12.55, one-way
ANOVA). Average neuron density (NeuN) is 1.23 + 0.037 x 10°/mm°®
in the somatosensory cortex, 1.32 + 0.08 x 10°/mm?® in the striatum,
and significantly lower in the thalamus (0.81 + 0.05 x 10°/mm?®) com-
pared to the striatum and cortex (****p < 0.0001, F[2, 27] = 20.21).
The density of vgat-positive neurons is 0.208 + 0.01 x 10°/mm? in
the somatosensory cortex; thus vgat-positive neurons represent a
subpopulation of 17% of all NeuN neurons in this area. In the stria-
tum, the density of vgat-positive neurons is 0.92 + 0.06 x 10°/mm?®
which is 69% of all neurons (determined by NeuN labeling). The
quantification by surface rendering did not reveal vgat-positive cell
bodies in the thalamus.

The percentage of microglia that form satellites with NeuN
or vgat-positive neurons in the three brain regions is shown in
Figure 2e and statistics is summarized in Table 1. In the cortex and
striatum, 41.8 + 1.6% of all microglia form satellites with NeuN-
positive cells. In the thalamus, where the absolute density of NeuN-
positive neurons is lower, about 24.6 + 3.3% of all microglia form
satellites. Regarding microglia interacting with GABAergic neurons,
about 8.2 + 0.5% of the microglia population in the cortex are sat-
ellites to vgat-positive neurons, whereas in the striatum, where the
majority of neurons express vgat, about 29.3 + 1.8% of all microglia
form satellites with vgat neurons (Figure 2e). These data suggest that
the percentage of satellite microglia correlates with the density of
neurons.

The proportion of NeuN-positive neurons that have a satellite
microglia is 2.9 + 0.4% in the thalamus, 4.2 + 0.3% in the striatum,
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and 4.5 + 0.2% in the cortex. In the cortex, 5.8 + 0.6% vgat-positive
neurons have a satellite microglia, while in the striatum, 3.9 + 0.3%
of vgat neurons have a satellite, and the difference is significant
(*p = 0.02; t[19] = 2.53; two-tailed t test).

To test whether the distribution of satellite microglia follows cer-
tain patterns or is rather homogeneous, we used surface rendering
data from the cortex, striatum, and thalamus and the resulting cell-
to-cell contacts as indicator for satellite microglia. The 3D images of
contacts obtained by IMARIS for nine randomly selected volumes
(340 x 340 x 50 pm3) in each area were captured and analyzed by
the Imagel “particle distribution plugin (2D)". The tool statistically
determines if these objects (according to their ultimate eroded
point) in a 2D image are likely to be randomly distributed, self-
avoiding, or build clusters. Based on the median nearest neighbor
distance (NND) with a confidence interval of 95%, this analysis in-
dicated a “random particle distribution” in almost all analyzed areas
in the cortex and striatum. The average theoretical random NND
values determined for the cortex and striatum were 78.5 + 13.5 um
(+ SD) and 77.3 + 12.0 pm (+ SD), respectively. The analysis in the
thalamic areas with lower object densities and an average NND
value of 157.3 + 34.9 um (+ SD) revealed “self-avoiding particles” in
the majority of cases. This analysis indicates that the distribution of
satellite microglia in the tissue is rather homogeneous, and does not
follow tissue architectural cues. However, in areas with no neuron
somata, such as white matter regions one would hardly detect any
satellite microglia.

In conclusion, in the three brain areas, satellite microglia associ-
ate both with GABAergic and non-GABAergic neurons in a density-
dependent fashion, with their number lower in the thalamus, a
region with lower neuron density.

3.3 | Layer-specific analysis of satellite microglia
in the somatosensory cortex of vglut-ires-
cre x tdT mice

