nature portfolio

Peer Review File

Macrophages excite muscle spindles with glutamate to
bolster locomotion

Corresponding Author: Professor Simone Di Giovanni

Parts of this Peer Review File have been redacted as indicated to maintain the confidentiality of unpublished data.

This file contains all reviewer reports in order by version, followed by all author rebuttals in order by version.

Version 1:
Reviewer comments:
Referee #1

(Remarks to the Author)
#2023-07-12035A -

In this study Yan et al, propose a new role for macrophages in controlling nerve activity and contraction of skeletal muscles
at the neuro-muscular synapse. The authors propose that macrophages are integral part of the neuromuscular circuitry. They
suggest that muscle spindle macrophages regulate nerve activity using glutamate mediated signaling. The results are novel.
If true, these results would improve our understanding of the neuro-muscular synapse in the control of skeletal muscle
activity and should be of broad interest for the biomedical community.

The authors use innovative approaches to address the function of muscle spindle macrophages (MSMP). Microdissection
was used to sort macrophages associated with the muscle spindle and perform RNA-seq analysis. Conditional genetic
targeting and in-vivo optogenetics are used to experimentally study macrophage function.

The conclusion that MSMP cells control over neural activity is based on a ‘gain of function approach where they ectopically
express the Chr2 channel (a light-driven proton pump that depolarize neurons) under CX3cr1-cre to activate macrophages
optogenetically, and a ‘loss of function’ approaches where they ectopically express the halorhodopsin (NpHR3 which
hyperpolarize neurons) to inhibit macrophage activation, and a macrophage ‘depletion treatment’ with a combination of
Clodronates and kinase inhibitors. Controls are missing, and there are methodological issues that should be addressed
before the conclusion is made.

Although the data presented may be compatible with the hypothesis, they fall short of demonstrating the roles of
macrophages at the neuro-muscular synapse.

Specific comments

1- To my knowledge, induction of Chr2 expression to depolarize/activate macrophages was used in two study, both using
Cx3cr1 ERT2-Cre (Hulsmans, Cell 2017, Yi M-H, Plos Biology, 2021).

Assuming that the authors find that CX3cr1-Cre allows relatively specific labeling of MSMP in muscle (see point 4,5), the
authors should document the expression of Chr2 and the activation of Cx3cr1-cre expressing cells in the muscle in CX3cr1-
cre x RosaChr2 mice, for example by histology and RNAseq. How do this activation relate to macrophage activation
observed in wt mice or in pv-cre mice? All these experiments should include littermates cre-neg controls.

More importantly, induction of NpHR3 expression to hyperpolarize/de-activate macrophages was not reported before. The
authors do not provide a citation from the literature where this model was use for macrophages. Some more details on the
model would be useful, and the authors should also document the ‘inactivation’ of ‘hyperpolarized’ macrophages expressing
NpHRS3 by in their CX3cr1-cre x NpHR3 mice and in littermates cre-neg controls that should be included in the experiments.
How do this relate to macrophage activation observed in wt mice?



2- The specificity of the macrophage ‘depletion treatment’ with a combination of Clodronates and kinase inhibitors is
questionable (off target effects are very likely) and thus do not add much to the manuscript. To support the mechanism of
action proposed by the authors and study the impact of MSMP on locomotor behaviors, the authors could use the CX3cr1-
cre model crossed with a Rosa DTR mouse for depletion, or the conditional ko of glutamine synthase using a Glu-synthase
floxed allele.

3-A large part of the manuscript is dedicated to the interpretation of RNA-seq results. They suggest that muscle spindle
macrophages have an enrichment in neuronal genes, synaptic molecular pathways as well as glutamate related genes. Did
the author consider the possibility that phagocytosis of neighboring neural cell may be involved?

More validation would be needed before concluding these are macrophage genes. Single nuclei RNAseq analysis of the
unsorted muscle spindle followed by nuclei annotation could help. Single nuclei RNAseq analysis of sorted macrophages
nuclei (e.g. based on Pu.1 staining) could also be useful.

4- The authors use CX3CR1-gfp mice, where GFP reflects expression of CX3CR1 to identify and analyze MSMP. The
comparison of F4/80+ and CX3CR1-gfp+ cells in the spindles (Figure 2) by immunofluorescence is methodologically
questionable because the experiment is performed in 15 areas from 4 mice, and dot plots do not distinguish individual mice.
For the statistical analysis it would be better for example to show mean results per mice. Of note the authors describe the
Cx3cr1 CreERt2 (and Pv CreERt2) mice in the method section, while the results and legends indicate Cx3cr1 Cre and Pv
Cre mice, and do not mention the use of Tamoxifen. This should be precised/corrected.

5- With the caveat above, the data suggest that there are more Cx3cr1+ cells than F4/80+ cells, with ~80% of CX3CR1+
cells expressing F4/80. This suggests that ~20% Cx3cr1-expressing cells are not macrophages. Importantly, in the following
figures, the authors use a CX3cr1-Cre mice bred to ‘activating’ and ‘inhibitory’ alleles. Cells targeted in CX3cr1-Cre mice
include cells currently expressing CX3CR1 (as inCX3CR1-gfp mice) plus all cells that have expressed CX3CR1 at any time
during their development (in the immune system this mean most myeloid cells, See Yona et al 2013, Immunity). Therefore,
the analysis in figure 2 would be more accurately done in CX3cr1-Cre x Rosa LSL-YFP mice, as they may be more than
20% non MSMP cells labeled in this model. If it is the case, the author may have to reconsider the cellular specificity of their
gain of function models. The use of alternative models to target macrophages could be necessary.

Referee #2

(Remarks to the Author)

Yan et al. identified a new cellular component within muscle spindles called muscle spindle macrophages (MSMP). These
MSMP exhibit distinct molecular characteristics and possess the machinery to produce and release glutamate. Through
elegant experiments using transgenic mice, ex vivo culture studies and single-cell sequencing, the authors demonstrate that
activation of MSMP triggers firing in proprioceptive sensory neurons, influencing spinal circuits, motor neurons, and muscles.
The data suggest that this is happening via a glutamate-dependent mechanism. Moreover, MSMP respond to stretch reflex
activation by increasing glutaminase expression, which converts glutamine into glutamate during muscle contraction.

The exciting findings of this manuscript highlight MSMP's homeostatic role in regulating both neural activity and muscle
contraction, providing a novel perspective on sensation and motor action. However, from an immune-phenotyping
perspective, the study should be improved. Furthermore, the strategy used to deplete macrophages in vivo is not state-of-
the-art so that the results observed in behaviour differences may stem from off-target effects.

Major points:

1. The major weakness of the study is the chosen approach to deplete macrophages as this is not specific for muscles. Also
depletion of other macrophages, immune activation due to clodronate injections (often activates IL1a) etc. may have an
influence on behaviour. Further, clodronate has additional side effects that do not allow to conclude anything regarding
specific macrophage functions (see PMID 36976180). Therefore, the conclusions drawn regarding the impact of MSMP on
locomotion are preliminary. Instead, the authors should use a Cx3cr1-CreER/IDTR + tamoxifen injection approach (or
similar) to deplete e.g. glutaminase in MSMP. Possibly, they could also use a local macrophage depletion using their
Cx3cr1-ChR2 model by extending the stimulation with blue light (see also PMID 32718989).

2. Fig. 5: analysis of scRNA-seq data not clearly explained. What is being compared? A typical comparison should be a
sham-operated Pv-ChR2 mouse without optogenetic stimulation. Alternatively, the clusters should be identified in situ using
the described markers and compared to non-stimulated mice via immunofluorescence

3. Macrophage heterogeneity observed by scRNA-seq after neuronal activity should be validated by in situ/flow cytometry
analyses.

4.lines 214-217: Overinterpretation of results since release of glutamine has not been shown in vivo. Tune down the
statement or use conditional knockout mouse models to show this mechanism in vivo.

