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Spinal Motor Circuit Synaptic Plasticity after Peripheral
Nerve Injury Depends on Microglia Activation and a CCR2
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Peripheral nerve injury results in persistent motor deficits, even after the nerve regenerates and muscles are reinnervated. This lack of
functional recovery is partly explained by brain and spinal cord circuit alterations triggered by the injury, but the mechanisms are
generally unknown. One example of this plasticity is the die-back in the spinal cord ventral horn of the projections of proprioceptive axons
mediating the stretch reflex (Ia afferents). Consequently, Ia information about muscle length and dynamics is lost from ventral spinal
circuits, degrading motor performance after nerve regeneration. Simultaneously, there is activation of microglia around the central
projections of peripherally injured Ia afferents, suggesting a possible causal relationship between neuroinflammation and Ia axon
removal. Therefore, we used mice (both sexes) that allow visualization of microglia (CX3CR1-GFP) and infiltrating peripheral myeloid
cells (CCR2-RFP) and related changes in these cells to Ia synaptic losses (identified by VGLUT1 content) on retrogradely labeled mo-
toneurons. Microgliosis around axotomized motoneurons starts and peaks within 2 weeks after nerve transection. Thereafter, this region
becomes infiltrated by CCR2 cells, and VGLUT1 synapses are lost in parallel. Immunohistochemistry, flow cytometry, and genetic lineage
tracing showed that infiltrating CCR2 cells include T cells, dendritic cells, and monocytes, the latter differentiating into tissue macro-
phages. VGLUT1 synapses were rescued after attenuating the ventral microglial reaction by removal of colony stimulating factor 1 from
motoneurons or in CCR2 global KOs. Thus, both activation of ventral microglia and a CCR2-dependent mechanism are necessary for
removal of VGLUT1 synapses and alterations in Ia-circuit function following nerve injuries.
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Synaptic plasticity and reorganization of essential motor circuits after a peripheral nerve injury can result in permanent motor
deficits due to the removal of sensory Ia afferent synapses from the spinal cord ventral horn. Our data link this major circuit change
with the neuroinflammatory reaction that occurs inside the spinal cord following injury to peripheral nerves. We describe that
both activation of microglia and recruitment into the spinal cord of blood-derived myeloid cells are necessary for motor circuit
synaptic plasticity. This study sheds new light into mechanisms that trigger major network plasticity in CNS regions removed from
injury sites and that might prevent full recovery of function, even after successful regeneration. j

ignificance Statement

tion in undamaged brain and spinal cord regions connected to
them. A well-studied case that causes life-long deficits in patients
is the modification of brain and spinal cord circuitry following
peripheral nerve injury (PNI) (Lundborg, 2003; Navarro et al.,
2007; Davis etal., 2011; Mohanty et al., 2015). One such change is
the permanent loss of muscle stretch reflexes (Cope et al., 1994;

Introduction
Injury or dysfunction in remote regions of the body can cause
long-term modifications of synaptic network structure and func-
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Table 1. Transgenic mice
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Mouse Jax # Background Donating laboratory Reference

(X3CR1 E6FP 005582 (57BL/6 Dr. Dan R. Littman, New York University Jung etal., 2000
(R27PP 017586 (57BL/6) Dr. Israel F. Charo, Gladstone Institute of Cardiovascular Disease, University of California at San Francisco Saederup etal., 2010
CSF1-flox NA (578BL/6) Dr. Jean X. Jiang, University of Texas Health Science Center Harris et al. 2012
Chat-IRES-Cre 006410 (57BL/6 Dr. Bradford B. Lowell, Beth Israel Deaconess Medical Center Harvard Rossietal., 2011
(X3CR17 “reER 020940 (57BL/6) Dr. Steffen Jung, Weizmann Institute of Science Yona etal,, 2013

Ai9 R26-tdTomato 007909 (578BL/6) Dr. Hongkui Zeng, Allen Institute for Brain Science Madisen et al., 2010

Haftel et al., 2005; Bullinger et al., 2011). Stretch-sensitive Ia
afferents innervate muscle spindles peripherally and after enter-
ing the spinal cord, they direct axon collateral branches ventrally
where they establish monosynaptic connections with motoneu-
rons (MNs) forming the stretch reflex circuit (Burke et al., 1979;
Brown and Fyffe, 1981). Ventral horn Ia axons and synapses are
withdrawn after PNT and never return, even after motor and Ia
axons reinnervate muscles in the periphery (Alvarez et al., 2010,
2011; Rotterman et al., 2014). Consequently, the stretch reflex
becomes functionally disconnected in regenerated MNs
(Bullinger et al., 2011). Absence of Ia input implies that ventral
horn motor circuitries operate after regeneration without feed-
back about muscles lengths and dynamics, and force signals from
Ib Golgi afferents become unopposed, both affecting many spinal
control mechanisms. Thus, motor tasks involving high forces
and/or rapid and large muscle lengthening (steep slopes) show
deficits (Abelew et al., 2000; Maas et al., 2007; Sabatier et al., 2011;
Lyle etal., 2017; Chang et al., 2018). The mechanisms implicated
in this die-back of ventral horn Ia axons are unknown.

After PNI, several coincident phenomena occur around cell
bodies of axotomized MNs and sensory neurons: (1) activated
microglia surround MNs; (2) blood-borne immune cells sur-
round sensory neurons; and (3) synapses become displaced from
axotomized MN cell bodies (Blinzinger and Kreutzberg, 1968;
Svensson and Aldskogius, 1993; Aldskogius et al., 1999; Cullheim
and Thams, 2007; Aldskogius, 2011; Niemi et al., 2013). The
significance of these phenomena and their relation to the disap-
pearance of la synapses are not clear. After PNI, microglia prolif-
erate and migrate toward axotomized MNs interposing
themselves between MN cell bodies and synapses undergoing
detachment (Blinzinger and Kreutzberg, 1968). These observa-
tions led to the suggestion that microglia “lift” these synapses, a
phenomenon known as “synaptic stripping.” However, follow-up
studies failed to confirm the necessity of microglia activation for
“synaptic stripping” (Svensson and Aldskogius, 1993; Kalla et al.,
2001; Berg et al., 2013), and the role of microglia in this process
continues to be debated (Perry and O’Connor, 2010). Ia synapses
were proposed to follow similar “stripping” fates (Mendell, 1984),
but most Ia synapses target and are lost from dendrites (Brown and
Fyffe, 1981; Rotterman et al., 2014), not the cell body where “synap-
tic stripping” occurs. Moreover, their disappearance is permanent
and associated with die-back of ventral Ia axons (Alvarez et al.,
2011), suggesting a degradative process.

Neuroinflammation influences synapse stability and loss
(Hong et al., 2016; Nistico et al., 2017) and after PNI, there is
intense microgliosis in the spinal cord side ipsilateral to the injury
and sometimes infiltration of myeloid cells, including chemokine
receptor 2 (CCR2)-expressing macrophages. CCR2 cells sur-
rounding the cell bodies of axotomized sensory neurons promote
the regeneration of their axons in the peripheral nerve (Niemi et
al., 2013), but CCR2 cells are also responsible for removing in-
jured sensory axons in the spinal cord (Evans et al., 2014) and
peripheral nerves (Siebert et al., 2000). This study was therefore

designed to investigate whether microglia and/or blood-derived
CCR2 macrophages participate in removing Ia axons/synapses
from the ventral horn. To this end, we used transgenic mouse
models to distinguish resident microglia from infiltrating my-
eloid cells and to manipulate each cell type independently. The
results suggest that microglia and CCR?2 activation are both nec-
essary for Ia synapse removal, demonstrating a link between the
alteration of the stretch reflex after PNI and the neuroinflamma-
tory response in the ventral horn.

Materials and Methods

All experiments were performed at Emory University and approved by
the Institutional Animal Care and Use Committee.

Transgenic models. All procedures were performed in adult mice (~3
months of age; 20-25 g) with comparable representation of males and
females. When sex differences were found, these are noted in Results.
We used several transgenic lines obtained from The Jackson Labora-
tory and maintained on a mixed C57BLk/6] and 6N background (Ta-
ble 1). Cx3cr1FP animals (RRID:IMSR_JAX:005582) carry an EGFP
gene “knocked in” to replace the first 390 bp of the second exon
region of the fractalkine receptor gene (Jung et al., 2000). In this
model, EGFP is expressed in CNS resident microglia and at various
levels in subsets of peripheral myeloid cells. We also used Ccr2R" animals
(RRID:IMSR_JAX:017586) to genetically label infiltrating peripheral
myeloid cells after PNIL In these animals, red fluorescent protein (RFP)
replaces the first 279 bp of the CCR2 open reading frame (Saederup etal.,
2010). This model labels peripheral monocytes, T cells, dendritic cells,
and other small populations of myeloid-derived cells. Experimental mice
were produced by crossing Cx3cr1ZFPEGEP with Cer2RPP/REP mice to
generate dual-heterozygous Cx3cr1®“F"*::Ccr2 ®FP/* mice. In both
knock-in models, the allele carrying the fluorescent protein gene is
disrupted; therefore, homozygous mice are functional “KOs” for each
respective receptor. Thus, we performed sciatic nerve injuries in
Ccr2RP/REP mice to determine whether interfering with CCR2 mecha-
nisms could prevent the loss of Ia afferent synapses on MNs. In addition,
we crossed Cx3crl“™ PR mice (RRID:IMSR_JAX:020940) with the Ai9
R26-tdTomato reporter line to obtain a genetic permanent label of all
resident microglia before nerve injury. This allowed us to search after
injury for possible microglia derived from peripheral immune cells that
escaped the tamoxifen-induced recombination event (see below). Fi-
nally, to test the hypothesis that microglia activation is mediated via a
signal from the MNs to the microglia, we deleted colony stimulating
factor 1 (CSF1) from MNs by crossing Chat™FS-€ mice (RRID:IMSR_JAX:
006410) with csf1"*"* mice (Harris et al., 2012) generously donated by Dr.
Jean X. Jiang (University of Texas, San Antonio, TX). These animals showed
alack of CSF1 upregulation in injured MNs and a blunted microglia reaction
after PNI.

MN labeling and PNI procedures. All animals were anesthetized with
isoflurane until a surgical plane of anesthesia was achieved (induction:
4%; maintenance: 2%, both in 100% O,) and given a subcutaneous in-
jection of 0.05—0.10 mg/kg buprenorphine to reduce postsurgical pain.
The left hindlimb was secured and the lateral gastrocnemius (LG) muscle
exposed by making a posterior mid-line incision at the popliteal fossa
level. The overlaying biceps femoris was retracted to access the muscle.
The muscle was then injected with 4-5 ul of 1.5% Fast Blue (Poly-
sciences) using a 10 ul Hamilton syringe. The skin was aligned and su-
tured back together. Animals recovered for ~1 week to allow sufficient
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Table 2. Antibodies used forimmunohistochemistry
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Antigen Immunogen Host/type Manufacturer RRID # Dilution
EGFP Recombinant GFP 6-his tag Chicken/polyclonal Serotec catalog #obt1644 AB_620519 1:1000
DsRed Variant of Discosoma sp. Rabbit/polyclonal Clontech catalog #632496 AB_10013483 1:1000
VGLUTY Recombinant protein (aa 456 to 560 from rat VGLUT1) Guinea pig/polyclonal Synaptic Systems catalog #135304 AB_887878 1:1000
VGLUT1 Recombinant protein (aa 456 to 560 from rat VGLUT1) Rabbit/polyclonal Synaptic Systems catalog #135303 AB_887875 1:500
VGLUT2 Recombinant protein (aa 510 to 582 from rat VGLUT2) Rabbit/polyclonal Synaptic Systems catalog #135402 AB_887883 1:500
VGAT Synthetic peptide (aa 75 to 87 from rat VGAT) Mouse/monoclonal Synaptic Systems catalog #131011 AB_887872 1:200
Iba1 C-terminus of Iba1 Goat/polyclonal Wako catalog #019-19741 AB_839504 1:500
(D3e Clone 500A2 25-kDA € chain Syrian hamster/monoclonal BD Biosciences catalog #553238 AB_394727 1:100
SH1 Escherichia coli-derived recombinant mouse M-CSF Lys33-Glu262 Goat/polyclonal R&D Systems catalog #AF416 AB_355351 1:2000
NeuN Purified cell nuclei from mouse brain Mouse/monoclonal A60 clone EMD Millipore catalog #MAB377 AB_2298772 1:500

retrograde transport of the tracer to MN cell bodies and dendrites before
they underwent a second surgery in which either the tibial nerve (TN) or
the sciatic nerve (SN) was exposed, isolated, and transected. A small piece
of sterile silk was tied around the proximal nerve stump to prevent re-
generation from occurring. In the case of tibial nerve injuries, the nerve
was transected immediately after the trifurcation of the sciatic branch
into the common peroneal, sural, and tibial nerves. The sciatic nerve was
transected just distal to the top head of the femur. Once the appropriate
nerve was transected and ligated, muscle and skin were closed using
absorbable sutures.

In global and conditional KO animals, we performed sciatic nerve
cut-repair surgeries, and the same procedure was done in parallel in
heterozygous mice or control mice lacking Cre recombinase expression.
In this case, the sciatic nerve was exposed as above; and after a complete
transection, the proximal and distal nerve stumps were immediately
aligned and joined using a fibrin glue mixture containing thrombin,
fibronectin, and fibrinogen to repair the nerve and facilitate regeneration
(Guest et al., 1997). This procedure results in >80% reinnervation of
neuromuscular junctions by 8 weeks after injury (data not shown). All
animals were monitored daily for the first week after surgery; none of the
animals exhibited signs of pain or distress.