To analyze the interaction of satellite microglia with glutamatergic
neurons, we employed a transgenic mouse strain that shows the ex-
pression of tdTomato in vglut-2 neurons and GFP label in microglia.
In these animals, a subpopulation of neuronal cell bodies in layers
11-1V of the somatosensory cortex and in the hippocampal dentate
gyrus and CA1-3 area show vglut tdTomato signal (Figure 3a). We
compared satellite microglia density in layers IV and V of the cortex
as models for glutamatergic and non-glutamatergic neurons, respec-
tively. The pyramidal neurons in layer V can be labeled by NeuN but
are negative for vglut tdTomato. While microglia appear homoge-
neously distributed throughout the layers of the cortex, there is a
variation regarding neuronal soma size and density throughout the
layers (Figure 3b-d). The soma identification of vglut-positive neu-
rons through 3D rendering by Imaris is hampered in layer 1V, since
in this layer the vglut-transgenic signal is not only confined to the
neuronal somata but is also expressed by dendrites. Therefore, we
used the colocalization tool to overlay vglut tdTomato signal with
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the colocalization channel. Figure 3e,f show examples for 3D sur-
face rendered vglut-positive neurons in layer IV and NeuN-positive
neurons and microglia in layer V. Absolute cell densities [after nor-
malization to cells/mm?®] as obtained by Imaris surface rendering
analysis are given for microglia in Figure 3g. Average microglia den-
sities are 1.34 + 0.09 x 10%*/mm?® in layer IV and 1.46 + 0.07 x 10%/
mm?® in layer V, and not significantly different (n =8 (N = 3), p = 0.32,
t(14) = 1.02; unpaired t test). These values correspond to the den-
sity that was obtained for the entire somatosensory cortex in the
vgat mouse model (Figure 3g, all layers). The absolute cell density of
vglut-positive neurons in layer IV was 2.08 + 0.074 x 10°/mm?® and
hence almost twice as high as the cell density of (NeuN-positive) so-
mata in layer V (1.35 + 0.087 x 10°/mm°). Fora comparison, Figure 3
H also shows the overall density of vgat- and NeuN-positive neurons
in the somatosensory cortex (as shown in Figure 2). The percentage
of microglia that form satellites with vglut-positive neurons in layer
1V, and with NeuN neurons in layer V was assessed as described
above and is shown in Figure 3 I. In layer 1V, 51.3 + 3.1% of all mi-
croglia are satellites to vglut neurons, whereas in layer V, on aver-
age, 42.3 + 2.4% of all microglia form satellites to NeuN neurons.
This corresponds to the proportion of satellite microglia determined
across all cortical layers (data for Figure 2), and is shown as separate
column in Figure 3i. Comparing the mean values of absolute neuron
densities and percent satellite microglia (Figure 2h,i) is suggestive of
a correlation between neuronal density and the fraction of satellite-
forming microglia. 4.4 + 0.27% of the NeuN-labeled neurons in layer
V have satellite microglia, whereas the percentage of satellites on
vglut neurons in layer IV is slightly lower (3.2 + 0.13%) and signifi-
cantly different (p = 0.0015, t(14) = 3.92, unpaired t test) (Figure 3;j).

3.4 | Microglia can form satellites to serotonergic
neurons in the raphe nuclei of the brain stem as a
rare event

A transgenic mouse model expressing eYFP under the control of the
Tph2 (tryptophan hydroxylase 2) promoter (Zhao et al., 2011) was
used to investigate the satellite microglia associated with serotoner-
gic neurons. Serotonergic neuron cell bodies are located in the raphe
nucleus of the brain stem from where they project axons to differ-
ent brain areas. Both somata and axon projections can be identified
due to their green fluorescence (Figure 4). Microglia were labeled
with Iba-1 and visualized by a red fluorescent secondary antibody.
NeuN was used as a pan-neuronal marker. Due to the small size and
irregular shape of the brain nucleus, and due to the strong labeling
of the serotonergic projections that originate from the raphe nucleus
(Figure 4a), quantification by the Imaris algorithm was not applicable
and the ImageJ-based approach was applied. In total, nine cropped
Z-stacks containing the raphe nuclei (from five animals) were ana-
lyzed, which corresponded to a total analyzed volume of 0.034 mm?®.
As can be appreciated from Figure 4a, NeuN-positive neurons out-
number the Tph2-EYFP-positive neurons in the raphe nucleus. We
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FIGURE 3 The analysis of satellite microglia with glutamatergic neurons in specific layers of the somatosensory cortex of vglut-ires-

cre x tdT mice. (a). Overview scan of a cortical hemisphere of a coronal section of a vglut-ires-cre x tdTomato x Macgreen eGFP mouse
(vglu tdT) illustrates vglut-expressing neuronal cell bodies mainly in layer IV of the somatosensory cortex, and in the hippocampal pyramidal
cell layers and dentate gyrus. (b). Imaris 3D views of a scanned z-stack through somatosensory cortex showing overlay of vglut-tdT signal
(magenta), Iba-1/Macgreen eGFP (green), and NeuN staining (white) of all neurons; the numbers on the left indicate cortical layers. (c).
Confocal image showing vglut neurons (magenta) in layer IV. Microglia (green) indicated by arrowheads form satellites to vglut neurons.