5. Fig. 2A, B: the F4/80 and Cx3cr1 signals show an unusual shape of macrophages, which does not correspond to what is
shown in 2G. Can the authors improve visualization, e.g. by including DAPI and performing a whole mount staining, or at
least a thick section. 3D rendering of Iba1 signal in mouse and human samples will help the reader to appreciate the
location of these macrophages

Minor points:
a. flow cytometry gates and purity of sorted cells used for assays should be included in the extended data
b. ltis unclear from the methods part how the published RNAseq dataset was integrated into the data



c. include the line number from Jackson since there can be several lines with a similar locus

d. Fig. 5¢: do the authors mean Zeb2? This figure is rather supplemental information. please show the top expressed genes
in the main figure instead of showing differences between clusters

e. F4/80 is not always expressed highly on all macrophages. Ibai should be used to quantify macrophages in different
regions.

f. Fig. 2: what are the scale bars in IF pictures?

Referee #3

(Remarks to the Author)

This is a provocative study implicating macrophages within muscle spindles as mediators of the classic myotatic stretch
reflect. Some interesting findings are presented, but in the end the authors’ model is unclear. Are MSMPs mechanically
sensitive, and does stretch of MSMPs lead to Glu release? Are MSMPs attached to the muscle spindles, and do they stretch
when the spindles stretch? Some key experiments to test these or related ideas would be welcome.

Interestingly, GO analysis of gene expression experiments revealed that MSMPs not enriched for transcripts implicated in
immune responses, as compared to lung and heart macrophages. On the other hand, MSMPs express genes associated
with muscle contraction, neuronal projection and synaptic activity, and glutamate transport, synthesis, and release. This
begs the question, are MSMPs macrophages? Are they phagocytic?

The optogenetic experiments are critical for the authors’ conclusions. An important observation is that MSMP optogenetic
stimulation elicits sensory neuron excitation within milliseconds and with low jitter, and subsequent muscle contraction.
Some controls are needed here, including non-transgenic controls. It seems critical that the authors report the expression
patterns of the opsins in the CX3CR1-ChR2 and CX3CR1Cre-NpHRS3 mice in muscles, to provide confidence that these
actuators are restricted in their expression and in the expected cell types (MSMPs and not other cells).

The most crucial experiments are the loss-of-function - CX3CR1Cre-NpHR3 and genetic depletion experiments. Ideally,
recordings in the MSPC cells would be done to assess their excitability and the efficacy of optogenetic responses. Why do
Glutamate receptor antagonists completely block the evoked response while NpHRS3 activation/hyperpolarization leads to a
modest, at most 35% inhibition? Is this because NpHR3 is ineffective in silencing MSMPs? More importantly,
electrophysiological measurements of proprioceptor responses and excitation of muscle cells as well as the stretch reflex
should all be assessed in the macrophage depleted mice, since the depletion appears complete (Extended figure 5), to
complement the behavioral measurements. This would be the most robust test of necessity, since the CX3CR1Cre-NpHR3
mediated hyperpolarization experiments may never provide complete inhibition (Figure 3).

Version 2:
Reviewer comments:
Referee #1

(Remarks to the Author)
The authors report novel and important findings using innovative methodological approaches. In the revised manuscripts
they have addressed most of our comments.

They improve the imaging of MSMP, and they now show specific expression of the channel rhodopsin in MSMP, via
immunofluorescence. They also show that depolarization and hyperpolarization happens in the macrophages using a patch
clamp technic on sorted macrophages in vitro with their optogenetic model.

They came up with 2 additional macrophages depletion strategies, using cre dependent TeLC delivery on the
gastrocnemius muscle of Cx3cri1Cre-Chr2 mice to block vesicles release from macrophages. They also use cre dependent
AAV-DIO-Caspase 3 injection in the muscle to deplete macrophages, which seems to work for depletion and results in
impairment of locomotor behavior.

Overall, however, the mechanism by which MSMP promote muscle contraction is still not clear. The authors suggest that
neuronal genes expressed by macrophage may play a role, they propose a key role for glutamine but this is not
demonstrated in vivo and macrophages express many genes, including cytokines, which could also influence nerves
stimulation

On balance, this is a very interesting paper describing a novel type of macrophage function, and which would deserve to be
published, with the caveat that it lacks a clear biological mechanism.

Referee #2

(Remarks to the Author)

The revised manuscript has addressed the most important points. The models chosen to deplete macrophages locally are
elegant and make a strong point for MSMPs controlling locomotion.



I would still insist on exploiting the scRNA-seq data so that it becomes clear to the reader what can be actually observed
between activated and control MSMPs besides the one violin plot shown for the glutaminase. O The UMAPs showing
expression of genes in almost 100% of cells doesn’t help. This should be moved into supplement, also the scheme
explaining what was done is somewhat self-explanatory and can be supplementary, as it should be found in the text and
methods part.

A dot plot/violin plots showing what is defining the identity of the macrophage clusters 0-3 would be a first step (it is clear that
cluster 4 are proliferating macrophages). The conditions should be split, as shown in Figure 5f for this representation. The
authors write that the cells have similar identities, but still, something is determining their clustering and should be shown.
For the macrophage community it would be of interest to define/validate these subpopulations also on a protein level. Do
they have distinct subanatomical locations? Cluster 3 seems to not upregulate glutaminase, so it may not be involved in the
described process. This needs to be addressed to some degree.

Referee #3

(Remarks to the Author)

This is a re-review of a manuscript that reports a series of experiments that address the role of resident macrophages in
muscle and their role in muscle stretch evoked proprioceptor signaling and function. The revision includes many new
experiments, which have improved the study.

| had previously questioned the overall model, and in particular whether MSMP are mechanically sensitive and whether
stretch of MSMP leads to Glu release. This issue has not been fully addressed, and how macrophages respond to stimuli
and contribute to proprioceptor signaling remains unclear.

Version 3:
Reviewer comments:
Referee #1

(Remarks to the Author)

In this second revision, the author performed additional experiments which supporting the role of macrophages in muscle
activity and identify candidate genes to play roles in this process. The swimming test is a nice addition. The author have also
clarified the limitation of their experiments. Overall, this very interesting, conceptually and technically innovative study,
should be of great interest for biologists in general and in particular for the study of the neuromuscular junction/synapse.

Referee #2

(Remarks to the Author)

The second revision of this manuscript addresses all mentioned points.

Please check that all subfigures have the used statistics indicated in the figure legend. It is for instance not clear from the
legend in Figure 4 and 6, which test is used for which subfigure.

Regarding the used statistics:

The methods part regarding statistics should distinguish between the different purposes of each statistical test, e.g. the
Student’s t-test is typically used for comparing two groups. The same is, however, true for the Welch’s t-test when variances
are unequal; Mann-Whitney test is a non-parametric test and should be used for non-normally distributed data when
comparing two groups (not more).

Only One-way ANOVA is for comparing more than two groups with normally distributed data.

The authors should check which test is suitable for the data they display and adjust them.

Referee #3

(Remarks to the Author)
The new findings implicating a mechanism involving glutamine release by muscle, its uptake and conversion to glutamate in
MSMPs, and glutamate then acting on afferent terminals leading to excitation are interesting.
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Referees' comments:
Referee #1 (Remarks to the Author):
# 2023-07-12035A -

In this study Yan et al, propose a new role for macrophages in controlling nerve activity and
contraction of skeletal muscles at the neuro-muscular synapse. The authors propose that
macrophages are integral part of the neuromuscular circuitry. They suggest that muscle
spindle macrophages regulate nerve activity using glutamate mediated signaling. The results
are novel. If true, these results would improve our understanding of the neuro-muscular
synapse in the control of skeletal muscle activity and should be of broad interest for the
biomedical community.

The authors use innovative approaches to address the function of muscle spindle
macrophages (MSMP). Microdissection was used to sort macrophages associated with the
muscle spindle and perform RNA-seq analysis. Conditional genetic targeting and in-vivo
optogenetics are used to experimentally study macrophage function.