In animals carrying Cx3cr1<"*"® alleles and crossed with the Ai9 tdTo-
mato line, we induced Cre recombination 5-6 weeks before nerve inju-
ries with two subcutaneous injections of 2 mg tamoxifen (dissolved in
peanut oil) at P12 and P14. At the time of injection, all CX3CR1-
expressing cells (resident microglia and also some peripheral immune
cells) underwent Cre recombination. Given that microglia are long-lived
with little turnover (Tay et al., 2017), and peripheral immune cells are
fully replaced in a few weeks by progenitors lacking CX3CRI1 expression,
the only genetically Cre-recombined cells remaining 5—-6 weeks after
tamoxifen injections correspond to resident microglia. This strategy to
specifically target microglia has been validated in previous studies (Gold-
mann et al., 2013; Tay et al,, 2017).

Harvesting tissue for histological analysis. Animals were allowed to sur-
vive for variable times ranging from 3 d to 8 weeks after nerve injury, at
which times they were deeply anesthetized with Euthasol (100 mg/kg)
and transcardially perfused, first with vascular rinse containing heparin
followed by 4% PFA in 0.1 M PB, pH 7.4. The spinal cords were dissected
out and postfixed overnight in the same fixative solution at 4°C. The
following day, the spinal cords were rinsed with PB and cryoprotected in
30% sucrose solution at 4°C. Spinal segments L4-L5 were blocked out,
and 50-um-thick transverse sections cut on a freezing sliding mi-
crotome. Sections were collected and processed for immunohistochem-
istry as free-floating sections.

Histological processing and immunohistochemistry. In dual-heterozygous
Cx3cr 1T :Cer2 R mice, we usually performed triple immunocy-
tochemical labeling using specific primary antibodies against GFP, RFP,
and VGLUT1, each raised in a different species. The sections were washed
in 0.01 M PBS with 0.3% Triton X-100 (PBS-T) and then blocked for 1 h
with 10% normal donkey serum diluted in PBS-T. Sections were then
incubated at room temperature with gentle agitation for ~24 h in a
primary antibody mixture containing chicken anti-GFP (1:1000, RRID:
AB_620519), rabbit anti-DsRed (1:1000, RRID:AB_10013483), and
guinea pig anti-VGLUT1 (1:1000, RRID:AB_887878), all mixed in

PBS-T. Immunoreactive sites were revealed with species-specific second-
ary antibodies raised in donkey (Jackson ImmunoResearch Laborato-
ries). Secondary antibodies (diluted 1:100 in PBS-T) were conjugated to
either FITC (anti-chicken IgY, RRID:AB_2340356) for EGFP amplifica-
tion, Cy3 (anti-rabbit IgG, RRID:AB_2307443) for enhancing RFP, or
DyLight 647 (anti-guinea pig IgG, RRID:AB_2340476) for immunode-
tection of VGLUTI. In Ccr2 global and conditional KO mice, we used
rabbit anti-Ibal (1:500, RRID:AB_839504) revealed with donkey anti-
rabbit IgG antibodies conjugated to FITC (RRID:AB_2315776) to detect
microglia/macrophages in the CNS. In some experiments, infiltrating
immune cells were tested for CD3e immunoreactivity (T-cell marker)
using Syrian Hamster anti-CD3¢ antibodies (1:100, RRID:AB_394727).
T-cell antibodies were mixed with rabbit anti-DsRed (1:1000, RRID:
AB_10013483) to amplify detection of CCR2-RFP cells. Immunoreactive
sites were revealed with Cy3 (anti-rabbit IgG, RRID:AB_2307443) for
enhancing RFP, and AlexaFluor-647 (anti-Syrian Hamster IgG, RRID:
AB_2337482) for detection of CD3e immunoreactivity.

To study synaptic stripping in the Chat’RES-Cé::csf 1o/ hackground,
we prepared animals in which LG MNs were labeled unilaterally or bilat-
erally by Fast Blue injection in one or both LG muscles. One week after
the animals underwent a sciatic nerve injury unilaterally (as above), they
were perfusion-fixed 14 d after injury (as above) to compare injured
versus control MNs 14 d after injury. Sections were equally divided into
three vials. Each group was immunolabeled with Ibal antibodies (as
above) and antibodies against one of three synaptic markers: VGLUT1,
VGLUT?2, and VGAT. In this case, we used rabbit polyclonal antibodies
for VGLUT1 and VGLUT2 (1:500 RRID:AB_887875 and RRID:
AB_887883, respectively) and a monoclonal antibody against (VGAT
1:200 RRID:AB_887872), each revealed with DyLight 647-conjugated
antibodies against their respective primary antibody species. In addition,
we confirmed deletion of CSF1 from MNs with dual immunofluores-
cence for CSF1 and NeuN. In this case, a polyclonal antibody against
CSF1 (1:2000 RRID:AB_355351) was mixed with a monoclonal antibody
against NeuN (1:500 RRID:AB_2298772). Immunoreactivities were re-
vealed with species-specific secondary antibodies conjugated to Cy3
(CSF1) or DyLight 647 (NeuN). A summary of antibody sources and
catalog numbers appears in Table 2.

Densitometric analysis of VGLUT]. Six spinal cord sections per animal,
all containing labeled LG MNs, were randomly selected and imaged on
an Olympus FV1000 confocal microscope at low magnification (10X1, z
step: 1.5 wm, NA 0.4). The sections were imaged on both sides with
identical parameters. Confocal images were uploaded to ImageJ, and a
circular ROI with a diameter of 270 um was placed around the labeled
motor pool on the injured side. A symmetrical ROI was placed on the
noninjured side to measure VGLUT1 immunofluorescence-integrated
pixel densities (see Figs. 2A, B, 3G,H ). All measurements were done in a
single optical plane per section and presented as a ratio of the immuno-
fluorescence density over retrogradely labeled MNs normalized to the
contralateral side. Differences in VGLUT1 fluorescence were estimated
in each animal by averaging ratios obtained from six sections per animal.

Analysis of VGLUTI densities on 3D reconstructed FB-labeled MNs.
Retrogradely labeled LG MNs were imaged at high magnification (60X 1,
z step: 0.5 wm, NA 1.35, oil-immersion) for VGLUT1 bouton quantifi-
cation on MN surfaces. MN images were uploaded to the neural recon-
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struction software Neurolucida (version 12.0, MicroBrightField). Cell
bodies and proximal dendritic arbors contained within single sections
were manually traced through all optical planes. VGLUT1-immuno-
reactive boutons in direct contact with the soma or dendrites were iden-
tified and a “marker” placed and attached to the corresponding position
on the 3D tracing. The number of VGLUT1 terminals per cell body was
obtained and their density calculated by dividing the number of
VGLUT]1 contacts by the total cell body surface (per 100 wum?). VGLUT1
contacts on dendrites were estimated as linear densities by dividing the
number of VGLUT1 terminals by total dendritic length of the traced
dendrites (per 100 wm) (Alvarez et al., 2011; Schultz et al., 2017). Sholl
analysis was used to examine VGLUTI distributions in dendrite seg-
ments at 25 wm bins of incremental radial distance from the center of the
cell body. Average VGLUTI densities in soma, dendrite, or Sholl bins
were obtained for each animal from 6 reconstructed MNss.

Analysis of VGLUTI, VGLUT2, and VGAT densities on FB-labeled MN
cell bodies. The cell bodies of MNs retrogradely labeled with Fast Blue
were imaged at high magnification (60 X 2, z step: 0.5 um). A mid-cell
slab of the cell body surface with a 5-7 wm depth (10—15 optical sections)
was reconstructed and all VGLUTI1, VGLUT2, and VGAT clusters in
contact with the cell body surface counted. The surface reconstructed
always corresponded to optical planes of the cell body containing the
nucleus and nucleolus and therefore correspond to mid-cross-sections of
the cells analyzed with the membrane surface orthogonal to the imaging
plane. The surface area of the reconstructed region was estimated and the
area corresponding to dendrites stemming from this region subtracted.
We then obtained a surface density (per 100 um?) for each synaptic
marker. Four or five animals were analyzed per genotype. From each
animal and each side (ipsilateral or contralateral to the injury), we recon-
structed from 3 to 10 MN cell body surface slabs per animal.

Quantification of microglia cells. Spinal cord hemi-sections were im-
aged with confocal microscopy at 20 X magnification (z step: 1.0 wm, NA
0.75) with automatic tiling, each containing six stitched tiles. Stitched
images were uploaded to Imaris 3D neural analysis software (Bitplane),
and we used the “spot function” to automatically detect and count the
number of GFP ™ cell bodies in 50-um-thick spinal cord sections (see
Fig. 3D,E). We counted all GFP ™ microglia cells in dorsal (data not
shown) and ventral horns. The ventral horn was defined as the region
below a horizontal line traced over the dorsal tip of the central canal. Each
animal estimate was derived from the average of 6 hemi-sections.

Microglia morphological analysis. Twelve microglia cells (3 cells per
animal, # = 4 animals per condition) were randomly sampled from
confocal images containing retrogradely labeled MNs acquired at 60X
(see above) from control animals or animals 14 d after tibial or sciatic
nerve injury and uploaded into the Imaris program. All microglia ana-
lyzed were near and/or touching labeled MN cell bodies in lamina IX. We
used the Imaris filament tracker module to reconstruct in 3D all the
cellular processes associated with individual cells and quantified overall
filament lengths as well as total number of filaments per cell. We also
performed a Sholl analysis for the number of filaments at 10 wm bins of
incremental radial distance from the center of the cell body. Finally, we
digitally cropped all microglia processes and surface rendered the iso-
lated cell body to calculate cell body volumes.

RFP cell quantification. CCR2-RFP cells were counted manually using
an Olympus epifluorescence microscope (BX52) at 20X magnification
(NA 0.75). All 50-wm-thick sections containing labeled LG MNs were
included in the analysis and averaged to obtain an estimate in each ani-
mal (average of 23.2 sections per animal; n = 4 animals). To quantify the
percentage of CCR2-RFP cells CD3g, six sections from each mouse
(dual-heterozygous and CCR2 KO) were randomly selected from sec-
tions containing CCR2-RFP cells 21 d after sciatic nerve transection and
ligation.

Quantification of Ibal cells after injury that are not derived from resident
microglia. We crossed Cx3cr1“"*® homozygous mice with Ai9 R26 tdTo-
mato reporter mice and injected the offspring with tamoxifen (see above)
to induce Cre recombination and tdTomato expression. When mice were
~3 months of age, the LG muscle was injected with Fast Blue. One week
later, the sciatic nerve was exposed, transected, and then ligated. Mice
were allowed to survive for 21 d or 8 weeks before being perfusion-fixed.
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Control (sham) mice were injected with tamoxifen but had no surgical
procedures performed on them. Spinal cords were then sectioned (50-
pum-thick) and immunolabeled for Ibal revealed with FITC-conjugated
secondary antibodies (as above). All Ibal cells derived from resident
microglia are therefore expected to express tdTomato, whereas Ibal cells
derived from other sources should lack tdTomato. Tiled confocal micro-
scope images of the entire ventral horn were obtained at 20X magnifica-
tion (n = 4 mice, 6 sections per mouse). Image files were uploaded to
Neurolucida, and all tdTomato ":Ibal © dual-expressing cells, and
Ibal ™ only cells were manually counted within the ventral horn on both
the ipsilateral and contralateral sides of the spinal cord. Because micro-
glia numbers were quite different between sides due to microgliosis after
the nerve injury, we also obtained percentage estimates of the number of
Ibal ™ cells lacking tdTomato labeling.

Experimental design and statistical analysis for histological analyses. For
each injury type, genotype, and time point, we averaged data from 3 to 6
mice. The exact details of the sampling strategy and numbers used can be
found in preceding sections detailing each of the analyses. Further expla-
nations are reported in the appropriate results sections. We used either a
one- or two-way ANOVA to reveal significant differences according to
injury type (sciatic, tibial, or sham) and interactions with time after
injury (3 d, 7 d, 14 d, 21 d, and 8 weeks). Significant differences were
followed by Bonferroni post hoc t tests for pairwise comparisons. In cases
where normality failed, we used nonparametric Kruskal-Wallis one-way
ANOVA on ranks followed by Dunn’s method post hoc tests. In compar-
isons between different combination pairs of dual-heterozygous mice,
controls, and global or conditional KOs, we used two-tailed ¢ tests. Spe-
cific tests used in each experiment are indicated in the text. We pooled
together data from males and females because we did not detect statisti-
cally significant differences in our measurements according to sex. All
values were set at 0.05. Sample sizes were set to power = 0.80 and varied
according to sample variance and the size of the effect. If effect sizes were
too small (<10% difference), we did not seek incrementing sample sizes
to increase power but interpreted any change too small to be of relevance.
“n” usually refers to number of animals (except when indicated in Re-
sults) and interanimal variability was usually kept low by performing
repetitive measurements in each animal before obtaining one average per
animal (for example, 6 MNs per animal estimating VGLUT1 densities;
>20 sections per animal for counts of CCR2 cells; 6 sections per animal
for microglia cell counts). Some genotypes occur at very low frequencies;
and in some cases, “n” is necessarily low because it is unfeasible to obtain
larger samples (situations in which we did not achieve the desired statis-
tical power are indicated in the text).

For analyses of different synaptic marker (VGLUT1, VGLUT2, VGAT)
densities, we performed paired ¢ tests comparing MNs ipsilateral and con-
tralateral to the injury. This approach avoided biases introduced by differ-
ences in immunoreactivity intensity from animal to animal, in particular
with the more variable VGLUT2 and VGAT immunoreactions (VGLUT1
immunofluorescence is very consistent from animal to animal).