(d). Confocal image showing pyramidal neurons in layer V, labeled with NeuN (white). Some microglia (green) form satellites with pyramidal
neurons (arrowheads). Magnification bars: 500 pm in a; 50 pm in b and e; 20 pm in c and d; and 30 pm in f. (e). 3D images of rendered vglut
neuron surfaces in layer IV. (f). 3D image of layer V after surface rendering of NeuN-labeled neurons and Iba-1/Macgreen-labeled microglial
cell bodies (green). (g-j) Scatterplots show quantitative data obtained by Imaris analysis (mean + SEM). (g) Microglia density in layer IV, layer
V, and averaged over all cortical layers (as given in Figure 2); density in layer IV versus layer V (p = 0.44), layer IV versus all layers (p = 0.67),
and layer V versus all layers (*p = 0.08; F[2, 26] = 2.52; one-way ANOVA with Tukey’s multiple comparisons). (h) The densities of vglut
neurons in layer IV, NeuN cell density in layer V. For a comparison, the density of vgat and NeuN neurons in the somatosensory cortex
averaged over all layers (as given in Figure 2) is shown. Average values for NeuN density in layer V versus all layers do not differ (p = 0.27,
t(22) = 1.13; two-tailed t test). (i) Percent satellite microglia with vglut neurons (in layer IV) and with NeuN neurons (in layer V) (*p = 0.36,
t(14) = 2.3, two-tailed t test); for a comparison, the percentage of satellite microglia with vgat neurons (red squares) is smaller than with
NeuN neurons (gray diamonds) averaged over all cortical layers (****p < 0.0001, t[26] = 18.0). (j) Percent neurons that carry a satellite
microglia (**p = 0.006, t[29] = 2.97, two-tailed t test)

counted a total of 421 Tph2 neurons corresponding to a mean neu-
ronal density of 1.4 + 0.3 x 10*/mm?, and 201 microglia, which cor-
responds to a mean microglial density of 0.64 + 0.07 x 10*/mm?.
Only five microglial cells were found in close apposition to a soma of
a serotonergic neuron resulting in a percentage of 1.2% of all sero-
tonergic neurons that have a satellite. Among the entire microglia
population, a proportion of 2.4% of all microglia are satellite micro-
glia to a serotonergic neuron in this brain area (Table 1).

3.5 | Dopaminergic neurons in the substantia nigra
can associate with satellite microglia

Next we assessed whether and to what extent microglia establish
satellites with dopaminergic neurons. Coronal sections contain-
ing the SN and ventral tegmental area were immunostained with
antibodies to tyrosine hydroxylase (TH). TH-positive dopaminergic
neurons were located in the SN pars compacta (SNC), whereas in
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FIGURE 4 Microglia form satellites on serotonergic neurons in the raphe nucleus and on dopaminergic neurons in the substantia

nigra. (a). Coronal section with the raphe nucleus from an eYFP-Tph2 transgenic mouse. Serotonergic neurons and their dense network of
projections are visible due to their intrinsic fluorescence (left). Microglia are labeled by Iba-1 (middle), NeuN is used as a pan-neuronal marker
(right). (b). Cropped area containing Thp2 neuron somata for cell counter analysis; overlay image of all markers (note: microglia are shown

in magenta, Thp2 neurons in green, and NeuN in white). (c). Blow-up of framed area in b, and orthogonal view to identify an Iba-1-stained
microglia (magenta) (arrow) as a satellite of a serotonergic neuron (green and white). Magnification bars: 50 pmin a, b; 20 pm in c. (d). Coronal
brain sections with the substantia nigra from C57BI/6 mouse immunostained for tyrosine hydroxylase (TH), which labels dopaminergic
neurons and projections. TH-positive somata were located mainly in the substantia nigra pars compacta (SNC), whereas in the major

output nucleus substantia nigra pars reticulata (SNR) contains mainly dopaminergic striatal projections (left panel). Iba-1 labeling shows

that microglia density is reduced in SNC compared to SNR (right panel). (e). Higher magnification to show an example of an Iba-1-positive
microglia (green) contacting a TH-positive neuron (white). Magnification bar: (d) 100 pm, (e) 20 pm. (f) Scatterplot of microglia cell density

in the substantia nigra pars compacta (SNC) and pars reticulata (SNR) (n = 9 ROls, N = 3) and raphe nuclei (n = 8 ROls, N = 5); line indicates
mean + SEM (*p = 0.03, t(15) = 2.40; ***p < 0.0001, t(14) = 6.55, two-tailed t test). Pie charts above indicate percentage of satellite microglia
on serotonergic (gray) and dopaminergic neurons (black). (g). Scatterplot of neuron density in the raphe nuclei (serotonergic) and substantia