The conclusion that MSMP cells control over neural activity is based on a ‘gain of function
approach where they ectopically express the Chr2 channel (a light-driven proton pump that
depolarize neurons) under CX3cr1-cre to activate macrophages optogenetically, and a ‘loss
of function’ approaches where they ectopically express the halorhodopsin (NpHR3 which
hyperpolarize neurons) to inhibit macrophage activation, and a macrophage ‘depletion
treatment’ with a combination of Clodronates and kinase inhibitors. Controls are missing, and
there are methodological issues that should be addressed before the conclusion is made.
Although the data presented may be compatible with the hypothesis, they fall short of
demonstrating the roles of macrophages at the neuro-muscular synapse.

Specific comments
We would like to thank this reviewer for their excellent constructive comments.

1-To my knowledge, induction of Chr2 expression to depolarize/activate macrophages was
used in two study, both using Cx3cr1 ERT2-Cre (Hulsmans, Cell 2017, Yi M-H, Plos Biology,
2021). Assuming that the authors find that CX3cr1-Cre allows relatively specific labeling of
MSMP in muscle (see point 4,5), the authors should document the expression of Chr2 and the
activation of Cx3cr1-cre expressing cells in the muscle in CX3cr1-cre x RosaChr2 mice, for
example by histology and RNAseq. How do this activation relate to macrophage activation
observed in wt mice or in pv-cre mice? All these experiments should include littermates cre-
neg controls. More importantly, induction of NpHR3 expression to hyperpolarize/de-activate
macrophages was not reported before. The authors do not provide a citation from the literature
where this model was used for macrophages. Some more details on the model would be useful,
and the authors should also document the ‘inactivation’ of ‘hyperpolarized’ macrophages
expressing NpHR3 by in their CX3cr1-cre x NpHR3 mice and in littermates cre-neg controls
that should be included in the experiments.

Thank you for your insightful comments. We have undertaken several targeted experiments
to address your concerns regarding the specificity and functionality of our optogenetic
manipulations in muscle spindle macrophages, employing both CX3CR1¢®::ChR2F" and
CX3CR1°®::NpHR3Y mouse models.

1. Validation of expression:
We have confirmed the specific expression of ChR2 and NpHR3 in MSMP using CX3CR1°"::
ChR2/NpHR3YF" mice. Immunostaining of muscle sections showed ChR2 and NpHR3-YFP




specific expression in MSMP (macrophages labelled by F4/80 and MS labelled by PGP9.5),
validating our Cre-driven expression (see revised Figure 3).

2. Functional validation of optogenetic modulation via patch-clamp:

To directly prove that CX3CR1-ChR2 MSMP are depolarised and that CX3CR1-NpHR3
MSMP are hyperpolarised after light stimulation, we utilized patch-clamp, which is the gold
standard for measuring ion channel activity and membrane potential, especially in response
to optical manipulation. Patch-clamp analysis of CD45/CD11b/F4/80/CX3CR1* sorted from
CX3CR1°¢®::ChR2YFP and CX3CR1¢®::NpHR3YFP skeletal muscles demonstrated that light
stimulation induced depolarisation and hyperpolarisation in ChR2 and NpHR3 models
respectively (see Extended Data Fig.4).

More specifically, light stimulation on cultured cells induced the expected depolarisation in
CX3CR1°®::ChR2YF cells (see Extended Data Fig.4a-e). The amount of depolarisation was
dependent on the stimulus features such as pulse duration and light power, in accordance
with the study from Yi et al., (Yi et al., 2021). We specifically tested the short duration pulse
with low light power (5 ms, 15% power) that we have used for the in vivo experiments. This
stimulation was able to induce sustained depolarisation of the cells.

Similarly, light stimulation on cultured MSMP from CX3CR1¢®::NpHR3YFP mice induced a
hyperpolarisation that was dependent on the stimulus parameters as pulse duration and light
power (Extended Data Fig.4f-j). As expected, halorhodopsin stimulation required higher light
power. We specifically tested stimulus features that we have used for in vivo experiments
(high power light and prolonged duration). YFP positive cells responded to this stimulation with
sustained hyperpolarisation independently from the length of the stimulation (Extended Data
Fig.4h-j). We have now demonstrated that the light-induced activation of halorhodopsin in
CX3CR1* cells lead to a prolonged membrane hyperpolarisation.

3. Littermates controls

We have included littermate controls lacking ChR2 (CX3CR1ce+::ChR2¥**+) or NpHR3
(CX3CR1ee:NpHR3 ) in all experiments to ensure the specificity of our findings and rule
out non-specific effects of genetic background or experimental handling (see revised Figure
3, 4 and 6, Extended Data Fig.4).

4. Optogenetic activation in relation to PV-induced activation of MSMP

While the experiments are not directly comparable, conceptually, direct optogenetic
macrophage activation via depolarisation relates to the expression of activity-dependent
genes after optogenetic stimulation of PV DRG neurons as seen in our RNAseq data (Figure
5). In fact, optical activation of MSMP investigated how MSMP modulate neurons; however,
the PV stimulation experiments aimed to investigate how neurons modulate MSMP. These
two sets of experiments were done to examine whether there was a cross-talk between
macrophages and sensory neurons, generating a reciprocal functional regulatory loop.

5. Optogenetic activation in relation to WT activation

To relate MSMP optogenetic activation to the role of MSMP in physiological settings, we
optogenetically inhibited MSMP in NpHR3-YFP positive mice (CX3CR1¢=*-:: NpHR3**) and
their negative littermate (CX3CR1¢e:: NpHR3Y*") during progressive muscle elongation
when EMG responses were recorded.

Results showed that the reduction in the amplitude of the muscle action potential in CX3CR1-
NpHR3 mice was commensurate to the degree of muscle elongation, reaching about 35%
reduction in muscle action potential compared to control condition with the greatest stretch (4
mm) (Figure 3i-m). This supports the idea that the activity of MSMP is required for optimal
muscle contraction in response to increasing degrees of muscle elongation.



We have also depleted MSMP for a loss of function experiment and performed locomotor
tasks. These experiments showed a role for MSMP in locomotor behaviour, however, as
indicated by the reviewers, the depletion is not specific to MSMP complicating data
interpretation. Therefore, we employed a cre-dependent strategy for two new loss of function
experiments where we perturbed MSMP activity (Cre-dependent expression of tetanus toxin
light chain -TeLC) or MSMP number (Cre-dependent expression of Caspase 3) in the
gastrocnemius muscle respectively (Figure 4 and 6).

These two new experiments also directly address the second important point raised by this
reviewer (see next point).

2- The specificity of the macrophage ‘depletion treatment’ with a combination of Clodronates
and kinase inhibitors is questionable (off target effects are very likely) and thus do not add
much to the manuscript. To support the mechanism of action proposed by the authors and
study the impact of MSMP on locomotor behaviors, the authors could use the CX3cr1- cre
model crossed with a Rosa DTR mouse for depletion, or the conditional ko of glutamine
synthase using a Glu-synthase floxed allele.

Specifically, we leveraged the knowledge that TeLC degrades SNARE proteins VAMP1-3 in
neurons and other cell types (Sweeney et al., 1995, Pitzurra et al., 1996, Mendez et al., 2011,
Bouvier et al., 2015, Hoogstraaten et al., 2020, Calvigioni et al., 2023) to block synaptic vesicle
release from MSMP. Importantly, VAMPs are expressed in MSMP (Figure 20) and previous
evidence showed that macrophages express VAMP-related proteins that are sensitive to TeTx
proteolytic cleavage (Pitzurra et al., 1996). Therefore, we used viral delivery of TeLC in the
gastrocnemius muscle of CX3CR1¢e::ChR2¥* mice to block vesicle release specifically in
MSMP.

Additionally, in a separate set of experiments we injected AAV-DIO-Caspase 3 to selectively
deplete MSMP (a similar approach had been used for microglia depletion (Jia et al., 2023)).
AAV-mCherry was used in controls.

We have perturbed MSMP in the gastrocnemius because of the important function of this
muscle in generating the power stroke in swimming and walking on a ladder in mice and
because the stretch reflex circuits of this muscle are highly engaged during these tasks.