Peripheral blood mononuclear cell (PBMC) isolation and spinal cord
tissue dissociation for myeloid cell analysis: A total of 12 Ccr2RFP/*
heterozygous and 12 Ccr2®/®EP KO mice were used for these experi-
ments. All mice were subjected to a bilateral sciatic transection injury and
were allowed to survive for 21 d. On the day of the experiment, each
individual mouse was first subjected to a cheek bleed by using a blood
lancet to puncture the submandibular vein. Approximately 200 ul of
blood was collected in a sterile tube and placed on ice. Red blood cells
were lysed using red blood cell lysis buffer (Biolegend), and PBMCs were
pelleted by centrifugation. Cells were suspended in 1X HBSS (Hank’s
Balance Salt Solution without calcium, Invitrogen), and 1 million cells
were stained for flow cytometry. Methods are as previously described in
more detail (MacPherson et al., 2017).

To harvest the spinal cords, all mice were anesthetized with isoflurane
and decapitated. The entire lumbar enlargement was rapidly extracted
and placed in a sterile Petri dish containing 1>X HBSS where it was finely
minced using a scalpel. The tissue solution was transferred to an enzy-
matic DDP solution (DMEM/F12 media containing 1 mg/ml papain,
Roche Diagnostics) and 220 U/ml DNase I (Invitrogen) for dissolution of
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tissue. The mixture was then incubated at 37°C for 20 min before being
neutralized with 10% FBS (Atlanta Biologicals). The solution was centri-
fuged to create a tissue pellet, and the supernatant was aspirated off. The
pellet was homogenized in ice-cold 1X HBSS using a fine-tip glass pi-
pette, filtered through a 70 um cell strainer, and then resuspended in
37% Percoll, pH 8.5-9.5 (Sigma-Aldrich), with a 70% Percoll layer below
and with 30% Percoll and 1 X HBSS layers on top. The Percoll gradient
was centrifuged, and the myeloid cell cloud was identified and collected
between the 70% and 37% layer. Collected cells were washed twice with
1X HBSS.

Experimental design and statistics for flow cytometry. Each individual
blood sample was used for a single “n” in the analysis (CCR2 heterozy-
gotes: n = 12and CCR2 KO: n = 12). However, preliminary experiments
showed alow yield of CCR2 cells in the spinal cord after injury; therefore,
4 mice from each group were pooled together and analyzed as a single set:
CCR2 heterozygotes: n = 3 (4 mice in each) and CCR2 KO: nn = 3 (4 mice
in each). Isolated immune cells from the spinal cord and PBMCs were
stained with Live/Dead Fixable Aqua (1:2000, Invitrogen, L34957) and
incubated with anti-mouse CD3 PE eFluor 610 (1:100, eBioscience, 61-
0031), anti-mouse CD45 PerCP-CY5.5 (1:100, eBioscience, 45-0451),
anti-mouse CD11b FITC (1:100, eBioscience, 11-0112), anti-mouse
CDl1l1c AlexaFluor-700 (1:50, Biolegend, 117320), anti-mouse Ly6G
PacBlue (1:100, Biolegend, 127611), and anti-mouse CD19 PE (1:100,
BD Bioscience, 561736), all diluted in FACS buffer. Samples were run on
an LSRII Flow Cytometer (BD Biosciences). The antibody panel was
extensively validated by antibody titrations using blood and spleen
(MacPherson et al., 2017). Background levels were set using antibody
isotypes and FMO (fluorescence minus one) controls. The data were
analyzed using Flow]Jo software (version 10.0.6). Isolated cells were gated
for size (forward scatter area) and granularity (side scatter area) followed
by forward scatter height versus forward scatter area to select single cells.
Live cells were detected with Fixable Aqua Live/Dead and gated for
CD45. CD45 " immune cells were gated for CCR2-RFP. The following
gating was applied to both total cells (CD45%) and CCR2™ cells
(CD45*CCR2 ™). Cells were gated on CD19 (B cells) versus CD3 (T
cells). The CD19 ™ CD3 ™ population was gated on CD11b versus Ly6G
to identify neutrophils (CD11b "Ly6G ™) and microglia/macrophage
populations (CD11b " Ly6G ~). Within the microglia/macrophage pop-
ulations, gates were applied to identify “resting” microglia (CD45'")
and activated microglia/macrophage (CD45™8"), The CD45" and
CD45 MM populations were assessed for CD11c¢ expression. We obtained
both raw cell counts and percentages for each cell type with respect to all
CCR2 cells. Differences in cell numbers and percentages for each cell type
between Ccr2RFP/* heterozygous and 12 Cer2RFP/* RFP KO mice were
statistically compared using ¢ tests independently in blood and spinal
cord samples.

Results

Animal model and experimental design

To investigate the extent of neuroinflammation inside the spinal
cord after PNI, we used dual-heterozygous mice in which one
Cx3crl allele encodes for GFP (Jung et al., 2000) and one Ccr2
allele encodes for RFP (Saederup et al., 2010). CX3CR1 is the
receptor for fractalkine and is known to be specifically expressed
by microglia within the CNS (Mizutani et al., 2012) and at vary-
ing levels in peripheral immune cells, such as circulating Ly6C ~
noninflammatory monocytes, dendritic cells, and natural killer
cells (Harrison et al., 1998; Papadopoulos et al., 1999; Huang et
al., 2006). CCR2 is a chemokine receptor known to be expressed
by T cells and Ly6C * CD45"¢" CD11b* inflammatory mono-
cytes, and it is involved in monocyte tissue trafficking in a variety
of neurodegenerative diseases (Bonecchi et al., 1998; Ajami et al.,
2011). It is also known to promote hyperalgesia in the spinal cord
dorsal horn after PNI (Zhanget al., 2007; Guetal., 2016). Cx3crl-
GFP and Ccr2-RFP alleles have their respective fluorescent
protein-gene constructs knocked into the coding regions of the
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target cytokine receptor gene resulting in their inactivation. In
Cx3crl ™ :Cer2®™™ dual-heterozygotes, one allele expresses
the reporter protein, whereas the other maintains expression of
the receptors at functional levels. This reporter mouse has been
extensively used to differentiate resident microglia from blood-
derived monocytes/macrophages in various neurodegenerative
models (Ajami et al., 2011; Prinz et al., 2011; Shi and Pamer,
2011), after spinal cord injury (Donnelly et al., 2011; Evans et al.,
2014) and after traumatic brain injury (Morganti et al., 2015;
Katsumoto et al., 2018), and to study dorsal horn pain mecha-
nisms after PNI (Gu et al., 2016). This is the first study to use this
dual-heterozygote model to study neuroinflammation in the
ventral horn after PNI. All mice were maintained on a C57BL/6]
and N mix genetic background to avoid variability in inflamma-
tory responses and/or differences in synaptic plasticity after PNI,
which are known to occur among different strains of mice (Sabha
et al., 2008; Jinno and Yamada, 2011).

Our analyses focused on MNs projecting to the LG muscle
that were retrogradely labeled with Fast Blue 1 week before any
nerve injury, or sham operation (Fig. 1A, B). In some cases, ani-
mals did not receive an operation to have a noninjured cohort.
CX3CRI1-GFP microglia and CCR2-RFP cell infiltration were
studied specifically in the locations of retrogradely labeled LG
MNs (Fig. 1C,D). Most sections were analyzed in the transverse
plane, but we also obtained longitudinal sections in 2 animals at
each of 7 and 14 d after injury, to examine the rostrocaudal extent
of microgliosis, CCR2-RFP infiltration, and VGLUT1 synapse
depletion. Microglia activation was found in dorsal and ventral
horns corresponding with areas occupied by the sensory afferent
projections and motor pools of the injured sciatic nerve (Fig.
1B,C). Infiltration of CCR2-RFP cells occurs primarily in the
ventral horn after a period of strong microgliosis; very few CCR2-
RFP cells were seen in the dorsal horn (Fig. 1D). Clusters of
infiltrated CCR2-RFP cells were discontinuous in the longitudi-
nal axis, with regions of high and low infiltration through the
rostrocaudal extent of the sciatic motor pool (not shown). The
same sections were immunostained against VGLUT1 to study
changes in the density of muscle spindle afferent synapses (Fig.
1E). Regions with microgliosis, and particularly regions with high
numbers of infiltrated CCR2-RFP cells, showed large depletions
in VGLUT1 immunoreactivity. Ia afferents are the predominant
muscle spindle afferent monosynaptic to MNs; however, Group
IT afferents also contribute many synapses in the ventral horn and
are also VGLUT1-positive (Vincent et al., 2017).

Because LG MNs and afferents might be misguided to incor-
rect targets, peripheral regeneration is increasingly impaired the
more proximal and larger the injured nerve (Sunderland, 1968).
To avoid confounding factors related to differences in efficiency
and specificity of regeneration in the periphery after SN or TN
injuries, we initially prevented regeneration in both nerves by
placing a small ligature in the proximal end of the cut nerve.
These two injury models are thus referred to as tibial or sciatic
transection and ligation (TTL and STL). In these models, we
noted shrinkage of LG MNs disconnected from their targets after
long-term survival (see below). To analyze resulting VGLUT1
synapse organization after regeneration (8 weeks survival) in KO
models and avoid the confounding influence of cellular shrink-
age, we also performed sciatic nerve cut and repair injuries (STR).
This procedure is permissive of motor axon regeneration and
prevents cell shrinkage.
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Figure 1. Nerve injury and mouse models. A, The LG muscle of Cx3cr1 S/ ::(er2®/+
dual-heterozygous mice was injected with Fast Blue to retrogradely label one pool of axoto-
mized MNSs. Then, the tibial or sciatic nerve was transected and the proximal stump either
ligated to prevent regeneration or aligned to the distal stump with fibrin glue to allow regen-
eration. Spinal cords were analyzed 3 d to 8 weeks after injury. B—E, 2D projections of confocal
image stacks through the 50 m section thickness showing the four fluorescent signals ana-
lyzed: Fast Blue MNs (B), CX3CR1-GFP * microglia (€), CCR2-RFP * infiltrating myeloid cells
(D), and VGLUT1-immunofluorescence (E). This spinal cord was processed 14 d after sciatic
nerve transection. Solid yellow line indicates the spinal cord edge. Dotted line indicates the gray
matter. Cyan line indicates the approximate boundary of the sciatic and nonsciatic motor pools.
GFP ™ microgliosis is visible in the dorsal and ventral horns ipsilateral to the nerve injury.
Ventrally microglia accumulate around the axotomized sciatic motor pools. Infiltrating RFP ™
myeloid cells accumulate preferentially within the area of ventral microgliosis with little evi-
dence of CCR2-RFP cells in the dorsal horn or the contralateral side. The sciatic motor pool region
also shows depleted VGLUT1-immunoreactive punctae ipsilateral to the nerve injury side. Scale
bars: B, 100 ..m. (—E, Same magnification.
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VGLUT1 synapse depletions on MNs following tibial or
sciatic nerve injury

We first compared changes in VGLUT1 immunofluorescence
densities in the spinal cord ipsilateral and contralateral to the
nerve injury. To obtain these measurements, we placed an ROI
around the labeled LG MN pool on the side ipsilateral to the
injury and a corresponding symmetrical ROI on the contralateral
side (Fig. 2A). ROI placement and measurements were per-
formed in single optical planes of low-magnification confocal
images obtained with a 10X objective (NA = 0.4) and with a
theoretical optical thickness of 4.2 um. We calculated the inte-
grated pixel density ratio for each pair of images. In sham control
mice, the average VGLUT1-immunofluorescence ratio between
the two sides was 1.05 = 0.02 (* SE, n = 4 animals), indicating
no differences between sides (Fig. 2B). After TTL or STL, there
was a decrease in VGLUT1 fluorescence in the ipsilateral side that
was significant by 7 d after injury, continued to decline up to 21 d,
and remained depleted 8 weeks after injury. At 8 weeks, VGLUT1
immunofluorescence depletion was significantly larger after STL
than TTL (Fig. 2B; two-way ANOVA, time: F 5 45, = 35.663, p <
0.001; type of injury: F, 45, = 6.143, p = 0.018; STL vs TTL at 8
weeks post hoc Bonferroni STL vs TTL comparison, f test, t =
2.479, p = 0.018).