nigra (dopaminergic), determined by cell counter plugin (mean + SEM, ***p = 0.0005, t[16] = 4.38, two-tailed t test). Pie charts on top
illustrate the percentage of serotonergic (gray) and dopaminergic neurons (black) that have a satellite microglia

the SN reticulata (SNR) only weakly labeled projections were visible
(Figure 4d). The TH-labeled dopaminergic neurons show a donut-
like appearance since the antibody labels mainly the cytoplasm and
spares the nuclear region (Figure 4e). For the reasons mentioned
above, the densities of dopaminergic neurons and microglia were
analyzed in selected areas by the ImageJ cell counter plugin; sat-
ellite microglia were tracked manually in orthogonal views. Ten
brain sections from three animals were analyzed in a total volume
of 0.07 mm?®. The mean density of TH-positive neurons in SNC was
determined as 3.1 + 0.2 x 10*/mm?® and the microglia density was
0.89 + 0.08 x 10*/mm® in the same area. Among a total of 2212 TH-
positive neurons, 52 were associated with a satellite microglia, cor-
responding to 2.3%. In the same volume we counted 628 microglia,
52 of those were satellites to a dopaminergic neuron, corresponding

to 9% of the total microglia population. The absolute densities of
microglia in the raphe nuclei and in the SN and the densities of neu-
rons are summarized in Figure 4f,g and Table 1. The percentages of
satellite microglia and neurons with satellite microglia, respectively,
are indicated.

3.6 | Large cerebellar Purkinje neurons can be
accompanied by satellite microglia

Next we analyzed the spatial relationship of microglia with Purkinje
cells in the cerebellum. Purkinje cells are GABAergic neurons and are
among the largest neurons in the CNS. Their somata are confined to
a single layer and they extend their elaborate dendritic tree into the
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molecular layer. We used 50 pm thick sagittal cerebellar sections of
vgat-ires-cre tdTomato x MacGreen mice that had been labeled with
Iba-1. Purkinje neurons and numerous small inhibitory interneu-
rons of the molecular layer display a strong transgenic vgat signal
(Figure 5a,b). For a comparison, the labeling pattern of glutamater-
gic neurons in the cerebellum of the vglut-transgenic animals was

complementary, with vglut being expressed by all granule cells and a
few neurons in the molecular layer (Figure 5a, right panel). The aver-
age density of microglia was determined in confocal Z-stack images
(15 slices from three animals) throughout the granule, Purkinje cell,
and molecular layer by ImagelJ cell counter plugin. Microglial density
was on average 0.43 + 0.05 x 10*/mm?®. Microglia are less densely

E 3.3 % with sm

FIGURE 5 Satellite microglia in the cerebellar cortex and in the retina. (a) Overview of vgat and vglut expression, markers show inverse
distribution in the cerebellar cortex; (b) Projection image of a 30 um confocal z-stack of a section of vgat-ires-cre x tdTomato x Macgreen
transgenic mouse; Purkinje cells (PC), stellate and basket cells in molecular layer (ml) express vgat (magenta); granule cell layer (gcL) is devoid
of vgat signal. Microglia are displayed in white; DAPI (blue); fat arrows mark two satellite microglia on PCs; (c) Confocal section as outlined
in b of the same stack and orthogonal views indicate that the microglia is in direct contact with the PC soma. (d,e) Identical 3D views of
Imaris surface rendering of vgat x tdTomato-positive PC neurons and Iba-1-positive microglia (green). In e, microglia are masked, instead
the cell-cell contact area is given in gray (arrow). Magnification bars: 500 pm in a; 50 um in b and c; and 20 um in d and e. (f) Transverse
sections through the retina of vglut-ires-cre x tdTomato transgenic mouse. Microglia (green) reside within the plexiform layers, and rarely
in the ganglion cell layer (GCL); GC neurons express vglut transgene (red) and are NeuN positive. Bipolar neurons in the inner nuclear layer
(iNL) and photoreceptor cells in the outer NL show weak or no NeuN expression. (g) Max. projection image of transverse section of a vgat-
ires-cre x tdTomato transgenic mouse; microglia (green) reside in plexiform layers (iPL, oPL). (g') Confocal image showing a rare example
for a microglial cell in direct contact with a ganglion cell soma (arrow). Magnification bars: 20 pm in f-g'
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distributed as compared to other brain areas, thereby confirming the
findings of Lawson et al. (1990) who described that microglia in the
cerebellum are by a factor 3-4 less densely packed than in some
mesencephalic or cortical areas. The formation of satellite microglia
with vgat-positive Purkinje neurons can be shown by the Imaris 3D
surface rendering (Figure 5d,e). To assess satellite microglia forma-
tion, we restricted the quantitative analysis to the Purkinje cell layer
by manually cropping and counting microglia and Purkinje neurons
in the cropped Z-stacks by ImageJ as described. In the analyzed vol-
umes, we counted 573 Purkinje cell neurons of which 19 were asso-
ciated with a satellite microglia, corresponding to 3.3% of all Purkinje
neurons. In the same volume, we counted 45 microglia somata, of
which 18 were in direct contact to a Purkinje cell neuron, which cor-

responds to a proportion of 40% satellite microglia.