Both approaches provided consistent results, demonstrating significant and highly muscle
specific alterations in spatiotemporal gait parameters and angular excursion variability when
MSMP were disrupted. By using these advanced genetic models, we have strengthened the
evidence for the critical role of MSMP in locomotor behaviour, thereby enhancing the
robustness and validity of our findings.

Expression of TeLC in MSMP and MSMP depletion (about 75%) were confirmed by
immunostaining in the gastrocnemius muscle. The results of these experiments are
summarised in Figure 4 and 6 and Extended Data Fig.9 and 10.

3-A large part of the manuscript is dedicated to the interpretation of RNA-seq results. They
suggest that muscle spindle macrophages have an enrichment in neuronal genes, synaptic
molecular pathways as well as glutamate related genes. Did the author consider the possibility
that phagocytosis of neighboring neural cell may be involved? More validation would be
needed before concluding these are macrophage genes. Single nuclei RNAseq analysis of
the unsorted muscle spindle followed by nuclei annotation could help. Single nuclei RNAseq
analysis of sorted macrophages nuclei (e.g. based on Pu.1 staining) could also be useful.

Thank you for allowing a clarification here. There are three main lines of evidence that
reassure us about the origin of the enrichment of neuronal genes in MSMP.



1. In this study, initially, we performed two independent RNA sequencing experiments:
the first was RNAseq after laser capture microdissection (LCM) of MS versus non-MS
areas. This LCM-MS RNAseq dataset showed the expression of classical MS-
component-related genes, including genes expressed by intrafusal myofibers and
sensory afferents. However, we surprisingly also detected the expression of immune-
related genes. To prove the presence of immune cells in MS, we performed
immunostaining, which showed the presence of macrophages in the MS. To further
investigate the molecular identity and signatures of these macrophages, we sorted
MSMP by using the immune cell and macrophage markers CD45, CD11b, F4/80 and
CX3CR1 that we found highly enriched in the MS and performed RNA sequencing.
This RNAseq dataset of sorted MSMP showed the significant expression of neuron-
related genes (Figure 2). There were therefore no neuronal components being
sequenced in this dataset.

2. In the MS there are no neuronal nuclei, or cell bodies but rather only sensory fibers.
The neuronal nuclei and cell bodies of sensory neurons are located in the dorsal root
ganglia, far away from the muscle spindles. Furthermore, no other cell of neuronal
origin to our knowledge is located in the muscle spindles.

3. Lastly, in our study muscle spindles appear intact and healthy and there is no
suggestion that MSMP in proximity to MS have a direct phagocytic activity on the axons
as can be seen by additional 3D reconstructions (Extended Movie 1-3). Furthermore,
we searched for the expression of axonal mMRNA in MSMP, and we could not find any
expression above background. This includes the highly abundant axonal mRNAs Nefl,
Gap43, Map2, and Uchll (this last is actually PGP9.5, which we used to identify the
sensory afferents).

4- The authors use CX3CR1-gfp mice, where GFP reflects expression of CX3CR1 to identify
and analyze MSMP. The comparison of F4/80+ and CX3CR1-gfp+ cells in the spindles (Figure
2) by immunofluorescence is methodologically questionable because the experiment is
performed in 15 areas from 4 mice, and dot plots do not distinguish individual mice. For the
statistical analysis it would be better for example to show mean results per mice.

Thanks very much for this important comment, we have followed the advice and changed all
quantification figures by replacing with mean results per mice (Figure 2 and Extended Data
Fig.1 and 7).

Of note the authors describe the Cx3cr1 CreERt2 (and Pv CreERt2) mice in the method
section, while the results and legends indicate Cx3cr1 Cre and Pv Cre mice, and do not
mention the use of Tamoxifen. This should be precised/corrected.

Thanks for allowing a clarification here. We did not use the tamoxifen inducible version of the
two mice. We have used the CX3CR1°¢" (Strain #:025524, Jackson laboratories) and the PVCcre
(Strain #:008069 from Jackson laboratories). We realised that in one point of the method there
was a mistake with the name of both mice (inadvertently we add ER to the name of the mice).
We are sorry for the mistake and the confusion. We have now corrected this and make it clear
along the paper.

5- With the caveat above, the data suggest that there are more Cx3cr1+ cells than F4/80+
cells, with ~80% of CX3CR1+ cells expressing F4/80. This suggests that ~20% Cx3cr1-
expressing cells are not macrophages. Importantly, in the following figures, the authors use a
CX3cr1-Cre mice bred to ‘activating’ and ‘inhibitory’ alleles. Cells targeted in CX3cr1-Cre mice
include cells currently expressing CX3CR1 (as inCX3CR1-gfp mice) plus all cells that have
expressed CX3CR1 at any time during their development (in the immune system this mean
most myeloid cells, See Yona et al 2013, Immunity). Therefore, the analysis in figure 2 would
be more accurately done in CX3cr1-Cre x Rosa LSL-YFP mice, as they may be more than 20%
non MSMP cells labelled in this model. If it is the case, the author may have to reconsider the



cellular specificity of their gain of function models. The use of alternative models to target
macrophages could be necessary.

Thanks for allowing to clarify this point. The graph the reviewer is referring to (Figure 2f)
showed that approximately 90% of F4/80 positive macrophages are also CX3CR1 positive
(CX3CR1*-F4/80*) and not the opposite. We have renamed the figure labelling to make it
clearer (Figure 2f). This implies that our manipulation of the CX3CR1 allele targets F4/80
positive cells specifically.

Referee #2 (Remarks to the Author):

Yan et al. identified a new cellular component within muscle spindles called muscle spindle
macrophages (MSMP). These MSMP exhibit distinct molecular characteristics and possess
the machinery to produce and release glutamate. Through elegant experiments using
transgenic mice, ex vivo culture studies and single-cell sequencing, the authors demonstrate
that activation of MSMP triggers firing in proprioceptive sensory neurons, influencing spinal
circuits, motor neurons, and muscles. The data suggest that this is happening via a glutamate-
dependent mechanism. Moreover, MSMP respond to stretch reflex activation by increasing
glutaminase expression, which converts glutamine into glutamate during muscle contraction.

The exciting findings of this manuscript highlight MSMP's homeostatic role in regulating both
neural activity and muscle contraction, providing a novel perspective on sensation and motor
action. However, from an immune-phenotyping perspective, the study should be improved.
Furthermore, the strategy used to deplete macrophages in vivo is not state-of-the-art so that
the results observed in behaviour differences may stem from off-target effects.

We would like to thank this reviewer for their excellent constructive comments.
Major points:

1. The major weakness of the study is the chosen approach to deplete macrophages as this
is not specific for muscles. Also depletion of other macrophages, immune activation due to
clodronate injections (often activates IL1a) etc. may have an influence on behaviour. Further,
clodronate has additional side effects that do not allow to conclude anything regarding specific
macrophage functions (see PMID 36976180). Therefore, the conclusions drawn regarding the
impact of MSMP on locomotion are preliminary. Instead, the authors should use a Cx3cr1-
CreER/IDTR + tamoxifen injection approach (or similar) to deplete e.g. glutaminase in MSMP.
Possibly, they could also use a local macrophage depletion using their Cx3cr1-ChR2 model
by extending the stimulation with blue light (see also PMID 32718989).

Thanks for this comment and suggestion. We agree that this is an important point. Therefore,
we decided to design and execute two complementary experiments to conclusively prove the
need for MSMP activity and presence in muscle contraction during motor tasks.

To this end, we employed a Cre-dependent strategy for two new loss of function experiments
where we perturbed MSMP activity (Cre-dependent expression of tetanus toxin light chain -
TeLC) or MSMP number (Cre-dependent expression of Caspase 3) in the gastrocnemius
muscles of CX3CR1°¢®::ChR2Y"" mice (Figure 4 and 6).