Changes in VGLUT1 immunofluorescence integrated pixel
density can occur because synapses are lost and/or VGLUT1 con-
tent decreases (Hughes et al., 2004; Alvarez et al., 2011). To spe-
cifically analyze synaptic loss, we compared densities of VGLUT1
synaptic contacts on the surface of reconstructed LG MNs. We
selected Fast Blue-labeled MNs with long and well-stained den-
drites for high magnification confocal imaging (60X, NA = 1.35)
and analysis (Fig. 2C). Cell bodies and proximal dendrites were
reconstructed in Neurolucida to obtain estimates of available sur-
face and dendritic lengths (Fig. 2D; Table 2). VGLUT1 boutons in
contact with the MN surface were identified and plotted along the
soma and dendritic arbor (Fig. 2C,D). If necessary, bouton con-
tacts on MN surfaces were confirmed with 3D visualization using
Imaris (Fig. 2E). We found no significant differences in VGLUT1
densities over the cell body or dendrites between sham control
mice with a dual-heterozygous genotype and uninjured MNs in
WT animals (n = 4 WT animals and 6 dual-heterozygous sham-
operated animals, 6 MNs are included in each individual animal
estimate; two-tailed ¢ tests, cell bodies: t = —1.150 with 8 df, p =
0.884; dendrites: r = —1.143 with 8 df, p = 0.286). These data
show that sham control dual-heterozygous animals have
VGLUT1 densities identical to uninjured MNs in WT animals
(Fig. 2F, G), and thus they are an appropriate control to compare
with dual-heterozygous injured animals. MNs in sham control
mice had, on average, a somatic density of 0.75 = 0.03 (= SE)
VGLUT!1 contacts per 100 wm* and overall dendritic linear den-
sity of 17.17 %= 0.72 VGLUT1 contacts per 100 wm of dendrite
length (n = 6 animals) (Fig. 2 F, G). Eight weeks after injury (n =
4 animals in each of TTL and STL injuries), VGLUT1 contacts
were significantly depleted on the soma of LG MNs following
both TTL and STL (one-way ANOVA, F, 5 = 62.696, p <
0.001; post hoc Bonferroni t tests vs control, TTL: t = 7.504, p <
0.001, STL: + = 10.619, p < 0.001). VGLUT1 somatic density
depletions were significantly greater after STL compared with
TTL (post hoc Bonferroni TTL vs STL t test, t = 2.844, p = 0.048).
We also noticed that the cell bodies of LG MNs prevented from
reinnervating muscle for 8 weeks tended to be smaller and had
less surface area available for synaptic connections (Table 2; one-
way ANOVA, F, 13, = 3.563, p = 0.064). Changes in surface area
might underestimate synapse losses when comparing densities
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VGLUT1 synaptic loss after nerve injury. A, VGLUTT immunoreactivity (IR) shows a unilateral decrease in the injured side around the region containing Fast Blue-axotomized LG MNs.

ROIs (white circles) are placed on LG motor pools on both sides of the spinal cord, and the integrated pixel density of VGLUTT immunofluorescence was measured. B, VGLUTT immunofluorescence
density changes with time. Data are presented as a ratio of estimates ipsilateral versus contralateral to the injury. VGLUT1 fluorescence decreases ipsilateral to the injury after sciatic (blue line) or tibial
(red line) nerve cut-ligation injuries. y axis represents integrated pixel density ipsilateral/contralateral. Each dot represents estimates from 1animal (n = 4 mice per time point per injury type). Lines
indicate mean = SE at each time point. Black asterisks are comparisons with control: ***p << 0.001. Red asterisk at 8 weeks is a comparison between injuries: *p << 0.05. €, High-magpnification
confocalimage of a retrogradely labeled LG MN (blue, Fast Blue) from a sham control animal receiving VGLUT1 synapticinputs (white). D, Neurolucida 3D reconstruction of the same MN with VGLUT1
contacts mapped along soma and dendrites. E7—E3, Imaris 3D surface renderings of dendritic segments shown in box highlighted in C, D. Rotations demonstrate VGLUT1 synapses attachment
to the dendrite. F, D, VGLUT1 density in cell bodies and dendrites of dual-heterozygous sham control animals is not different from control MNs in WT animals. In dual-heterozygous
animals, VGLUT1 densities are decreased in cell bodies both after either tibial or sciatic nerve transection compared with sham controls. Black asterisks (Figure legend continues.)
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Table 3. Morphological characteristics of reconstructed motoneurons and VGLUT1
numbers”

Control Tibial ligation Sciatic ligation
Soma surface area (uwm?) 3118 = 142 2989 =+ 268 2377 =239
Dendritic length (um) 431+28 324 £ 55 249 * 45
Dendritic surface area (p,mz) 5014 = 292 3553 =920 2044 + 364°
#0f VGLUT1 contacts on soma 8B2+10 126 = 1.6° 70 x13°
#0of VGLUT1 contacts on dendrites ~ 71.6 = 4.8 450 =67 280 = 48

“Data are reported as mean == SE; n = 4 mice, 6 motoneurons per mouse.
bSignificant difference from controls (p << 0.05).

per unit surface. For this reason, we also compared the absolute
number of VGLUT1 contacts per cell body and found a signifi-
cant 46% reduction with respect to control after TTL and 70%
loss after STL (one-way ANOVA, F, 3, = 55.619, p < 0.001; post
hoc Bonferroni t tests, TTL: t = 6.654, p < 0.001; STL: t = 10.161,
p <0.001). Thus, VGLUT1 bouton contacts are lost over MN cell
bodies in both types of injuries, and this is partially offset by cell
body shrinkage 8 weeks after nerve injury when regeneration is
prevented.

While losses in somatic VGLUT1 synapses are significant,
most VGLUT1 synapses innervate the proximal dendritic arbor
(Rotterman et al., 2014), and this region therefore best represents
changes in total input. Overall dendritic VGLUT1 densities were
significantly different when comparing sham controls, TTL and
STL animals (one-way ANOVA, F, 5y = 5.410, p = 0.026).
While VGLUT1 dendrite densities after STL were significantly
depleted ( post hoc Bonferroni t test STL vs control, t = 3.259, p =
0.023), VGLUT1 densities after TTL were intermediate between
STL and controls and did not reach statistical significance against
either (post hoc Bonferroni ¢ test, TTL vs control, t = 1.713, p =
0.344; TTL vs STL, t = 1.411, p = 0.557). To avoid interpretation
problems due to differences in the lengths of the dendrites ana-
lyzed in different samples (Table 2) and to test whether VGLUT1
bouton contacts were preferentially lost along particular regions
of the dendrite, we performed Sholl analysis with bin sizes in-
creasing by 25 um distance from the cell body center (Table 3;
Fig. 2H). In the first 25 um of dendrite, there was a significant
depletion in VGLUT1 linear density for both TTL and STL com-
pared with sham controls (one-way ANOVA, F, 5, = 23.829,
p < 0.001; post hoc Bonferroni ¢ tests vs control, TTL: t = 2.332,
p =0.004; STL: t = 6.659, p < 0.001). In the 25-50 and 50-75 wm
bins, we detected significant depletions of VGLUT1 contacts,
compared with sham control, following STL but not after TTL
(Fig. 2H) (one-way ANOVA, 25-50 wm bin: F, ;5y = 7.996, p =
0.007, post hoc Bonferroni f test vs control, TTL: t = 2.493, p =
0.090; STL: ¢ = 3.863, p = 0.008; 50—75 wm bin: Fy, 3 = 9.581,
p = 0.004; post hoc Bonferroni ¢ test vs control, TTL: t = 0.783,
p = 1.000; STL: t = 4.260, p = 0.004). In conclusion, VGLUT1
densities in different dendritic regions after TTL were always inter-
mediate between controls and STL, and there were no significant

<«

(Figure legend continued.) ~ are comparisons with sham: ***p << 0.001. Red asterisk com-
pares the two injuries: *p << 0.05. Dendrite linear densities of VGLUT1 contacts are significantly
decreased compared with sham controls only after sciatic nerve injury (black asterisk; *p <
0.05), but not after tibial nerve injury. H, Sholl analysis (bin size: 25 wm distance increments
from cell body center): VGLUTT densities compared with sham controls show significant de-
creases in the first 25 wm bin after both injuries, but at further distances depletions were
significant only after sciatic nerve injury: ***p << 0.001; **p << 0.01. 1, VGLUT1 bouton surface
areais similarly reduced after tibial or sciatic nerve injury: **p << 0.01 to control. F~H, Error bars
indicate mean == SE (n = 4 -6 mice); each mouse estimate is from 6 MNs per mouse. Scale
bars: 4,100 um; C, D, 50 m.
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differences detected between TTL and STL or TTL and sham con-
trols at distances further than 25 wm from the cell body center.

The pattern of VGLUT1 synapse loss is consistent with results
from densitometry, suggesting a greater VGLUT1 reduction oc-
curred after STL compared with TTL. However, another variable
that could influence densitometry is a change in the size of
VGLUT1 puncta. VGLUT1 sizes were compared by surface-
rendering VGLUT1 puncta contacting FB-labeled MNs 8 weeks
after injury. Average VGLUT1 puncta surface areas were simi-
larly reduced by 52%-55% after TTL and STL injuries from an
average value of 12.89 = 1.33 wm? (*+ SE) in sham controls. The
reductions in synaptic size were significant for both injuries (Fig.
2I) (one-way ANOVA, F, ;) = 16.876, p < 0.001; post hoc Bon-
ferroni f test vs control, TTL: t = 5.347, p = 0.001, STL: ¢ = 4.640,
p = 0.004), but there was no difference between TTL or STL in
VGLUT1 punctae size ( post hoc Bonferroni t test TTL vs STL, t =
0.707, p = 1.000). In conclusion, VGLUT1 loss on LG MN cell
bodies and proximal dendrites is greater after SN injury com-
pared with TN injury but both injuries result in similar reduc-
tions in VGLUT1 puncta size. The latter might be the result of
chronic long-term inactivity after preventing reconnection to
muscle spindles.

Microglia responses after tibial and sciatic nerve injuries
Starting 3 d after injury, both TTL and STL trigger a microglia
response around injured motor pools and in the dorsal horn (Fig.
3A-C). We used the “spot function” algorithm in Imaris to au-
tomatically detect and quantify the number of CX3CR1-GFP mi-
croglia present in the ventral horn (Fig. 3D) (n = 3 or 4 animals
per condition, each animal estimated from 6 ventral horns).
Sham control mice had an average of 200.8 *= 16.9 (*SE)
CX3CRI1-GFP microglia per ventral horn in 50-um-thick sec-
tions. Their distribution was identical to that of Ibal-
immunoreactive microglia in WT animals and dual labeling
between Ibal and CX3CR1-GFP in dual-heterozygous animals
demonstrated labeling of identical cells with both markers (data
not shown). In both tibial and sciatic models, there was a signif-
icant increase in the number of CX3CR1-GFP microglia cells
with time after injury (Fig. 3E), but there were no significant
differences between the two injury types (two-way ANOVA,
time: Fis 40 = 25.250, p < 0.001, injury: F, 4y = 1.701, p =
0.201). Microglia numbers were significantly increased already
by 3 d after both injuries ( post hoc Bonferroni ¢ tests vs control,
t = 6.136, p < 0.001), and the number of microglia remained
significantly elevated 21 d after injury before returning to control
levels by 8 weeks. These data suggest that, regardless of the site of
the nerve injury or the degree of VGLUT1 synaptic loss, microglia
proliferation in the spinal cord ventral horn is similar.

Next, we examined whether there were differences in the mor-
phology of activated microglia between TTL and STL (Fig. 3F).
Following PNI, microglia processes retract and become thicker,
whereas cell bodies increase in volume. These morphological
changes are associated with “activation” (Kreutzberg, 1996; Nim-
merjahn et al., 2005) and cytokine production (Hanisch, 2002;
Hu et al., 2015). We compared the morphologies of randomly
selected microglia close to LG MNs in controls or 14 d after either
TTL or STL (n = 12 cells per condition, 3 microglia cells per
animal). First, we calculated cell body volumes after rendering
them using the Imaris “surface module” (Fig. 3G). Control mi-
croglia had an average cell body volume of 142.6 + 11.58 um®
(= SE, n = 12); and after either TTL or STL, cell body volumes
significantly increased by 83% and 107%, on average, with re-
spect to control (one-way ANOVA, F(, 55, = 12.574, p < 0.001;
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Figure 3.  Microglia activation around injured MNs. A-C, CX3CR1-GFP microglia (green) 3 d (4), 14 d (B), and 8 weeks (C) after tibial (A7, BT, €1) or sciatic (A2, B2, €2) cut ligation. LG MNs are
labeled with Fast Blue (blue). D, Quantification of GFP * microglia using unbiased automatic Imaris spot function. D1, GFP fluorescence. D2, Cell body identification. A line traced above the dorsal
tip of the central canal separates dorsal from ventral regions. E, Number of CX3CR1-GFP microglia per ventral horn in 50- um-thick sections at different times after injury after a sciatic (blue line) or
atibial (red line) nerve injury. There s a significant increase in the number of GFP * microglia after both tibial and sciatic ligation from 3 to 21 d after injury: ***p < 0.001, all versus control after
either injury. Microglia numbers return to baseline by 8 weeks after injury. No statistical differences were detected between sciatic and tibial nerve injury in GFP * microglial cell numbers. Each dot
represents 1animal. Lines indicate mean == SE at each time point (n = 4 mice; 6 ventral horns were counted per mouse). F, High-magpnification 2D projections of single CX3CR1-GFP microglia in
control and 14 d after a tibial or sciatic nerve injury. Bottom, Imaris filament tracker reconstructions used for quantification. G, Microglia cell body volume significantly increased compared with
control after both nerve injuries: **p << 0.01; ***p < 0.001. H, Total microglia process length shows significant decreases compared with controls: ***p << 0.001. G, H, Each data point represents
an individual microglia cell (n = 12 in each group). Error bars indicate SE. /, Sholl analysis compares the total number of microglia filaments in increasing 10 um distance bins from the cell body
center. Control microglia have significantly fewer processes in the first 10 wm than microglia in the injured conditions (blue asterisks); but past 20 m, there are significantly fewer microglia
processes in injured animals. Asterisks represent significant differences compared with control (blue) after sciatic (red) or tibial (green) nerve injury: ***p << 0.001. Inset, Sholl analysis bins with
color-coded distances. Scale bars: 4, 07,100 .m; F, 10 em.
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Table 4. Sholl analysis”
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Control Tibial ligation Sciatic ligation

25 um 50 um 75 um 25 um 50 wm 75 um 25 um 50 wm 75 um
Dendritic length (um) 51037 1779101 1247 =118 521 %43 1391146 547 *+162° 60348 1402212 423 +159°
#of VGLUTT 10.6 = 0.9 332*+19 17.6 £1.9 7.6 £ 0.6 209 +28°  103+29 76 £1.2 169 = 2.4° 3814
Dendritic density (per 100 wm) 217 =08 192 £ 1.0 145+05 146+04° 150+08 131+19 108+20° 127 +19 72+ 15