3.7 | Retinal microglia can form satellites with
neurons of the ganglion cell layer

Like in other regions of the CNS, microglia in the retina constitute a
prominent part of the resident glial population and display a ramified
morphology (Lee et al., 2008). One distinguishing feature, however,
is their stratified distribution in the inner and outer plexiform lay-
ers where neuronal synapses are formed and their absence from the
nuclear layers with neuronal cell bodies in the normal mouse retina
(Hume et al., 1983; Karlstetter et al., 2010) which would imply that
soma-soma interaction and formation of satellite microglia does
not occur in the normal retina. Transverse cryosections or whole
mounts of the retinae from vgat- and vglut-transgenic mice were im-
munostained with Iba-1 and with NeuN antibodies to identify satel-
lite microglia. As illustrated in transverse sections, the vglut signal
is confined to the ganglion cells (Figure 5f), whereas vgat-positive
neurons, probably inhibitory interneurons, are found in the inner
nuclear layer and rarely in the outer nuclear and ganglion cell layers
(Figure 5g,g'). NeuN antibody labels retinal ganglion cells but does
not label the neurons of the other layers which has been described
before (Gusel'nikova & Korzhevskiy, 2015). Iba-1-positive micro-
glia reside within the plexiform layer, their processes interact with
synapses, and can stretch out into the nuclear layers. When a mi-
croglial cell body is located close to the border of plexiform layer, it
can attach to a neuronal soma and form a satellite (Figure 5g'). We
observed satellite microglia both with ganglion cells and with neu-
rons of the inner nuclear layer, and they associate both with vgat- or

vglut-positive neurons.

3.8 | Synopsis of all quantitative data suggests a
correlation between satellite formation and neuron
soma density

The results so far did not indicate a preference of satellite microglia
for a specific neuronal subtype but rather suggest that steric factors
and histo-architecture determine the amount of satellite microglia
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present in a given area. Since we proved that the disparate image

Neuroscience Researc

analysis approaches yield comparable numerical data, we feel con-
fident to combine all data and test if there is a correlation between
numerical density of neurons and the amount of satellite microglia
formed. Microglia and neuron numerical densities are summarized
in Figure 6a and Table 1. Microglia densities show little variation
across the different areas and their absolute values correspond well
to values determined before (Keller et al., 2018), with the exception
of the cerebellum, where their density is by a factor 3-4 lower, and
the SNR, where microglia density clearly exceeds that of the neigh-
boring SNC. Region-specific variations across basal ganglia have also
been reported in a previous study by De Biase et al. (2017).
Absolute neuron densities are summarized in Figure 6b and
vary considerably depending on their functional category (inhibi-
tory or excitatory neurotransmitters) and according to brain region
and histo-architectural organization. The neuron/microglia ratios
(Figure 6c) show by what factor the neurons outnumber the amount
of microglia in the analyzed areas; for instance, in layer IV of the so-
matosensory cortex, the absolute number of vglut neurons is about
15 times higher than the number of microglia (Figure 6c). Figure 6d
summarizes the percentages of satellite microglia on specific neu-
rons in all areas. The scatterplot in Figure é6e shows all data for per-
cent satellite microglia to certain neuronal subtypes in a given brain
region as a function of the absolute neuron density in that brain area.
Modeling the causal relationship of the nine pairs of values by a lin-
ear regression model suggests an almost linear correlation of these
two parameters with Pearson correlation coefficient of r = 0.944
(95% Cl = 0.751 to 0.99, p = 0.0001). In conclusion, the amount of
satellite microglia in a given brain region is rather determined by ste-
ric factors, namely the absolute density of neurons in that area, and
there is apparently no preference to form satellites to neuronal sub-
types. The higher the abundance of a given neuronal subtype, the
higher the probability of a microglial cell body being located in the

close vicinity of a neuron soma.