Specifically, we leveraged the knowledge that TeLC degrades SNARE proteins VAMP1-3 in
neurons and other cell types (Sweeney et al., 1995, Pitzurra et al., 1996, Mendez et al., 2011,
Bouvier et al., 2015, Hoogstraaten et al., 2020, Calvigioni et al., 2023) to block synaptic vesicle
release from MSMP. Importantly, VAMPs are expressed in MSMP (Figure 20) and previous
evidence showed that macrophages express VAMP-related proteins that are sensitive to TeTx
proteolytic cleavage (Pitzurra et al., 1996).



Therefore, we used viral delivery of TeLC in the gastrocnemius muscle of CX3CR1¢=::ChR2*
mice to block vesicle release specifically in MSMP.

Additionally, in a separate set of experiments we injected AAV-DIO-Caspase 3 (Cas3) to
selectively deplete MSMP (a similar approach had been used for microglia depletion (Jia et
al., 2023)). AAV-mCherry was used in controls.

We have perturbed MSMP in the gastrocnemius because of the important function of this
muscle in generating the power stroke in swimming and walking on a ladder for mice and
because the stretch reflex circuits of this muscle are highly engaged during these tasks.

Both approaches provided consistent results, demonstrating significant and highly muscle
specific alterations in spatiotemporal gait parameters and angular excursion variability when
MSMP were disrupted. By using these advanced genetic models, we have strengthened the
evidence for the critical role of MSMP in locomotor behaviour, thereby enhancing the
robustness and validity of our findings.

In conclusion, both the TeLC and Cas3 experiments show the selective role of MSMP in
locomotor behaviour.

Expression of TeLC in MSMP and MSMP depletion (about 75%) were confirmed by
immunostaining in the gastrocnemius muscle. The results of these experiments are
summarised in Figure 4 and 6 and Extended Data Fig.9 and 10.

2. Fig. 5: analysis of scRNA-seq data not clearly explained. What is being compared? A typical
comparison should be a sham-operated Pv-ChR2 mouse without optogenetic stimulation.
Alternatively, the clusters should be identified in situ using the described markers and
compared to non-stimulated mice via immunofluorescence.

Thanks for allowing this clarification. We used contralateral control, with sham-operated
without optogenetic stimulation from the same mouse. This is made clearer in the methods
section now ‘Method: Optogenetic stimulation of neurons (Pv+) or macrophages (CX3CR1-):
The right-side sciatic nerve (or muscles) was exposed without light treatment for contralateral
control.’

3. Macrophage heterogeneity observed by scRNA-seq after neuronal activity should be
validated by in situ/flow cytometry analyses.

d. Fig. 5c: do the authors mean Zeb2? This figure is rather supplemental information. please
show the top expressed genes in the main figure instead of showing differences between
clusters:

Thanks for this question that allows an important clarification. The aim of this scRNA-seq
experiment (a population of CD45-Cd11b-F4/80-CX3CR1 positive cells was selected here)
was to prove whether MSMP broadly or selectively respond to the activation of sensory
neurons (Pv-ChR2 optogenetic activation). Indeed, all cell clusters express similar classical
macrophage markers, with similar cellular identity and the clustering is given by the different
level of gene expression changes in activity-responsive genes after neuronal activation.
Therefore, each cluster has similar identity with some variable degrees of responses to
activation of sensory neurons. Indeed, one of the clusters show Zeb2 as suggested by the
reviewer (Figure 5c), apologies for the typo. In conclusion the message here is that the
response of MSMP to sensory neuronal optogenetic activation, despite some fluctuations in
gene expression, is rather homogenous across the entire cell population.

4. lines 214-217: Overinterpretation of results since release of glutamine has not been shown
in vivo. Tune down the statement or use conditional knockout mouse models to show this
mechanism in vivo.



Thanks for pointing this out. We agree and we have removed the related statement.

5. Fig. 2A, B: the F4/80 and Cx3cr1 signals show an unusual shape of macrophages, which
does not correspond to what is shown in 2G. Can the authors improve visualization, e.g. by
including DAPI and performing a whole mount staining, or at least a thick section. 3D rendering
of Iba1 signal in mouse and human samples will help the reader to appreciate the location of
these macrophages.

Thanks for this comment, we have followed the reviewer’s advice and added Iba1 staining in
mouse muscles with thicker sections (50 ym Z-stack) (Revised Figure 2g, Extended Data
Fig.1a). We also added 3D rendering of Iba1 (Extended 1,2).

We would also like to point out that depending on the orientation of how a given muscle spindle
has been sectioned macrophages might appear with a different morphology.

Minor points:

a. flow cytometry gates and purity of sorted cells used for assays should be included in the
extended data:

Thanks for allowing clarification here, we have added the flow cytometry gates (Extended Data
Fig.2b, c), FMO-CX3CR1 check (Extended Data Fig.2d) and purity check (Extended Fig. 2e-
f) for the sorted cells. This has also been added in the manuscript (Extended Data Fig.2).

b. It is unclear from the methods part how the published RNAseq dataset was integrated into
the data:

Thanks for allowing clarification, we extracted the Fastq format of the raw RNAseq data
(GSE144708) from the published paper (Ydens et al., 2020). And this dataset was integrated
to our data analysis by processing together with the Fastq data of our own MSMP, HMP and
lung macrophage datasets, with the same pipeline.

c. include the line number from Jackson since there can be several lines with a similar locus

Thanks for the comment. We have included the detailed information about the transgenic
mouse line we employed.

e. F4/80 is not always expressed highly on all macrophages. Iba1 should be used to quantify
macrophages in different regions.

As requested, we have added the quantification of Iba1* macrophages in both MS and non-
MS areas (Extended Data Fig.1a and 1b). Similar to F4/80 immunostaining results, there are
significant more Iba1* macrophages in MS areas compared with non-MS areas (only rarely
found), suggesting the enrichment of Iba1* macrophages in MS.

f. Fig. 2: what are the scale bars in IF pictures?

We have added the scale bars for ALL IF pictures, apologies for this oversight.



Referee #3 (Remarks to the Author):
We would like to thank this reviewer for their excellent constructive comments.

This is a provocative study implicating macrophages within muscle spindles as mediators of
the classic myotatic stretch reflect. Some interesting findings are presented, but in the end the
authors’ model is unclear.

Are MSMP mechanically sensitive, and does stretch of MSMP lead to Glu release? Are MSMP
attached to the muscle spindles, and do they stretch when the spindles stretch? Some key
experiments to test these or related ideas would be welcome.

Thanks for this excellent point!

In the present manuscript we focused on the novel role of MSMP in releasing glutamate to
modulate neuronal activity and muscle contraction. The additional functional muscle specific
experiments in this revision further strengthen the model. Our data suggests that MSMP
couple increasing metabolic demands associated with muscle contraction with neuronal
activity by converting glutamine in glutamate that is used to promote the activity of the MS
sensory afferents ultimately supporting muscle contraction.

In line with the reviewer’s thinking, in addition to chemical and biological stimuli, there is
evidence suggesting that macrophages can sense physical cues such as matrix architecture,
tissue stiffness and mechanical stimulation ((Previtera and Sengupta, 2015, Hsieh et al., 2017,
Jain et al., 2019, Atcha et al., 2021). As the diversity of macrophage functions is built up by
their capability to dynamically respond to environmental cues, MSMP localising in MS could
have the ability to sense the mechanical signals coming from the muscle stretch. Based on
both bulk and single-cell RNA sequencing data, MSMP express Piezo1, a piezo-type
mechanosensitive ion channel (mechanoreceptor). Piezo1 can detect membrane tension and
transduce the mechanical signal into intracellular chemical and electrical signals by allowing
Ca?*influx (Liu et al., 2022). This suggests that MSMP could potentially be mechanically
sensitive, which links mechanical stimuli to the activation of MSMP, and possibly to the release
of glutamate from MSMP.

Here, we have performed further immunostaining experiments and 3D rendering that clearly
showed that MSMP are in close proximity to MS and their shape can vary between been very
oblong to been less stretched, suggesting that they might modify their shape in response to
muscle stretch (Figure 2, Extended Movie 1-3).