“Motoneuron morphological details by increasing bins 25 um from cell body. Data are reported as mean == SE; n = 4 mice, 6 motoneurons per mouse.

bSignificant difference from controls (p << 0.05).

post hoc Bonferroni t test vs control, TTL: t = 3.719, p = 0.001;
STL: t = 4.773, p < 0.001). There were no significant differences
between TTL and STL injuries (Fig. 3G). Microglia were then
reconstructed using Imaris “filament tracker” to estimate process
lengths and numbers. For filament skeletonization, we thresh-
olded microglia branches and extensions, not filopodia. Control
microglia had an average combined process length of 861.4 *
96.9 um (Fig. 3H) and an average of 110.0 = 17.4 individual
filament branches per microglial cell. After both TTL and STL,
overall processes lengths were 51.6%-52.6% significantly shorter
(one-way ANOVA, F, 55 = 16.059, p < 0.001, post hoc Bonfer-
roni ¢ test vs control, TTL: = 4.859, p < 0.001; STL: t = 4.956,
p < 0.001), and the number of filament branches was also signif-
icantly reduced by 59.0%—57.2% (one-way ANOVA, F, 55, =
11.378, p < 0.001, post hoc Bonferroni t test vs control, TTL: t =
4.194, p < 0.001; STL: t = 4.07, p < 0.001). Again, we found no
differences between injuries (Fig. 3H). Finally, we performed
Sholl analysis on the number of processes in regions at increasing
10 wm distances from the cell body center (Fig. 3I; Table 4). In the
first 10 wm bin, we found more branches in microglia after TTL
and STL compared with control (one-way ANOVA, F, ;5 =
11.420, p < 0.001, post hoc Bonferroni ¢ test vs control, TTL: t =
3.992, p < 0.001, STL: ¢ = 4.271, p < 0.001). In the 20 pm
distance bin, there was no difference between groups, but there-
after there were significantly fewer branches after TTL or STL
compared with controls (one-way ANOVA, F, 55y = 17.871,p <
0.001, post hoc Bonferroni f test vs control, TTL: t = 4.873, p <
0.001; STL: t = 5.436 p < 0.001). This indicates that TTL and STL
lesions caused similar morphological changes in ventral horn
microglia located close to injured LG MNGs.

Microglia activation is necessary for VGLUT1 synapse loss,
but not for “synapse stripping”

To test whether microglia activation is necessary for inducing the
loss of VGLUT1 synapses in the ventral horn, we used animals
carrying floxed csfI alleles to remove this gene from MNs. The
csfl gene encodes for CSF1, a secreted cytokine that acts on mi-
croglia through its receptor (CSF1R) to maintain microglia in the
basal state or induce microglia proliferation and activation after
injury or disease (Elmore et al., 2014). Removal of ¢sfI from all
spinal neurons using a nestin-Cre driver prevented spinal micro-
glia activation after PNIin both the dorsal and ventral horn with-
out changes in basal microglia numbers before the injury (Guan
etal., 2016). Thus, CSF1 might be a key signal secreted by axoto-
mized MNs to induce activation of specifically ventral horn
microglia after PNI. We removed csfI from MNs using Chat-
IRES-Cre mice and compared microglia proliferation 14 d after
injury and VGLUT]1 synaptic densities on FB LG MN 8 weeks
after injury. In this case, we prevented MN shrinkage by repairing
the nerve with fibrin-glue immediately after injury. This nerve
injury and repair model results in extensive motor axon regener-
ation and reinnervation of neuromuscular junctions by 8 weeks
after injury (data not shown).

Microglia were detected in these animals by Ibal-IR. We com-
pared Chat™’ " :csf1"/"* with Chat™FSCr/ " w:¢sf1/M°* animals.
Removal of CSF1 from MNs prevented microglia proliferation in
the ventral horn after PNI, whereas dorsal horn microgliosis re-
mained intact (Fig. 4A,B). Numbers of Ibal-IR microglia in
Chat™ " esf"°* increased to 304.9 * 7.3 cells per ventral horn
after injury (similar to dual-heterozygote Cx3crl“™ "
Cer2®P* animals after a comparable injury) but did not increase
after injury in Chat™*ES-C/* :csf1/10¥M10% (Fig_ 4G) (177 + 6.3 cells
per ventral horn). These differences in microglia numbers after
nerve injury were significant between genotypes (two-tailed  test,
t) = 13.188,p < 0.001, n = 4 animals per genotype; each animal
was analyzed in 6 ventral horns containing FB MNs). We did note
that Ibal-IR was nevertheless more robust in ventral horn micro-
glia on the injured side, suggesting that CSF1 removal did not
completely abolish all microglia activation, but fully prevented
microglia proliferation and migration toward injured motor
pools. We confirmed deletion of CSF1 using antibodies against
CSF1 combined with NeuN (Fig. 4C,D). Axotomized MNs in
Chat™* :csf1"*M°* animals downregulated NeuN and upregu-
lated CSF1 (Fig. 4C; n = 3 of 3 animals), but CSF1 expression was
not visible in MNs in the injured side of Chat'RES /" 1:csfy/lox/lox
animals (Fig. 4D; n = 4 of 4 animals).

Downregulation of the microglia reaction specifically in the
ventral horn rescued VGLUTI synapses on LG MNs, both on
their dendrites and cell bodies when analyzed 8 weeks after the
injury (Fig. 4E,F,H,I). In Chat™’ " ::csf1I™/"°* animals (n = 4),
VGLUT1 densities were reduced to similar levels as those observed
in dual-heterozygote Cx3cr1 ™" ::Ccr2®™™" animals after SN tran-
section. VGLUT1 densities in Chat™*"S <™/ * .:csf 1"/ animals
(n = 4) were similar to uninjured MNs in Chat™" /" sicsfp/lefiex
(n = 4) or Chat™"* ::csf1"*°% animals (n = 4) (Fig. 4H,I) These
were also similar to dual-heterozygote sham control animals and
uninjured WT MNs (compare with Fig. 2 F, G). Thus, soma and
dendritic VGLUT1 synaptic densities were significantly different
between MNs in Chat ™5 /% :csfi*1* and Chat™/* s:csf1"™* ani-
mals 8 weeks after injury, but there were no significant differences
between injured MNs in Chat™® /" :csf1"1* and uninjured MNs
in Chat™ESCre/*csf1oxM0x and Chat ™™ w:esf1°* (somatic
analyses: one-way ANOVA, between the four groups of animals,
F3.15 = 24.057 p < 0.001; post hoc Bonferroni ¢ tests, p < 0.001
between MNss in injured Chat™"* ::csf1"**/"°* and all three other
groups; p > 0.05 in all comparisons of injured Chat ™" s:csf1"™”* and
the other groups: injured Chat™™ " * s> animals and unin-
jured Chat™ECre/* w:csfiox and Chat ™ z:csf ™%, dendritic analy-
ses: one-way ANOVA, between the four groups of animals, F5 5, =
12.462 p < 0.001; post hoc Bonferroni ¢ tests, p << 0.01 between MNs in
injured Chat™" /% v:csf "% and all three other groups; p = 1.000in
all comparisons between the other groups).

We compared these results with the “synaptic stripping” of all
synapses on cell bodies after nerve injury by analyzing synaptic
coverage of their cell bodies by all excitatory (VGLUT1 and
VGLUT2) and inhibitory synapses (marked with vesicular
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Figure4. VGLUTT synapses are rescued by genetic attenuation of microglia responses in the ventral horn after deleting CSF1 from MNs. A, B, Microglia activation in the dorsal and ventral horn
14 d after sciatic nerve transection and repair in animals in which ¢sf7 is genetically deleted from MNs (B) or not (4). Ventral horn microglia response is significantly attenuated after removing ¢sf7
from MNs. C, D, Confirmation of CSF1 deletion. CSF1 is upregulated in axotomized MNs after nerve injury, but CSF1 is not present following csf7 deletion in Chat-expressing neurons. Section
counterstained with NeuN. NeuN is downregulated in axotomized MNs (Alvarez et al., 2011). E, F, VGLUT1 synapses on Fast Blue LG MNs with csf7 preserved (E) or removed (F). Images represent a
single confocal plane (left) and the 3D Neurolucida reconstructions (right). Reconstructions correspond to MNs with an asterisk. G, Quantification of microglia numbers 14 days post injury in the
ventral horn of animals with ¢sf7 removed from MNs (Chat™® " ::csf1 /™) and genetic controls (Chat ™" ::csf1™/%%)_ Dashed lines indicate the average number of ventral horn microglia per
section in dual-heterozygote Cr3cr7®™* ::Cer2"™* animals in sham controls (dark dashed line) or after sciatic nerve transection and ligation (dashed dotted line). Removal of csf7 from MNs
prevents the increase in microglia numbers after nerve injury. ***p < 0.001, between animals with ¢sf7 removed or preserved (¢ tests). H, I, VGLUT1 densities on the cell body (surface densities, H)
and on the dendrites (linear density, /) eight weeks after injury in injured animals (white bars) with ¢sf7 removed or not compared with uninjured animals of the same genotypes. MNs with ¢sf7
preserved display the excepted reductions in VGLUT1 densities. After removal of ¢sf7, MNs display densities similar to uninjured, suggesting rescue. Moreover, removal of ¢sf7 from Chat-expressing
neurons did not affect VGLUTT densities (these are similar to uninjured WTs and sham controlsin Fig. 2). Error bars in all histograms indicate SE. Each dot represents 1animal n = 4 animals per bar.
For microglia numbers, each animal value is the average of 6 ventral horns. For estimating VGLUT1 densities, each animal’s estimate results from averaging 6 reconstructed MNs. H, ***p << 0.001,
compared with all other groups ( post hoc Bonferroni t tests). I, **p << 0.01, compared with all other groups ( post hoc Bonferroni t tests). Scale bars: A-D, 200 um; C, Inset, 50 um; E1, F1,20 um.
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Figure 5.

“Synapticstripping” is independent of microglia activation. A—C, Method for assessing synaptic densities on MN cell bodies. 4, Three representative confocal optical sections separated

by 2 um z distance through the midplane of a Fast Blue MN. White represents VGLUT2-immunoreactive puncta. B, A slab of mid-cell body region reconstructed from 15 such optical sections (7 um
wide; zstep: 0.5 um) and VGLUT2 contacts marked on its surface (red circles). C, A similar reconstruction on a different MN marking exits of dendrites on the reconstructed surface. These areas were
subtracted from the total surface of the neuronal slab to estimate the density only on the membrane surface available for synapses on the cell body. D7, VGAT contacts (white) on the cell surface;
single optical plane confocal image. D2, D3, High-magnification and rotation showing a cluster of closely spaced VGAT contacts. Each was counted separately but likely represents independent
vesicular accumulationsin a single terminal and related to the multiplicity of active zones that inhibitory synapses form over cell bodies of MNs. E, Quantification of vesicular marker contact densities
comparing MNs in the side ipsilateral (injured MNs) or contralateral (control MNs) to the injury in animals with normal microglia activation (Chat™ ™ ::¢sf1™%) or blunted microglia activation
(Chat™™®* ::csf1™%1%) (n = 5 animals per genotype; 3—10 MNs analyzed per genotype and side; all MNs were pooled together in a single average per animal, genotype, and side). VGLUT1 and
VGLUT2 synapses were both significantly depleted after injury independent of genotype (p << 0.001). VGAT synapses were also depleted with microglia activation preserved or blunted, but
depletions were lower compared with VGLUTS, but still significant ( p << 0.05). There was more interanimal variability in VGAT depletions, and this was identified as originating in sex differences (in
all graphs, blue represents female data points). All replace for comparisons, plural were paired ¢ tests between control and injured side. Scale bars, 20 m. *p << 0.05; **p << 0.01; ***p << 0.001.

GABA/glycine amino acid transporter [VGAT]). We elected to
analyze 14 d after injury because there is significant “synaptic
stripping” of different types of synapses at this time, whereas
“stripped” VGLUT2 and VGAT synapses generally come back
after MNs reinnervate muscle (Alvarez et al., 2011). Because there
is higher interanimal variability in VGLUT2 and VGAT immu-
nostaining, we compared synaptic coverage on FB-retrogradely
labeled LG MNss ipsilateral and contralateral with the injury side
within animals. We analyzed 3—10 MNs per side and per animal
(mean = SD, 7 = 3 MNs; n = 5 animals). Each MN was imaged
at high magnification (60X2) with confocal microscopy (Fig.
5A), and the cell body membrane surface was reconstructed for a
5-7 um depth at a mid-plane region (a level containing nucleus
and nucleolus) (Fig. 5B). The area corresponding to emerging
dendrites in the reconstructed surface was estimated and sub-

tracted (Fig. 5C). This method allowed us to increase sample sizes
by permitting inclusion of FB-labeled MN cell bodies, even when
not fully contained within the 50 wm thickness of the tissue
sections. It also prevented synapse density overestimations by
counting synapses only in planes orthogonal to the imaging.
Paired comparisons removed any biases due to immunolabeling
differences among animals (Fig. 5E). We counted all appositions
of VGLUT and VGAT clusters. Many excitatory synapses estab-
lish only one active zone over MN cell bodies, corresponding to
one presynaptic cluster. However, inhibitory synapses frequently
establish multiple well-separated active zones (Alvarez et al.,
1997); thus, VGAT immunofluorescent puncta frequently occur
in groups of close-spaced clusters possibly belonging to the same
synaptic bouton (Fig. 5D). Because we did not label the totality of
the presynaptic bouton, we counted all immunoreactive puncta
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appositions for each of the three vesicular markers. Given the
differences in active zone number and structure, VGAT densities
were higher than expected when compared with VGLUT1 and
VGLUT?2 densities, considering known relative abundances of
inhibitory and excitatory synapses on MNs (Conradi et al., 1979;
Kellerth et al., 1979, 1983).