4 | DISCUSSION

In his landmark series of papers, Hortega described and defined mi-
croglia and also inferred the term “satellite microglia” for microglial
cells which have a close soma-to-soma relationship with neurons.
He found these cells in the cortex, cerebellum, and in the medulla
oblongata. He reported that when these cells are located at the
base of the neuron, their appendages are directed upward and are
attached to the neuronal soma by wrapping it like a basket. When
they are positioned at the edges of the pyramidal cell body or near
its main process, they stretch in the same direction and accompany
it for quite some distance (Del Rio Hortega, 1919; Sierra et al., 2016,
2019). Besides microglia associated with neurons, he also described
the associations of microglia with vascular structures and with astro-
cytes (Del Rio Hortega, 1919; Sierra et al., 2016). In case of “vascular
satellites,” he probably referred to parenchymal microglia or to peri-
cytes located in the perivascular space. To our knowledge, there is no
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FIGURE 6 Synopsis of quantitative data suggests a correlation between neuronal density and percentage of satellite microglia. Box plot
overlays (a,b,d) summarizing numerical densities of microglia (a) neuron types (b), and % satellite microglia (d) as obtained for Figures 2-5
across the different brain areas (as indicated). Data are presented as boxes showing median (line), mean (+), and quartiles (25% and 75%,
box). The whiskers extend to the highest and lowest values. (c) Bar graph illustrates neuron/microglia ratios for the same areas as given

in a and b. (e) Scatterplot showing the correlation between the density of neurons in a given brain area and the percentage of satellite
microglia. Colors of data points correspond to colors of columns in b and d. Pearson correlation coefficient r = 0.944 (95% Cl = 0.75 to 0.99,

p = 0.0001)

evidence that a subpopulation of microglia is associated with astro-
cytes. However, an association of microglia with adult neuronal stem
cells has been reported (Su et al., 2014). During development, direct
interaction can be indicative for phagocytosis, and indeed microglia
can engulf neuron precursors during neurogenesis (Kaur et al., 2007).

After Hortega's initial observation, this neuron microglia asso-
ciation has only recently been further investigated. A special type
of microglia with a close association with the axon initial segment

has been described in the cortex which can be viewed as a subpop-
ulation of the satellite microglia named AXIS microglia (Baalman
etal., 2015). Using a transgenic reporter mouse that expressed tdTo-
mato in GABAergic neurons, they found that 1% of GABAergic neu-
rons (which make up 15% of neurons in adult M1 cortex) had AXIS
microglia attached to them, whereas 2% of non-GABAergic neurons
had AXIS microglia. They concluded this particular type of satellite
microglia preferentially interacts with non-GABAergic neurons.
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In previous studies, our group has explored whether the satellite
microglia sense the neuronal activity of its partner neuron by dual
patch clamp experiments of associated cell pairs in the cortex and
hippocampus, but failed to record such interactive activity (Wogram
et al., 2016). Evoked local field potentials or action potentials and
postsynaptic potentials of the associated neuron did not lead to any
transmembrane currents or non-capacitive changes in the mem-
brane potential of the satellite microglia.

Here, we addressed the question whether satellites are formed
between microglia and defined neuronal subtypes. We therefore
analyzed the potential interaction of GABAergic, glutamatergic, se-
rotonergic, and dopaminergic neurons in different brain regions with
satellite microglia. By combined transgenic- and immunolabeling of
neurons and microglia in the normal adult murine brain tissue and
three-dimensional imaging and analysis approaches, we quantified
satellite microglia with GABAergic and glutamatergic neurons in the
somatosensory cortex, striatum, and thalamus; with dopaminergic
and serotonergic neurons in the basal forebrain and raphe nucleus,
respectively; and with the cerebellar Purkinje cell neurons. Satellite
microglia in the retina were also assessed, however only in a qualita-
tive manner. They were observed in all analyzed areas. A preference
for a specific neuron subtype was not found. The occurrence and
frequency of satellite microglia is rather determined by the histo-
architectural organization of the brain area and the densities of
neuronal somata therein. Our results indicate that satellite microglia
have the potential to interact with all these subtypes of neurons.