Therefore, we are also very interested to investigate the hypothesis suggested by this reviewer
that MSMP might be sensing muscle stretch in future work. In fact, providing hard functional
evidence in support of the hypothesis would require extensive and highly complex in vivo
experimentation.

Interestingly, GO analysis of gene expression experiments revealed that MSMP not enriched
for transcripts implicated in immune responses, as compared to lung and heart macrophages.
On the other hand, MSMP express genes associated with muscle contraction, neuronal
projection and synaptic activity, and glutamate transport, synthesis, and release. This begs
the question, are MSMP macrophages? Are they phagocytic?

The RNA seq results of sorted MSMP showing the significant expression of neuron-related
genes (Figure 2). There was no neuronal component being sequenced in this sorted MSMP
RNAseq dataset as we used a set of macrophage markers to sort out pure
CD45/CD11b/F4/80/CX3CR1* cells without neuronal/muscle cell contamination.

We also need to clarify that MSMP do express immune modulatory genes, although at lower
levels compared with other types of macrophages. All data we have generated suggest that



MSMP play a novel role in regulating MS function and activity by releasing the
neurotransmitter glutamate. However, we do not argue that they do not also have an immune
modulatory role similarly to all other types of macrophages. The comparison between MSMP,
HMP, LMP and SNMP also show the expression of genes related to inflammatory repones and
phagocytosis-related gene (Extended Data Fig.3). We hypothesise that in addition to the new
physiological role we identified and characterised here (release of glutamate in this instance),
MSMP might also participate in immune modulation and possibly in a phagocytic/defensive
role in response to MS abnormalities, tissue damage or other pro-inflammatory pathological
conditions.

MSMP express all canonical macrophage marker genes including Iba1, CD11b, CD68 and
F4/80, as well as immune cell marker CD45, suggesting MSMP are macrophages.

In the MS there are no neuronal nuclei, or cell bodies but rather only sensory fibers. The
neuronal nuclei and cell bodies of sensory neurons are located in the dorsal root ganglia, far
away from the muscle spindles. Furthermore, no other cell of neuronal origin to our knowledge
is located in the muscle spindles.

Lastly, in our study muscle spindles appear intact and healthy and there is no suggestion that
MSMP in proximity to MS have a direct phagocytic activity on the axons as can be seen by
additional 3D reconstructions that we have now provided (Extended Movie 1-3). Furthermore,
we searched for the expression of axonal mRNA in MSMP, and we could not find any
expression above background. This includes the highly abundant axonal mMRNAs Nefl, Gap43,
Map2, and Uchll1 (which is actually PGP9.5, which we used to identify the sensory afferents).

The optogenetic experiments are critical for the authors’ conclusions. An important observation
is that MSMP optogenetic stimulation elicits sensory neuron excitation within milliseconds and
with low jitter, and subsequent muscle contraction. Some controls are needed here, including
non-transgenic controls. It seems critical that the authors report the expression patterns of the
opsins in the CX3CR1-ChR2 and CX3CR1Cre-NpHR3 mice in muscles, to provide confidence
that these actuators are restricted in their expression and in the expected cell types (MSMP
and not other cells).

We thank the reviewer for these valid comments and suggestions.

Aiming to specifically modulate MSMP activity via optogenetic stimulation, we crossed
CX3CR1ce mice with ChR2"™+ mice to generate CX3CR1ce- ChR2 (ChR2 positive
mice) and their negative littermate (CX3CR21¢ce+::ChR2*+*). Similarly, the same cross has
been set for the NpHR3 experiments to obtain CX3CR1¢=::NpHR3"*+- (NpHR3 positive) and
their negative controls (CX3CR1ce+::NpHR3Y"*). All these groups of animals have been used
for the in vivo experiments in Figure 3, Extended Data Fig.5., and the new patch-clamp
experiments in Extended Data Fig.4. ChR2 positive mice (CX3CR1¢e+::ChR2Y*+) have been
also used for all loss of function experiments with a viral approach (Figure 4 and 6, Extended
Data Fig.9 and 10).

Specifically:

1. Validation of expression:

We have confirmed the specific expression of ChR2 and NpHR3 in MSMP using
CX3CR1¢::ChR2/NpHR3YF" mice. Immunostaining of muscle sections showed ChR2 and
NpHR3-YFP specific expression in MSMP (macrophages labelled by F4/80 and MS labelled
by PGP9.5), validating our Cre-driven expression (see revised Figure 3).

2. Functional Validation of Optogenetic Modulation via Patch-Clamp:




To directly prove that CX3CR1-ChR2 MSMP are depolarised and that CX3CR1- NpHR3
MSMP are hyperpolarised after light stimulation, we utilized patch-clamp, which is the gold
standard for measuring ion channel activity and membrane potential, especially in response
to optical manipulation. Patch-clamp analysis of CD45/CD11b/F4/80/CX3CR1* sorted from
CX3CR1°¢®::ChR2YFP and CX3CR1¢::NpHR3"F" skeletal muscles demonstrated the light
stimulation induced depolarisation and hyperpolarisation in ChR2 and NpHR3 models
respectively (see Extended Data Fig.4).

More specifically, light stimulation (480 nanometres) on cultured cells induced the expected
depolarisation in CX3CR1°¢®::ChR2Y"" cells (see Extended Data Fig.4a-e). The amount of
depolarisation was dependent on the stimulus features such as pulse duration and light power,
in accordance with the study of Yi et al., ‘Optogenetic activation of spinal microglia triggers
chronic pain in mice (Yi et al., 2021). We specifically tested the short duration pulse with low
light power (5 ms, 15% power) that we have typically used for the in vivo experiments. This
stimulation was able to induce sustained depolarisation of the cells.

Similarly, light stimulation (593 nanometres) on cultured MSMP from CX3CR1¢®::NpHR3YP
induced a hyperpolarisation that was dependent on the stimulus parameters as pulse duration
and light power (Extended Data Fig.4f-j). As expected, halorhodopsin stimulation required
higher light power. We specifically tested stimulus features that we have used for in vivo
experiments (high power light and prolonged duration). YFP positive cells responded to this
stimulation with sustained hyperpolarisation independent from the length of the stimulation
(Extended Data Fig.4h-j). We have now demonstrated that the light-induced activation of
halorhodopsin in CX3CR1+ cells lead to membrane hyperpolarisation.

3. Littermates controls

We have included littermate controls lacking ChR2 or NphR3 in all experiments to ensure the
specificity of our findings and rule out non-specific effects of genetic background or
experimental handling (see revised Figure 4, 6, Extended Data Fig.9 and 10).

Why do Glutamate receptor antagonists completely block the evoked response while NpHR3
activation/hyperpolarisation leads to a modest, at most 35% inhibition? Is this because NpHR3
is ineffective in silencing MSMP? More importantly, electrophysiological measurements of
proprioceptor responses and excitation of muscle cells as well as the stretch reflex should all
be assessed in the macrophage depleted mice, since the depletion appears complete
(Extended Data Fig.5), to complement the behavioral measurements. This would be the most
robust test of necessity, since the CX3CR1Cre-NpHR3 mediated hyperpolarisation
experiments may never provide complete inhibition (Figure 3).

Thanks for allowing a clarification here. Glutamate receptor antagonism was performed with
the optogenetic activation of MSMP eliciting muscle action potential that were very significantly
impaired by glutamate receptor antagonism, suggesting that the effect of MSMP upon muscle
contraction require glutamate signalling.