Comparison of synaptic vesicle puncta densities in axoto-
mized MNs and control MNs revealed significant depletions for
all three synaptic markers 14 d after injury in Chat ™" ::csf1/1¥/ox
and Chat'™*FSCr/* :csf110/M19% animals, even when, in the latter,
the ventral microglia reaction after PNI was significantly reduced
(for both genotypes: VGLUT]L, p < 0.001; VGLUT2, p < 0.001;
VGAT, p < 0.05; paired ¢ tests) (Fig. 5E). Reductions in synaptic
density were always higher for excitatory synaptic vesicle clusters
(VGLUT1: —46.4 * 5.4% [SEM] reduction; VGLUT2: —45.4 +
14.0% [SEM] reduction) than for inhibitory synapses (VGAT:
—25.3 £ 17.7% [SEM] reduction) in agreement with previous
studies reporting the better preservation of inhibitory synapses in
axotomized spinal MNs (Linda et al., 2000; Alvarez et al., 2011).
The higher variation in synaptic reductions observed for VGAT
synapses resulted from a better preservation in females than in
males (1 female analyzed in the Chat™ " ::csf1"/"°* sample and 2
in Chat™FS-Cre/* oo 11¥1°% animals, all with no reductions in
VGAT synapse densities). This is the only sex difference noted in
all datasets in this manuscript, and its significance will need to
be investigated in future studies. Comparison of percentage
reductions in synaptic density between Chat™* ::csf1"**/1°* and
Chat™RES-Cre/* oo 1f105/Mox animals showed no differences for
VGLUT2 and VGAT synapses; the synapses were reduced to sim-
ilar levels after PNI with or without ventral microglia activation
(one-tailed t tests: VGLUT?2, t4 = —1.321, p = 0.117; VGAT,
tigy = —1.091, p = 0.154; in both, 5 animals for each genotype).
However, reductions in VGLUT1 synapses were significantly dif-
ferent between genotypes, suggesting partial preservation when
microglia are not fully activated (—34.1 * 2.8% [SE] reduction in
Chat™RES-Cre/* .. cofflox/flox gnimals, compared with —46.4 = 5.4
[SE] reduction in Chat™’"::csf"*"* animals; t,, = —12.225,
p = 0.00487).

These results suggest that “synaptic stripping” is not pre-
vented in the absence of microglia activation. The fact that
VGLUT]1 synapses are not significantly depleted in MN's 8 weeks
after injury after MNs reinnervate muscle indicates that, in the
absence of microglia activation, “stripped” VGLUT1 synapses are
re-formed after regeneration, similar to the transient plasticity
of VGLUT2 and VGAT synapses (Alvarez et al., 2011). These
data thus suggest that “synaptic stripping” mechanisms are
microglia-independent, but the permanent disappearance of
VGLUT]1 synapses (and their axons) from the ventral horn is
microglia-dependent. The results also demonstrate that: (1)
dorsal and ventral horn microglia are activated after PNI by
signaling from different cell types (dorsal horn microglia are
activated by CSF1 released from sensory afferents [Guan et al.,
2016], ventral microglia by MN-derived CSF1); (2) CSF1 re-
ceptor activation is necessary for proliferation and migration
of ventral horn microglia after PNI; (3) 8 weeks after transec-
tion of the sciatic nerve, VGLUT1 synapse loss is identical in
MNss that are either prevented from (ligation) or allowed to
(repair) regenerate; and (4) blunting microglia activation,
specifically in the ventral horn, prevents the permanent re-
moval of VGLUT1 synapses from axotomized and then regen-
erated MNs.

Rotterman et al. @ Spinal Motor Circuit Synaptic Plasticity

The number of CCR2-RFP cells infiltrating the ventral horn
depends on injury type

Although microglia activation appears necessary for permanent
removal of VGLUT1 synapses, further mechanisms may account
for the difference in synaptic losses between tibial and sciatic
nerve injuries. To address this issue, we analyzed the possibility
that infiltration of peripheral immune cells labeled by expression
of CCR2 plays a role. In the spinal cord of sham control mice,
there is an average of 1.3 = 0.2 CCR2-RFP cells (*SE, n = 4
animals) per 50-um-thick section (all sections analyzed con-
tained FB-labeled MNs). Most CCR2-RFP cells in the spinal cord
of naive animals are elongated perivascular macrophages that
also express weak CX3CR1-GFP (see below). After nerve injury,
many CCR2-RFP cells infiltrate the spinal cord (Fig. 6A-D),
more prominently the ventral horn, where they associate with
injured motor pools and are sometimes opposed to FB-labeled
MN cell bodies. However, CCR2-RFP cell entry is delayed with
respect to microglia proliferation, peaking 21 d after injury.
There was significant variability in the number of CCR2-RFP
cells from section to section because entry is not homogeneous
throughout the rostrocaudal extent of the injured sciatic motor
pools. To best estimate CCR2-RFP cell entry, we counted cells in
the ventral horns of every transverse section containing FB-
labeled MNs (15-26 sections per animal; # = 3 or 4 animals per
time point and injury type).

CCR2-RFP cells in the ventral horn significantly increased
with time after injury, and there was also a significant difference
between injuries (two-way ANOVA: time, F(5 43, = 74.099, p <
0.001; injury type, F(, 43, = 27.930, p < 0.001). The number of
intraparenchymal CCR2-RFP cells started to increase the first
week after injury. Although this infiltration was small 3 and 7 d
after injury (Fig. 6D), it was nevertheless significant given the
practical nonexistence of these cells before the injury (post hoc
Bonferroni t tests vs control, 3 d: t = 3.728. p = 0.011; 7 d: ¢t =
6.643, p < 0.001). These cells greatly increased in number by 14 d
after injury, peaked at 21 d, and remained elevated 8 weeks after
injury ( post hoc Bonferroni t tests vs control, 14 d: t = 14.179,p <
0.001;21 d: £ = 16.254, p < 0.001; 8 weeks: t = 6.522, p < 0.001).
At 14 and 21 d after injury, there were significantly more CCR2-
REFP cells following STL compared with TTL, and a small differ-
ence was maintained at 8 weeks ( post hoc Bonferroni ¢ tests STL vs
TTL, 14 d: t = 5.183, p < 0.001; 21 d: + = 4.739, p < 0.001; 8
weeks: t = 2.156, p = 0.039).

CCR2 activation is necessary for elimination of VGLUT1
synapses from axotomized MN dendrites

Comparing the time courses of the CX3CR1-GFP microglia re-
action, CCR2-RFP cell infiltration, and VGLUT1 immunofluo-
rescence decrease (Fig. 6E), we found that in both STL and TTL
nerve injuries, microglia activation precedes infiltration of
CCR2-RFP cells, and the latter tightly associates with the time
course of VGLUT1 loss. The temporal coincidence between
CCR2-RFP cell entry and VGLUT1 decrease suggests a possible
role for these cells in the permanent degradation of Ia/Il VGLUT1
afferent synapses. Because CCR2 activation is necessary for
monocyte kinesis and infiltration into peripheral tissues (Desh-
mane et al., 2009), we took advantage of Ccr2®**"" homozy-
gotes in which both Ccr2 alleles are inactivated (CCR2 KOs) while
preserving CCR2-RFP labeling. We tested whether VGLUT1 syn-
apses are preserved in CCR2 KOs by analyzing VGLUT1 densities
on reconstructed LG FB-labeled MNs 8 weeks after sciatic nerve
injury and repair (STR) (Fig. 6F-H ). We first compared baseline
somatic and dendritic VGLUT1 densities in sham-operated
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Figure6. (CR2™ cells infiltrate the ventral hom of the spinal cord after nerve injury, and CCR2 activation is necessary for VGLUT1 losses from dendrites. A-C, 2D projections of confocal image
stacks (50-um-thick section) showing CCR2 ™ cells (white cells) infiltrated in the spinal cord 3 or 21 d after either tibial or sciatic nerve transections. These cells are located predominantly in the
ventral hom, close to retrogradely labeled LG MNs (blue). The area highlighted in the rectangle is shown at higher magnification below. D, Time course of CCR2 ™ cell infiltration after tibial (red line)
or sciatic (blue line) nerve injury. Data are represented as average number of total RFP * cells in the ventral horn of 50- um-thick spinal cord sections. Each data point represents the average from
all L4-L5 sections containing Fast Blue MNs in each mouse (average of 23.2 sections per animal). Lines indicate the average of 3 or 4 mice per time point. Error bars indicate SE. Significant increases
in CCR2 * cells compared with control are found from 3 d to 8 weeks after injury for both injuries (black asterisks), whereas significant differences between STL and TTL are found at 14d, 21d, and
8 weeks afterinjury (gray asterisks): p < 0.05; **¥*p < 0.001. E, Time course of CX3CR1-GFP * cell activation (green lines), infiltration of CCR2-RFP * cells (red lines), and overall VGLUT1 loss after
sciatic or tibial nerve injury (blue lines) normalized to maximum change for each condition and measurement. The time course of VGLUT1 loss overlaps with CCR2 * cell entry; both occur at a delay
after the onset of microglia activation. F, VGLUT1 synapses on LG reconstructed MNs after injury in dual-heterozygote Cx3cr1 7/ :(cr2™®* animals compared with CCR2 KOs. G, Quantification of
VGLUT1 synapses on LG MN dendrites. Dual-heterozygote animals, but not CCR2 KOs, show a significant decrease in dendritic synapses (***p << 0.001), each compared with their respective sham
controls (n = 6 animals per group; each animal estimate is the average of 6 MNs per animal; error bars indicate SE). H, VGLUT1 densities on cell bodies. There was only partial preservation in CCR2
KO animals: *p << 0.05; ***p << 0.001. Scale bars: A7, A2, 100 um; B, €1, B2, (2, respectively, at the same, F, 50 m.

CCR2 KOs (n = 6 animals) with their dual-heterozygote coun-  Therefore, lack of CCR2 has no impact on VGLUT1 synapse
terparts (n = 6) and found no significant differences on cell bod-  density on MNs in noninjured animals. STR injury significantly
ies (post hoc Bonferroni ¢ test dual-heterozygote control vs CCR2  reduced somatic (post hoc Bonferroni ¢ test dual-heterozygote
KO, t = 0.760, p = 1.000) or dendrites ( post hoc Bonferroni rtest ~ sham vs dual-heterozygote cut, t = 6.170, p < 0.001) and den-
dual-heterozygote control vs CCR2 KO, t = 0.913, p = 1.000).  dritic densities (post hoc Bonferroni ¢ test dual-heterozygote
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sham vs dual-heterozygote cut, t = 4.708, p < 0.001) in dual-
heterozygote mice compared with sham controls, but in CCR2
KOs VGLUT1 synapses on dendrites were preserved, with densi-
ties similar to age- and genotype-matched sham controls ( post
hoc Bonferroni f tests, vs sham CCR2 KO, t = 0.0167, p = 1.000;
vs sham dual-heterozygote, t = 0.930, p = 1.000). Consequently,
VGLUT1 densities on dendrites after STR injury were signifi-
cantly larger in CCR2 KOs compared with dual-heterozygotes
after STL injuries (post hoc Bonferroni ¢ test, t = 3.778, p =
0.007). On the cell bodies, we found intermediate densities of
VGLUT1 synapses in CCR2 KOs compared with sham control
animals or dual-heterozygotes after STR. Compared with their
respective sham control animals, there was a 54.1% loss in
VGLUT1 density in dual-heterozygotes but only a 30.5% loss in
CCR2 KO animals. Differences reached significance compared
with sham control animals ( post hoc Bonferroni ¢ tests, vs sham
CCR2 KO, t = 3.251, p = 0.024), but not with injured dual-
heterozygote animals (post hoc Bonferroni ¢ tests, control vs in-
jured CCR2 KOs, t = 3.251, p = 0.024; injured dual-heterozygote
vs injured CCR2 KO, ¢t = 2.159, p = 0.259). Thus, CCR2 genetic
deletion rescues many VGLUT1 synapses, particularly on MN
dendrites. Examination of the sections nevertheless revealed
many CCR2-RFP cells still present inside the spinal cord of CCR2
KOs after injury. Next, we investigated the types of CCR2-RFP
cells inside the spinal cord of Ccr2®™* heterozygotes and
Cer2RFP/REP KOs after sciatic nerve injury.