The quantitative approaches employed in our study rely on flu-
orescence detection by cell-specific immunolabeling and transgenic
markers to define cell densities and surface-surface contacts in 3D
volumes. Transgenic signals of vglut and vgat tdTomato provide a
strong labeling of the neuron cytoplasm which allowed rendering of
the somata. NeuN also provided a useful label since it is localized in
nuclei and perinuclear cytoplasm (Gusel'nikova & Korzhevskiy, 2015).
However, notable exceptions have been reported, including Purkinje
cells in the cerebellum, and many neurons in the retina that do not
express the protein. NeuN is also not a reliable marker for dopami-
nergic neurons in SN (Cannon & Greenamyre, 2009). Further, im-
paired penetration of NeuN antibodies into the deeper layers of the
tissue sections, in particular in brain regions of high soma density,
hampered uniform surface rendering throughout the 3D stacks and
may have led to the underestimation of NeuN cell density and, conse-
quently, of the number of contacts between NeuN-positive neurons
and microglia. This potential imprecision in the surface rendering ap-
proach could be partly compensated for in the section-wise manual
counting approach in Imagel, by adjusting brightness in deeper sec-
tion layers. Another cause of concern arises from the measurements
of section thickness and the vertical shrinkage of the mounted sec-
tions. This phenomena and different sources for variations have
been extensively discussed by Dorph-Petersen et al. (2001) who
note that differential tissue shrinkage and compression in the z-axis
occur in frozen-cut sections. In our study, we observed an amount
of shrinkage in vertical direction that corresponded well to the value
reported by Bermejo et al.(2003). Thus, we were confident to infer a
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thickness in Z-direction of 50 um to calculate the volumes. Another
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source of impreciseness may originate from manual delineation of
the counting units in the raphe, SNR nuclei, and cerebellar Purkinje
cell layer. By our approach, we do not claim to provide exact stere-
ological data for cellular densities. Nevertheless, the obtained data
match amazingly well with anatomical data from other studies for
densities of neuron subtypes and microglia as summarized by Keller
et al. (2018).

As already noted by Hortega, microglia are ubiquitously distrib-
uted throughout the adult CNS, with [minor] regional density varia-
tions (Del Rio Hortega, 1919; Keller et al., 2018; Lawson et al., 1990).
They are intercalated in neuropil, myelinated tracts as well as neu-
ronal layers and their morphological and functional diversity is de-
termined by local cues (De Biase et al., 2017; Kapoor et al., 2016;
Zheng et al., 2021). In contrast, the density of neurons across brain
regions can considerably differ (Keller et al., 2018), depending on the
neuron size and spatial organization. Our study revealed a positive
correlation between the density of certain neuron somata in a given
area and the percentage of satellite microglia. Microglia residing in
neuropil layers, such as in the plexiform layers of the retina, can form
satellites only in cases where their cell bodies reside in the periphery
of that layer and sterically close to the somata of neighboring neuron
layers. Consequently, microglia in white matter tracts are by defini-
tion parenchymal microglia.

Sex differences occur throughout the entire brain (McEwen &
Milner, 2017); recent research has shown a sexual dimorphism in mi-
croglia isolated from male and female brains in transcriptomic and
proteomic profiles, in their signaling and neuro immune function
(Guneykaya et al., 2018). Across development, microglia density and
morphology can vary between the sexes and these differences in
microglia density can persist in the adult stage (Nelson et al., 2019).
While the present study analyzed satellite microglia only in male an-
imals, future studies need to prove whether also satellite microglia
formation is under the influence of sex hormones.

A direct soma-soma interaction with neurons has also been de-
scribed for macroglia. In gray matter areas like the cortex, myelinat-
ing satellite oligodendrocytes can be observed in close apposition
to the soma of neurons in the cortex and they preferentially asso-
ciate with glutamatergic neurons (Battefeld et al., 2016; Takasaki
et al., 2010). Satellite oligodendrocytes with layer V pyramidal neu-
rons locally shape the intrinsic excitability and rhythm in neuronal
circuits through regulating extracellular K* and Ca®* concentrations
(Battefeld et al., 2016). lon buffering in the perisomatic domain is
possible because oligodendrocytes are integral component of an
electrically coupled glial syncytium. Satellite microglia, in contrast,
are not part of the glia syncytium (Richter et al., 2014) and are also
not dye-coupled to the associated neuron (Wogram et al., 2016).

The present morphological survey comprises a snapshot in
time of this specific neuron-microglia interaction and there-
fore does not provide insights into the dynamics of the contact.
Previous two-photon imaging studies show that microglia in in-
tact brains in vivo are highly dynamic (Davalos et al., 2005; Dibaj
et al. 2010; Nimmerjahn et al., 2005). However, the microglial
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processes are in continuous motion whereas cell bodies remain
morphologically stationary over hours. Also neuronal somata do
not show any translocation over hours. These observations sug-
gest that soma-soma interactions between microglia and neurons
are rather stable in intact tissue. Further noninvasive studies in-
volving models with fluorescently labeled cytoplasmic membranes
and high-resolution in vivo imaging are required to corroborate
this assumption and to rule out small movements of the microg-
lia soma that could easily terminate close cell-cell contacts. Since
the microglia-neuron contact can be lost after activation due to
brain injury, as show for axon initial segment microglia, such spe-
cific interaction is probably part of normal, non-pathologic brain
function (Baalman et al., 2015).