However, NpHR3-mediated MSMP inhibition was performed in a very different and not directly
comparable experimental paradigm due to the different question. Here we wanted to test
whether the activity of MSMP was required to allow optimal muscle evoked responses at
progressively increasing muscle elongations that are expected to require higher neuron
activity and thus (our hypothesis), more support from MSMP. Our model in fact suggests that
MSMP support neural function when metabolic demands are greater such as with increased
muscle elongation/stretch. Specifically, we optogenetically inhibited MSMP in NpHR3-YFP
positive mice (CX3CR1¢e*-:: NpHR3Y*+) and their negative littermate (CX3CR1¢=-:;: NpHR3 "
A) during progressive muscle elongation when EMG responses were recorded. Results
showed that the reduction in the amplitude of the muscle action potential in CX3CR1- NpHR3
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mice was commensurate to the degree of muscle elongation, reaching about 35% reduction
in muscle activity compared to control condition with the greatest stretch (4 mm) (Figure 3i-m).
This supports the idea that the activity of MSMP is required for optimal muscle contraction in
response to increasing degrees of muscle elongation. The fact that a 35% reduction was
obtained as opposed to complete obliteration of the response is consistent with the discovery
that MSMP are an additional component of the sensorimotor circuitry to optimise performance
(this is also evident by additional experiments with MSMP specific loss of function now in
Figure 6, Extended Data Fig. 9 and 10); thus their absence is not expected to result in the
complete absence of the stretch reflexes. Although it cannot be fully ruled out, less likely is the
possibility of ineffective silencing given the results of the new patch clamp experiments proving
the efficiency of halorhodopsin-dependent membrane hyperpolarisation (Extended Data Fig.4).

However, we have now added a new set of experiments that allow to directly compare the
MSMP gain function (ChR2) with a MSMP loss of function approach (TeLC) in the same
experimental setting.

To this end, we employed a cre-dependent strategy for loss of function experiments where we
perturbed MSMP activity in the gastrocnemius muscle (Figure 4 and 6).

Specifically, we leveraged the knowledge that TeLC degrades SNARE proteins VAMP1-3 in
neurons and other cell types (Sweeney et al., 1995, Pitzurra et al., 1996, Mendez et al., 2011,
Bouvier et al., 2015, Hoogstraaten et al., 2020, Calvigioni et al., 2023) to block synaptic vesicle
release from MSMP. Importantly, VAMPs are expressed in MSMP (Figure 20) and previous
evidence showed that macrophages express VAMP-related proteins that are sensitive to TeTx
proteolytic cleavage (Pitzurra et al., 1996).

Therefore, we used viral delivery of TeLC in the gastrocnemius muscles of CX3CR1¢e:ChR2Y
mice to block vesicle release specifically in MSMP and performed EMG recordings. AAV-
mCherry was used in controls. We have perturbed MSMP in the gastrocnemius because of
the important function of this muscle in generating the power stroke in swimming and walking
on a ladder for mice and because the stretch reflex circuits of this muscle are highly engaged
during these tasks.

Optical stimulation of MSMP in controls led to the expected muscle evoked potential
selectively in the stimulated muscle (Figure 4f-g, Extended Data Fig.5e). In contrast, the
muscle response was selectively abolished in the TeLC infected muscle (Figure 4f-g),
demonstrating that synaptic vesicle release is needed for MSMP-mediated muscle
contraction. This allowed to demonstrate that MSMP depolarisation resulting from ChR2
stimulation need the integrity of the vesicle release machinery to drive muscle activity.

Additionally, in a separate set of experiments we injected AAV-DIO-caspase 3 to selectively
deplete MSMP (a similar approach had been used for microglia depletion: (Jia et al., 2023)).
Still, AAV-mCherry was used in controls mice (CX3CR1¢=:ChR2Y* mice).
Both approaches provided consistent results, demonstrating significant and highly muscle
specific alterations in spatiotemporal gait parameters and angular excursion variability when
MSMP were disrupted (Figure 4 and 6 and Extended Data Fig.9 and 10).

Expression of TeLC in MSMP and MSMP depletion (about 75%) were confirmed by
immunostaining in the gastrocnemius muscle. The results of these experiments are
summarised in Figure 4 and 6 and Extended Data Fig.9 and 10.

By using these advanced genetic models, we have strengthened the evidence for the critical

role of MSMP in locomotor behaviour, thereby enhancing the robustness and validity of our
findings.
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In conclusion, both the TeLC and Caspase 3 experiments show the selective role of MSMP in
locomotor behaviour.
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Referee #1 (Remarks to the Author):

The authors report novel and important findings using innovative methodological approaches. In the revised
manuscripts they have addressed most of our comments.

They improve the imaging of MSMP, and they now show specific expression of the channel rhodopsin in MSMP,
via immunofluorescence. They also show that depolarization and hyperpolarization happens in the macrophages
using a patch clamp technic on sorted macrophages in vitro with their optogenetic model.

They came up with 2 additional macrophages depletion strategies, using cre dependent TeLC delivery on the
gastrocnemius muscle of Cx3crl1Cre-Chr2 mice to block vesicles release from macrophages. They also use cre
dependent AAV-DIO-Caspase 3 injection in the muscle to deplete macrophages, which seems to work for
depletion and results in impairment of locomotor behavior.

Overall, however, the mechanism by which MSMP promote muscle contraction is still not clear. The authors
suggest that neuronal genes expressed by macrophage may play a role, they propose a key role for glutamine
but this is not demonstrated in vivo and macrophages express many genes, including cytokines, which could also
influence nerves stimulation

On balance, this is a very interesting paper describing a novel type of macrophage function, and which would
deserve to be published, with the caveat that it lacks a clear biological mechanism.

We would like to thank this reviewer for appreciating our manuscript, our improvement with the revision that
addressed the extremely useful comments, and for encouraging publication.

The reviewer also mentioned that MSMP may express other genes that affect nerve stimulation including cytokines.
While we are agree with this assumption (as been shown from multiple studies), we also believe the short time
frame in which MSMP modulate neural activity in our study (5 to 10 milliseconds) and the fact that we abolish neural
responses upon MSMP stimulation by using neurotransmitter blockers indicate that neural responses, muscle
contraction and behavioural outcome are regulated by a fast, glutamatergic transmission between MSMP and
sensory afferents.

We fully agree that our proposed model showing that macrophages can release glutamate via glutaminase-
dependent conversion of glutamine is supported by experiments in cultured MSMP. In fact, in response to reviewer
2 comments after the first revision we have added a statement highlighting this limitation.

To address the final reviewer's comment at least partially, we decided to provide additional evidence of the
physiological in vivo relevance of the mechanism by investigating whether swimming enhanced glutaminase
expression in MSMP. Briefly, as we showed in figure 5, glutaminase and other early response genes (as markers
of MSMP activation) were upregulated after optogenetic PV neuronal stimulation of the stretch reflex. We have
now measured them again from MSMP sorted after a physiologically relevant task such as swimming vs resting
mice. Swimming induced a significant upregulation of glutaminase (Gls), Egrl, JunB, Atf4, and ler5, adding
evidence that MSMP respond to a physiologically relevant task such as swimming.

These data have been added to the manuscript as Extended Data Figure 8.
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Extended Data Figure 8. Muscle spindle macrophages (MSMP) respond to swimming. RT-qgPCR results
showing increased expression of glutaminase (GI/s) and early response genes (Egr1, JunB, Atf4 and ler5) in sorted
MSMP after 30-minute swimming vs resting physiological conditions (N = 3 biological replicates; unpaired t-test;
mean * s.e.m; *p < 0.05, **p < 0.01).



Please see also an additional video (Extended Movie 4) showing how mice whose MSMP were transduced with
AAV-TeLC in the gastrocnemius muscle display impairment in angular excursions during swimming.

This reviewer is also kindly invited to read the response to reviewer 3 where we performed some additional
experiments in cultured MSMP to link glutamine uptake to glutamate release.

Finally, we have also added a specific limitation statement to the manuscript as follows: “This manuscript describes
the discovery of MSMP and their functional characterisation in contributing to the stretch reflex, muscle contraction
and locomotion by a fast glutamatergic transmission between MSMP and sensory afferents. However, whether
MSMP convert glutaminase into glutamate in vivo and whether they respond to mechanical stretch to support this
or other mechanisms in vivo remains to be determined”.