Heterogeneity of CCR2-RFP cells infiltrating the spinal cord
after nerve injury
To better understand the types of CCR2-RFP cells infiltrating the
spinal cord, we performed histological analyses 21 d after STL
injuries (peak infiltration: Fig. 6D). These analyses revealed het-
erogeneity in regard to morphology, CX3CR1-GFP expression,
and relations with CX3CR1-GFP microglia. The majority of
CCR2-RFP cellshad no CX3CR1-GFP expression and displayed a
ruffled round or ellipsoid morphology (Fig. 7A). When tested
with CD3e, a marker of T cells, 65.4 * 5.2% (= SE) of ventral
horn CCR2-REFP cells were positive (n = 6 animals, 6 sections
with retrogradely labeled LG MNs analyzed per animal), and
almost all CD3& " cells express CCR2-RFP (87.1 = 1.7%) (Fig.
7B). CCR2-RFP T cells were frequently located close to microglia
and sometimes formed large cell clusters with activated microglia.
Non-T cells represent ~35% of CCR2-RFP cells and could
contain a number of different cell types, including monocytes/
macrophages. A minority of these cells coexpress CX3CR1-GFP.
Dual-labeled cells displayed variable morphologies, from round/
ellipsoid (Fig. 7C1-C5) to microglia-like with many processes
(Fig. 7EI-E5) and some intermediate (Fig. 7DI-D5). RFP and
GFP fluorescence were inversely correlated and varied according
to morphology. Rounded cells were CCR2-RFP"€", CX3CR1-
GFP'®", whereas microglia-like cells were CCR2-RFP™Y,
CX3CR1-GFP"™&" RFP intensity was reduced with increased size
and number of processes, suggesting downregulation of CCR2
while establishing a CX3CR1"&" microglia-like phenotype. A less
abundant type of dual RFP/GFP dual-labeled cell corresponds to
elongated perivascular macrophages (Fig. 7FI-F5). These cells
were always apposing blood vessel surfaces (the VGLUT1 poly-
clonal antibody renders weak nonspecific background immuno-
labeling of blood vessels; for description of this nonspecific
immunoreactivity in VGLUT1 KOs, see Siembab et al., 2016). A
few perivascular macrophages were present before the injury, and
their number increased after the injury.
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Dual-labeled cell numbers varied according to injury type
(Fig. 7G). They significantly increased after both injuries (two-
way ANOVA time: Fs5 43, = 52.265, p < 0.001, injury: Fs 43y =
14.631, p < 0.001; post hoc Bonferroni t test vs control, TTL: t =
4.42-7.15, all time points, p < 0.001; STL: t = 4.94-13.73, all
time points, p < 0.001), and peaked at 14 d after STL. This peak
more than doubles the number of dual-labeled cells present at 3
and 7 d after injury. In contrast, dual-labeled cell numbers were
similar from 3 d to 8 weeks after TTL. The interaction between
injury type and time after injury was significant for the number of
dual-labeled cells (two-way ANOVA time X injury: Fs 4y =
7.740, p < 0.001). Correspondingly, pairwise comparisons
showed significantly larger numbers of dual-labeled cells at 14
and 21 d after STL ( post hoc Bonferroni ¢ tests: TTL vs STL, 14 d:
t=6.627,p < 0.001;21d, = 2.789, p = 0.009). Because many of
these cells seem to actively downregulate CCR2-RFP after enter-
ing the spinal cord, their numbers are best interpreted as a reflec-
tion of steady-state infiltration rates and not total cell
accumulations. Thus, maximum presence of dual-labeled cells
occurs 14 d after injury, and CCR2-RFP downregulation may
account in part for their rapid decrease. In contrast, the total
number of CCR2-RFP cells further increases from 14 to 21 d after
injury in both STL and TTL injuries (Fig. 5D). This might repre-
sent increases in infiltration of “RFP only” T cells or upregulation
of CCR2 in infiltrated T cells.

The results suggest the possible presence of a dynamic popu-
lation of CCR2-RFP cells converting into CX3CRI-GFP
microglia-like cells, specifically after STL injuries. To test whether
aproportion of microglia after STL injuries are blood-derived, we
genetically labeled all resident microglia in juveniles before any
injury using Cx3cr1<*® mice crossed with Ai9 R26 tdTomato
reporter mice. In these mice, tamoxifen drives tdTomato expres-
sion in microglia and several other CX3CR1-expressing periph-
eral immune cells. However, due to the fast replacement of
peripheral immune cells compared with the low turnover of mi-
croglia (Tay et al., 2017), only resident microglia remain labeled
4 -5 weeks after tamoxifen injections (Goldman et al., 2013). Ta-
moxifen was injected at postnatal days 12 and 14, and sham (n =
3 animals) or nerve injury surgeries (STL) (n = 8 animals) were
performed at 3 months of age 1 week after retrogradely labeling
LG MNss with Fast Blue. The spinal cord sections were collected at
21 d after surgery for sham and half of the nerve injury animals
(n = 4), the rest of the animals were analyzed 8 weeks after injury.
Ibal immunolabeling enabled identification of microglia-like
cells. In sham control animals, 99.8% of Ibal * cells were tdTo-
mato  and only an average of 0.3 * 0.2 (= SE) cells per ventral
horn section lacked tdTomato. A similar result was found at 8
weeks after injury (99.3% of Iab1l * cells were tdTomato ™ repre-
senting 1.4 * 1.8 cells per ventral horn). In contrast, Ibal * cells
lacking tdTomato were frequently observed at 21 d after injury,
sometimes in direct contact with axotomized FB-labeled LG MNs
(Fig. 7H). Their numbers were low, however, representing 2.6%
of the total Ibal ™ cell population in the ventral horn or, on
average, 8.2 = 5.2 cells per ventral horn section. They were vari-
able from animal to animal, ranging from 1.1% to 4.8% of the
total ventral horn Ibal * microglia population at 21 d after injury.
It is quite possible that these are underestimates given that
Cx3cr1“™® mice reportedly exhibit some level of tamoxifen-
independent recombination (Fonseca et al., 2017). The data nev-
ertheless demonstrate the presence of a transient population of
blood-derived Ibal * microglia at 21 d after injury, whose exact
number and fate will need to be confirmed with alternative
lineage-labeling strategies.
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Figure 7. CCR2-RFP cells infiltrating the spinal cord ventral horn. A7-A3, Round and elongated CCR2-RFP cells lacking CX3CR1-GFP. Some of these cells are isolated (top arrow), but more
frequently interact with microglia (bottom arrow). B1-B3, Many CCR2-RFP cells are positive for (D3¢, a T-cell marker. €1, D1, E1, F1, Confocal images (2D projections) of different types of
dual-labeled CCR2-RFP/CX3CR1-GFP cells. €2, D2, E2, F2, (X3CR1-GFP expression. €3, D3, E3, F3, (CR2-RFP and CX3CR1-GFP merge images. (4, (5, D4, D5, E4, E5, F4, F5, CCR2-RFP content inside
these cells, confirmed by surface rendering CX3CR1-GFP cells in Imaris and rotating the 3D volume. F4, F5, The surface of a blood vessel (stained by background VGLUT1 labeling) is also surface
rendered. C, Rounded cell with low CX3CR1 fluorescence. D, Cell with few processes. E, Cell with multiple process and high CX3CR1 fluorescence and microglia-like morphology. F, Perivascular cell.
G, Time course of CCR2-RFP/CX3CR1-GFP dual-expressing cells after tibial (red line and dots) or sciatic (blue line and dots) injuries. Data points represent individual animals (average of n = 23.2
sections per animal/data point). Lines indicate averages at each time point. Scale bars indicate SE (n = 4 animals per time point). Black and gray asterisks, respectively, represent significant
differences with controls or between injury types at individual time points: **p << 0.01; ***p << 0.001. A significant infiltration of dual-labeled cells occurs after both injuries starting at 3 d and
lasting for 8 weeks, but a peak increase in entry at 14 d occurs only after sciaticinjuries. H, Genetic lineage labeling demonstrating cells derived from resident microglia (Iba1 and tdTomato colabeled)
or sources other than resident microglia (labeled only with Iba1) 21 d after sciatic injuries. These include cells in close apposition to MN cell bodies (arrow). I-L, Change in microglia and CCR2-RFP
cell numbers in CCR2 heterozygotes compared with CCR2 KOs 21 d after sciatic nerve injury and repair (STR). CCR2 heterozygotes are CX3CR1-EGFP:CCR2-RFP dual-heterozygotes. In all cases, n =
6 animals (each represented by a different dot). Errors bars indicate SE. *p << 0.05 (¢ tests). ***p << 0.001 (¢ tests). Deltas indicate effect sizes. Scale bars: A—F, 10 wm; H, 20 m.
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KO of CCR2 depletes dual CCR2-RFP/CX3CR1-GFP cells but
not CCR2-RFP T cells

To examine which populations of CCR2-RFP cells are affected in
CCR2 KOs, we analyzed microglia, T cells, and dual-labeled REP/
GFP cell numbers in the ventral horn after sciatic nerve transec-
tion with repair (STR). The number of Ibal * microglia in the
ventral horn of CCR2 KO mice 21 d after STR was significantly
decreased by 15% compared with the number of CX3CR1-GFP
microglia cells in dual-heterozygote mice (n = 6 animals per
condition; two-tailed ¢ test, t = 2.563, p = 0.03) (Fig. 7I). There
was also a significant 29% decrease in the overall number of
CCR2-REFP cells in CCR2 KOs (one-tailed ¢ test, t = 2.195, p =
0.026) (Fig. 7J). The biggest reduction was found comparing
RFP */GFP " cells in dual-heterozygote mice to the number of
RFP /Ibal * cells in CCR2 KOs; this constituted a 79% decrease
(Mann—-Whitney Rank Sum Test, t = 57.000, p = 0.002) (Fig.
7K).Indeed, remaining dual-labeled cells were mostly perivascu-
lar macrophages and were so few in number that the data distri-
bution did not reach normality. This can be interpreted as
evidence that a population of CCR2-RFP cells converts into
CX3CR1 microglia explaining the parallel reductions in dual
CCR2/CX3CR1 cells, CCR2-RFP cells overall, and also the total
number of Ibal ™ microglia. In contrast, T cells were not pre-
vented from entry into the spinal cord in CCR2 KOs (Fig. 7L).
Indeed, the proportion of CCR2-RFP cells expressing CD3¢e was
significantly augmented by 24% (two-tailed ¢ test, t = —2.567,
p = 0.028), as expected if non-T cells are partially depleted. This
might suggest that T-cell entry is unrelated to VGLUT1 synapse
losses. In contrast, dual-labeled CCR2/CX3CR1 cells are pre-
vented from entry in parallel with preservation of VGLUT1 syn-
apses. The most likely origin of these cells are CCR2 " CD45 P
CD11b™e" Ly6C ™ inflammatory monocytes known to acquire
the phenotype of resident macrophages in the tissues they infil-
trate (i.e., microglia in the spinal cord). To further identify these
cells, we performed flow cytometry analyses (Fig. 7).

Flow cytometry characterization of CCR2 cells

We isolated CCR2-REFP cells from heterozygous and KO CCR2-
RFP animals 21 d after bilateral sciatic transections to maximize
CCR2 cell recovery within the spinal cord. Experiments were run
in parallel for cells isolated from spinal cord or blood of the same
animals. Lymphocytes were selected according to size and gran-
ularity and single and live cells gated for CD45 (Fig. 8A-D).
CD45™" cells were then gated on CCR2 histogram to identify
CD45"CCR2 " immune cells (Fig. 8E). The following gates were
applied to both the CD45 * total immune cell population and the
CD45" CCR2 * immune cell population. Populations were gated
on CD3 and CD19 to identify CD3 " T cells and CD19 " B cells
(Fig. 8F). The CD3 ™ CD19 ~ population was then gated on Ly6G
versus CD11b to identify CD11b ™ Ly6G * neutrophils (Fig. 8G).
CD11b " Ly6G ~ cells were gated CD11b versus CD11c to identify
CD11b™ CD11c™ dendritic cells (Fig. 8H). CD11b* CD11c™
cells were gated for CD45hi and CD45lo populations to identify
resting microglia (CD45'") and activated microglia and mono-
cyte/macrophages (CD45"8") (Fig. 8). We observed three peaks
according to CD45 expression; cells in the highest CD45 expres-
sion peak expressed CCR2-RFP.

For quantitative comparisons, a total of 12 Cc
heterozygous and 12 Ccr2® R KO mice were used. We main-
tained each animal as an individual data point for analyses in the
blood; but for spinal cord analyses, we increased the yield of
CCR2-RFP cells by pooling together 4 mice from each group,
each analyzed as a single set (n = 3, 4 mice in each, for both CCR2
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heterozygotes and CCR2 KOs) (Fig. 8J,K). The numbers and
proportions of each cell population in blood samples from
Cer2®P"" heterozygous animals were similar to previously pub-
lished materials, suggesting effective detection and discrimina-
tion (MacPherson et al., 2017). CCR2-RFP fluorescence was
somewhat stronger in Ccr2®™/®** KO mice (Fig. 8E) likely due to
expression of RFP from both Ccr2 alleles. Interestingly, there was
a significant increase in blood neutrophils in CCR2 KOs. This
compensatory increase in neutrophils has been reported before
in CCR2 KOs (Saederup et al., 2010; Lindborg et al., 2017) and
further confirms the KO phenotype and our detection methods.

The results indicate that many different cell types are detect-
able inside the spinal cord after nerve injuries (this include cells in
the spinal cord parenchyma and also in capillaries and menin-
ges). CCR2 ™ cells consist of T cells, monocyte/macrophages, and
CD11b* CDI11c™ cells. We defined the latter as possible den-
dritic cells, but it is also possible they represent a population of
highly activated monocytes/macrophages with increased CD11c
expression. The relative proportions of CCR2 " T cells to mono-
cytes inside the spinal cord with flow cytometry are lower than
estimated with immunocytochemistry. This difference likely
arises because, by difference to histological preparations, the spi-
nal cord samples collected for flow cytometry originate from an-
imals not exsanguinated by perfusion and therefore counts
include CCR2 ™ cells that infiltrated the spinal cord parenchyma,
and also cells in spinal vascular beds, capillaries, and meninges.