A study on the formation of satellite microglia during de-
velopment may provide further insights into the dynamics of
microglia-neuron interactions. Baalman et al. (2015) investigated
this developmental aspect for AXIS microglia. They found AXIS
microglia occur early in development (P9), increase in number until
P15, and are persistent in adulthood. A preliminary data set on
the formation of satellite microglia at postnatal day 9 and day 15
shows a comparable developmental pattern (personal communica-
tion M. Matyash), thus confirming the findings on AXIS microglia
(data not shown).

To better understand the functional role of this interaction, it
may also be plausible to study if structural proteins, cell adhesion
molecules such as cadherins, and anchoring cytoskeleton or juxta-
posed organelles determine the contact site. This could indicate the
regions of enhanced adhesive potential (Liu et al., 2010), signaling
events, or homeostatic function.

Microglia establish direct contacts with different compartments
of a neuron, and these microglia-neuron interactions probably serve
different functions depending on the compartment-specific neuro-
nal functions and signaling pathways (Cserep et al., 2021). Satellite
microglia, due to their physical membrane interaction, have been
suggested to provide metabolic support to highly active neurons, or
to be involved in synaptic remodeling (Baalman et al., 2015; Schafer
& Stevens, 2015; Streit, 2005). Recently, a specialized morpho-
functional interaction site between neuronal somata and microglial
cell processes has been described (Cserep et al., 2020); these tight
membrane-membrane associations are equipped with a specialized
nanoarchitecture optimized for purinergic signaling and may poten-
tially monitor neuronal functions. Whether a similar cross talk via
direct membrane interaction occurs at the contact area between sat-
ellite microglia and its specific partner neuron remains to be shown.
Likely, the communication mechanisms are as heterogeneous as
the interacting cellular partners and may be governed by the neu-
rotransmitter systems expressed by the given partner neurons.

Microglia express a plethora of neurotransmitter receptors
(Pocock & Kettenmann, 2007) and have the capacity to communi-
cate with neurons via the receptor-coupled signaling systems. In
functional electrophysiological studies of freshly isolated microg-

lia, certain subsets of the total population respond in different

proportions to serotonin, dopamine, and several other neurotrans-
mitters or peptides (Pannell et al., 2014), suggesting microglia diver-
sity in terms of neurotransmitter receptor expression. A preference
of microglia to form satellites with a neuron of a specific transmitter
type may facilitate the cross talk among the cellular partners, for in-
stance signal a metabolic need. Regulatory signals must have a short
radius of action rather than being broadly diffusible. Recent studies
on transcriptional heterogeneity of microglia (Grabert et al., 2016;
Masuda et al., 2019, 2020; Stevens & Schafer, 2018) do not provide a
conclusive image of presence of distinct subpopulations of microglia
in the normal adult mouse brain. Thus, correlating transcriptionally
and morphologically distinct subtypes, including satellite microglia,
is not yet possible. Further development in the field of employing a
combination of imaging and transcriptional analysis, including Patch-
seq or spatial single-cell transcriptomics might become instrumental
for answering this broad question and allowing a better understand-
ing of satellite microglia function.
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FIGURE S1 Side-by-side comparison of surface rendering approach
(Imaris) and cell counter plugin approach (ImageJ) to determine if
both approaches detect the same contacts/satellite microglia: Upper
row shows four randomly cropped volumes of Z-stack images from
striatum with vgat tdT labeled GABAergic neurons (magenta) and Iba-1
positive microglia (green). The second row shows captured 3D image
of rendered surfaces of all microglia (cell bodies) in those volumes.
Note the rather homogeneous distribution of microglia. White arrow
indicates a microglial cell that has not been detected by the surface
rendering. Row three shows contacts between vgat+ neurons and
microglia as obtained by Imaris surface function. Orange arrows
indicate two contacts that were not found with Image) approach
(bottom row). The bottom row shows the cell counter windows of the
same volumes; cell bodies of microglia and neurons are counted and
marked with coloured tags. All identified contacts are circled: white
indicates contacts matching with those obtained by Imaris. Orange
circles indicate satellites which were not detected in Imaris

TABLE S1 Research Resource Identifiers (RRID) and other details of
the antibodies used in the study

TABLE S2 Overview showing the brain areas and the material that
was analysed, n: number of slices and N: animals analysed, the
neuron types, and the analysis approach to obtain quantitative data
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