In CCR2 KOs, we detected a significant depletion of CCR2 ™
monocyte/macrophages in the blood (heterozygote vs KO ¢ test:
t20) = 8.346, p < 0.001), whereas the proportion of T cells and
neutrophils increased as expected. In the spinal cord, there was a
strong trend toward a decrease in the proportion of CD11b ™"
CCR2 ™ monocyte/macrophages inside the spinal cord (hetero-
zygote vs KO ¢ test: t,) = 2.042, p = 0.0553) (Fig. 8K). This
decrease was less than expected from results in the blood and
could have been offset by populations of meningeal and perivas-
cular macrophages that, over time, form stable populations in
brain and spinal cord. With histology, we found an increased
number of perivascular macrophages expressing CCR2-RFP after
nerve injury. Nevertheless, CCR2¥ monocytes/macrophages
seem to be the most affect cell types in both spinal cord and blood.
Changes in their number can occur because these cells are known
to require CCR2 activation for infiltrating peripheral tissues (see
above) as well as exiting the bone marrow and traveling into the
blood (Serbina and Pamer, 2006). Blockade of either or both
mechanisms reduces infiltration into the spinal cord.

In conclusion, flow cytometry confirmed that most infiltrat-
ing CCR2 ™ cells in the spinal cord after nerve injury were T cells
and monocyte/macrophages, and that the monocyte/macro-
phage population was preferentially affected in CCR2 KOs. Thus,
CCR2-independent mechanisms likely regulate T-cell traffic to
the spinal cord following PNI and may also influence some pop-
ulations of monocyte/macrophages, likely including perivascular
and meningeal macrophages.

Discussion

The results suggest an association between Ia/II-VGLUT1 syn-
apse removal and neuroinflammation, both modulated by nerve
injury severity. They also indicate that microglia activation is
necessary, but not sufficient, for VGLUT1 synapse removal; a
CCR2-dependent mechanism is also required. Spinal cord infil-
tration of CCR2 monocytes/macrophages diminishes in CCR2
KOs, correlating with preservation of Ia/II-VGLUT1 synapses.
Moreover, injuries causing similar microgliosis, but different
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Figure 8.

Flow cytometry analysis of CCR2 * cells inside the spinal cord and in the blood in CCR2 hets and CCR2 KOs 21 d after bilateral sciatic nerve injuries. A-C, Gating for cells (4), single cells

(B), and live cells (€) from spinal cord Percoll isolates. D, Resulting cells were gated for (D45 and (E) CCR2. F, All (D45 or (D45 * CCR2 ™ cells were gated on (D19 (B cells) versus (D3 (T cells). G, The
(D3~ (D19 ~ population was then gated on Ly6G versus (D11b to identify neutrophiles (Ly6G ~ (D11b *). H,(D11b ¥ Ly6G ~ cells were on (D11b versus (D11c to identify dendritic cells. /, (D45
cells were analyzed for low or high expression to identify populations of microglia (CD45lo) and activated microglia and macrophages (CD45hi). Only CD45hi (D11b cells express CCR2, suggesting that
they have trafficked from the periphery. The results show all cell types represented in the spinal cord, but some lack CCR2. CCR2 * subtypes include (D3 T cells, CD11b monocytes/macrophages, and
(D11c ™ (D11b * dendritic cells. J, Different cell types in the blood of injured CCR2 heterozygous animal (gray bars) and CCR2 KOs (black bars). Each data point represents a different animal (n =
12 animals). ***p < 0.001 (¢ tests). The data show the expected reduced numbers of monocyte/macrophages and increased numbers of neutrophils in the blood of CCR2 KOs. K, Percentages of
(CR2 ™ cell populations in spinal cord 21 d after sciatic nerve injuries in CCR2 heterozygous (gray bars) and CCR2 KO animals (black bars). Each data point represents pooling together 4 animals to
increase CCR2 cell yield inside the spinal cord (n = 12 animals total, n = 3).*p << 0.05 (t tests). Error bars indicate SE. The results show a depletion of monocyte/macrophages with p = 0.055.

CCR2 cell entry, differ in Ia/II-VGLUT1 loss. Thus, microglia
activation and CCR2 cell infiltration are both related to the loss of
Ia/IT afferent synapses in the ventral horn, resulting in loss of
stretch reflexes and spindle-derived information. The physiolog-
ical significance of this Ia afferent circuit plasticity in the spinal
cord ventral horn is not fully clear. Loss of Ia inputs manifests in
joint discoordination and diminished performance after muscles
are reinnervated, in particular for motor tasks requiring fast and
accurate proprioceptive feedback (Cope et al., 1994; Abelew et al.,
2000; Haftel et al., 2005; Maas et al., 2007; Bullinger et al., 2011;
Sabatier et al., 2011; Lyle et al., 2017; Chang et al., 2018). On the
other hand, deletion of Ia/II inputs might reduce connectivity
incongruences between proprioceptors and MNs inside the spi-
nal cord after both sensory and motor axons regenerate in the
periphery. Different types of nerve injuries result in axon regen-
eration with variable success on targeting the original muscles,
which correlates with more or less loss of Ia afferent synapses
(Schultz et al., 2017). CCR2 cell entry similarly fluctuates with
injury severity. Thus, microglia activation is a necessary step for

the loss of Ia synapses, but modulation of the inflammatory
state might offer a mechanism to variably adjust central cir-
cuits to possible reorganizations in peripheral innervation ac-
cording to differences in the specificity of regeneration after
different injuries.

It should also be noted that the synaptic losses detected in
mice were of smaller intensity that those we previously reported
in Wistar rats (Alvarez et al., 2011; Rotterman et al., 2014). The
difference may be related to species differences in neuroimmune
responses because upregulation of proinflammatory mediators is
known to be larger in Wistar rats compared with C57BLk/6 mice
after brain injury (Schroeter et al., 2003).

Microglia role in deletion of Ia/II-VGLUT1 synapses

Microglia become activated around MNs after PNI, but their
exact roles in MNs survival, motor axon regeneration, synapse
removal, and remodeling the central projections of peripherally
injured sensory afferents have been remarkably difficult to eluci-
date with precision (Aldskogius, 2011). In their pioneering study,
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Blinzinger and Kreutzberg (1968) found that facial MNs lose
many synapses on their cell bodies and become covered by mi-
croglia after PNI. Microglia were suggested to “lift” synapses
from the MN surface, a phenomenon thereafter named “synaptic
stripping” and extended to many other MNs (Kerns and Hins-
man, 1973; Sumner and Sutherland, 1973; Chen, 1978; Graeber et
al., 1993; Brannstrom and Kellerth, 1998). However, blocking
microglia proliferation and/or activation failed to prevent “syn-
aptic stripping” on MNs (Svensson and Aldskogius, 1993; Kalla et
al., 2001), casting doubts on the proposed mechanism (Perry and
O’Connor, 2010). We confirmed microglia-independent de-
creases in cell body synaptic coverage of VGLUT1, VGLUT2, and
VGAT synapses on axotomized MNs within the “synaptic strip-
ping” time window. Alternatively, “synaptic stripping” might de-
pend on cell-autonomous mechanisms intrinsic to axotomized
MNs, such as nitric oxide destabilization of presynaptic boutons
(Sunico et al., 2005, 2010; Sunico and Moreno-Loépez, 2010) as
well as downregulation of postsynaptic receptors and synaptic
adhesion proteins (Piehl etal., 1995; Alvarez et al., 2000; Zelano et
al., 2007; Berg et al., 2010). This microglia-independent transient
synaptic plasticity on MN cell bodies has been associated with
development of a “regenerative state” (Carlstedt and Cullheim,
2000). The deletion of ventral Ia/Il axon projections represent
more permanent circuit adjustments that might compensate for
scrambled connectivity in the periphery after regeneration and
require microglia activation.

Decreases in Ia EPSP amplitude on axotomized MNs were
first attributed to “synaptic stripping” (Mendell, 1984), but now
we know that downregulation of Ia/II-VGLUT1 synapses and
stretch-evoked EPSPs differ from “synaptic stripping” in time
course, fate of afferent axons, and lack of recovery (Alvarez et al.,
2011; Bullinger et al., 2011). Importantly, while “stripping” in-
volves detachment from axotomized MNs of presynaptic inputs
unaffected by the injury, Ia/II-VGLUT1 synapse removal de-
pends on injury to Ia/IT afferents in the periphery and die-back of
ventral Ia/II axon projections. This affects synapses on cell bodies
and dendrites of axotomized MNs (Alvarez et al., 2011; Rotter-
man et al., 2014), as well as on uninjured MNs and ventral in-
terneurons (Horstman, 2012). Removal of Ia/II axons from the
ventral horn likely prevents reestablishment of these synapses
after peripheral nerve regeneration is completed. Microglia acti-
vation is thus necessary for transforming transient plasticity of
Ia/TI-VGLUT]1 synapses on MN cell bodies (similar to the strip-
ping of other synapses) into permanent losses on MN dendrites
and throughout the ventral horn. Ia/II-VGLUT1 synapse elimi-
nation is therefore more similar to the “transganglionic antero-
grade degeneration” previously described after PNI for the
central synapses and axons of cutaneous mechanoreceptors
(Grant and Arvidsson, 1975; Aldskogius et al., 1985; Arvidsson,
1986).

Microglia proliferation and activation occur in all brain and
spinal cord areas receiving projections from axotomized primary
afferents (Eriksson et al., 1993), including dorsal horn projection
territories of cutaneous mechanoreceptors and muscle proprio-
ceptors (Figs. 1, 3, 4) and Clarke’s column in thoracic segments
(no shown); however, Ia afferents are lost preferentially in the
ventral horn. The role of activated dorsal horn microglia enhanc-
ing responses of spinal neurons to cutaneous sensory inputs after
PNTI has been extensively studied (Ferrini and De Koninck, 2013),
but there is no defined role for activated microglia on the central
synapses of the sensory afferent themselves. Like Ia/II afferents,
cutaneous mechanoreceptor synapses express VGLUT1 (Todd et
al., 2003; Alvarez et al., 2004), and virally infected VGLUT1 syn-
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apses are removed by microglia using complement-dependent
mechanisms (Vasek et al., 2016). There is also electron micros-
copy evidence of microglia engulfment of vibrissae afferent syn-
apses and axons after PNI (Arvidsson, 1986). These observations
agree with our conclusion that microglia are related to the re-
moval of Ia/II-VGLUT1 synapses in the ventral horn. However,
Ia/TI-VGLUT]1 synapses are preserved around dorsal horn acti-
vated microglia, and reducing ventral horn microglia activation is
enough for rescuing Ia/II-VGLUT1 synapses on MNs, suggesting
limited influence from dorsal horn microglia. Moreover, the
large anatomical remodeling of the ventral projections of
neurobiotin-filled Ia axons that have regenerated in the periphery
(Alvarez et al., 2011) is not paralleled by similar large structural
plasticity in the dorsal horn projections of neurobiotin-filled cu-
taneous mechanoreceptors (Koerber et al., 2006). Thus, dorsal
and ventral horn-activated microglia differentially affect the sta-
bility of synapses from sensory afferents axotomized in the pe-
ripheral nerve. Moreover, ventral microgliosis does not always
result in large deletions of Ia/II-VGLUT1 synapses, suggesting
that microglia activation alone is not sufficient. One important
difference, first revealed in this study, is the recruitment of hema-
togenous immune cells identified by CCR2 expression to ventral
horn regions where permanent removal of Ia/II-VGLUT1 synapses
occurs.

CCR2 activation and monocyte entry are critical for VGLUT1
synapse plasticity
Infiltration of CCR2 blood-derived immune cells follows micro-
glia activation and temporally correlates with Ia/II-VGLUT1 syn-
apse removal. Moreover, global deletion of CCR2 prevents
Ia/TI-VGLUT1 losses on dendrites of regenerated MNs and par-
tially protects those on the soma. CCR2 is well known for its role
in trafficking specific leukocytes into the CNS (Ransohoff, 2009).
Specifically, entry of CD45"&" Ly6C"€" CD11b"#" proinflam-
matory monocytes is CCR2-dependent, and these cells differen-
tiate into macrophages within the CNS parenchyma (Ma et al.,
2002; Mahad and Ransohoff, 2003; Serbina and Pamer, 2006; El
Khouryetal., 2007; Serbina et al., 2008; Ajami et al., 2011; Shiand
Pamer, 2011; Shi et al., 2011; Goldmann et al., 2016). CCR2 mac-
rophages actively remove damaged axons in injured nerves; and
after spinal cord injuries, they become the principal phagocytic
cell responsible for secondary die-back of sensory myelinated
axons in the dorsal columns (Ma et al., 2002; McPhail et al., 2004;
Evans et al., 2014). Flow cytometry indicated that a subgroup of
CD45"€" CD11b™&" monocytes/macrophages is most affected in
CCR2 KOs in parallel with the rescue of Ia/II-VGLUT]1 synapses,
suggesting a possible relation between the two. One possibility is
that CCR2 monocytes differentiate into phagocytic CX3CR1/
Ibal microglia-like cells, and we revealed with lineage labeling
microglia-like cells after PNI derived from sources other than
resident microglia. Alternatively, CCR2 activation might directly
modulate resident microglia phagocytic activity. Recently, CCR2
activation was found necessary to promote microglia synapse
phagocytosis in a murine model of encephalitis (Di Liberto et al.,
2018). Both mechanisms are not exclusive, and future studies
using novel CCR2-Cre lines (Croxford et al., 2015) and time-
lapse two photon microscopy may help resolve the functions of
CCR2-derived cells and/or CX3CR1 microglia after PNI and
their respective roles during removal of Ia/II-VGLUT1 synapses
and axons.

In conclusion, we revealed that the permanent loss of VGLUT1 Ia/II
synapses differs from synaptic stripping mechanistically: it re-
quires microglia activation and CCR2 activation. The latter
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seems to be modulated according to nerve injury type and might
be instrumental in adjusting central synaptic circuit plasticity to
different types of nerve injuries.
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