Referee #2 (Remarks to the Author):

The revised manuscript has addressed the most important points. The models chosen to deplete macrophages
locally are elegant and make a strong point for MSMPs controlling locomotion.

I would still insist on exploiting the scRNA-seq data so that it becomes clear to the reader what can be actually
observed between activated and control MSMPs besides the one violin plot shown for the glutaminase. O The
UMAPs showing expression of genes in almost 100% of cells doesn’t help. This should be moved into
supplement, also the scheme explaining what was done is somewhat self-explanatory and can be
supplementary, as it should be found in the text and methods part. A dot plot/violin plots showing what is defining
the identity of the macrophage clusters 0-3 would be a first step (it is clear that cluster 4 are proliferating
macrophages). The conditions should be split, as shown in Figure 5f for this representation. The authors write
that the cells have similar identities, but still, something is determining their clustering and should be shown. For
the macrophage community it would be of interest to define/validate these subpopulations also on a protein level.
Do they have distinct subanatomical locations? Cluster 3 seems to not upregulate glutaminase, so it may not be
involved in the described process. This needs to be addressed to some degree.

We would like to thank this reviewer for the positive assessment of our revised manuscript, for the previous
suggestions that have helped crafting an improved story and for the further specific question that we have now
addressed.

We have reworked the scRNA seq data and figures as requested and moved the panels in Figure 5 to
supplementary and replaced them with new ones. As suggested, we have also performed protein validation of
the clusters by using representative markers with well working antibodies by immunofluorescence. This has also
allowed us to create violin plots to show spatial localisation within the MS capsule by using the sensory annular
fibres as reference (see revised Figure 5 and Extended Data Figure 6).
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Revised Figure 5. Muscle spindle macrophages (MSMP) response to proprioceptive neuronal activation
and convert glutamine into glutamate via glutaminase.

a. Uniform Manifold Approximation and Projection (UMAP) results show the expression of marker gene for 5
clusters of 18,538 FACS-sorted MSMP. b. DE analysis from identified macrophage clusters shows increased
expression of genes involved in cytokine/chemokine signalling, macrophage/neuron activation, transcription,
differentiation, and macrophage shape remodel (MSR) (FDR < 0.05, fold change > 1). c. DE analysis shows
significantly increased expression of glutaminase in response to Pv neuron activation in MSMP cluster 0, 1 and 2
(FDR < 0.05, fold change > 1; *p < 0.05, **p < 0.01, ****p < 0.0001. d. Experimental design of in vitro MSMP culture
medium glutamate assay with FACS-sorted MSMP treated with vehicle or glutamine or glutaminase inhibitor (CB-
839) or glutamine transporter inhibitors (MeAIB and V9302) or Ca?* chelators (BAPTA-AM and EGTA). e.
Glutamate was detected in MSMP culture medium 2/8 hours after 50 mM glutamine treatment. The release of
glutamate was diminished by glutaminase inhibitor (CB-839) (N=6 biological replicates; One-way ANOVA; mean +
s.e.m; ****p < 0.0001). f. Expression of glutamine transporters SNAT1 (S/c38a1), SNAT2 (S/c38a2) and ASCT2
(Slc1a5) by MSMP. g-h. Immunostaining and quantification results showing elevated MSMP intracellular Ca?* level
(Fluo-4-AM signal) induced by 50 mM glutamine treatment and was significantly reduced by glutamine transporter
inhibitors (MeAlB+V9302) and Ca?* chelators (BAPTA-AM and EGTA) (N = 3 biological replicates; One-way
ANOVA; mean + s.e.m; **p < 0.01, ****p < 0.0001, Scale bar = 50 ym). i. Glutamate was detected in MSMP culture
medium after 2-hour 50 mM glutamine treatment. The medium glutamate level was significantly reduced by
glutamine transporter inhibitors (MeAIB+V9302) and Ca?* chelators (BAPTA-AM and EGTA) (N = 3 biological
replicates; One-way ANOVA; mean + s.e.m; ***p < 0.001, ****p < 0.0001).
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Extended Data Figure 6. MSMP clusters express tissue resident markers and share similar sub-anatomical
localisation within MS.

a. Uniform Manifold Approximation and Projection (UMAP) results show 5 clusters of MSMP from 18,538
F4/80/CX3CR1* MSMP. b. Expression of MSMP markers and tissue-resident markers in MSMP. ¢-d. Violin plot (c)
and representative immunostaining (d) for the expression of marker genes (//1rn, Hspa1a and Pecam) of cluster
0-2 MSMP (labelled by F4/80) in MS (labelled by PGP9.5). Scale bar = 50 um. e. Spatial localisation (distance
between MSMP and MS sensory fiber) of cluster 0-2 MSMP by using the sensory annular fibres as reference.
Cluster 0, cluster 1 and cluster 2 MSMP are identified by the expression of lI1rn (n = 65 MSMP), Hspa1a (n = 69
MSMP) and Pecam1 (n = 69 MSMP), respectively (N = 3 biological independent mice; One-way ANOVA; ns = not
significant). f. Expression of GIs (Glutaminase) and Slc17a5 (Sialin) by MSMP.

Referee #3 (Remarks to the Author):

This is a re-review of a manuscript that reports a series of experiments that address the role of resident
macrophages in muscle and their role in muscle stretch evoked proprioceptor signaling and function. The revision
includes many new experiments, which have improved the study.

| had previously questioned the overall model, and in particular whether MSMP are mechanically sensitive and
whether stretch of MSMP leads to Glu release. This issue has not been fully addressed, and how macrophages
respond to stimuli and contribute to proprioceptor signaling remains unclear.

a.

b. We would like to thank this reviewer’s appreciation of the substantial work we have carried out in
response to the first round of reviews.

c.  While we agree with the reviewer that we have not investigated “whether MSMP are mechanically
sensitive and whether stretch of MSMP leads to Glu release”, we believe that we have clearly showed
the MSMP promote neural modulation of the sensory afferents and muscle contraction through a fast
glutamatergic signalling. Additionally, we have provided robust in vivo experimental evidence of the
physiological relevance of MSMP by performing MSMP inhibition, silencing and depletion in selected
muscles in the context of the stretch reflex and physiological locomotor tasks (skilled overground
locomotion and swimming).

d. To recapitulate:



1)

2)

3)

The spatio-temporal features of MSMP makes them an appropriate candidate to modulate the
stretch reflex in a behaviourally relevant time scale in physiological conditions. The particular
location of the MSMP in the muscle spindle, juxtaposed to the la sensory fibers, and the possibility to
modulate the sensory fibers in a ms time scale provide initial support for the possibility of the MSMP to be
an active component of the stretch reflex (that works also in a ms time scale) supporting muscle
contraction

The reduction of the stretch reflex while inhibiting the MSMP indicate a direct and temporally fast
action of the MSMP on the sensorimotor component of the reflex arc. The experiments with
halorhodopsin (NpHR3) silencing of MSMP activity after we evoked the stretch reflex of the gastrocnemius
showed a reduction of the stretch response. The stretch reflex is a natural response that requires about
15 ms to generate a response with phasic and tonic components in the gastrocnemius muscle of a mouse
in physiological conditions. The temporal features of the response (milliseconds) and the temporal feature
of the optical stimulation (milliseconds) exclude any other communication between MSMP, sensory and
motor components if not electrochemical.

Independently from any optogenetic manipulation, the impaired locomotion in mice with silenced
or depleted MSMP indicate the physiological relevance of MSMP in natural motor tasks. The MSMP
silencing experiments with TeLC and depletion with caspase 3 in a specific muscle such as the
gastrocnemius, showed how MSMP are required for the optimal execution of ethologically relevant tasks
as swimming and walking (we have now found that glutaminase expression is induced after swimming,
Figure 6, Extended Data Figure 8, 11-12).

Please see an additional video (Extended Movie 4 showing how mice whose MSMP were transduced
with TeLC in the gastrocnemius muscle display impairment in angular excursions during swimming.

To further prove the physiological relevance, we decided to provide additional evidence of the physiological in vivo
relevance of the mechanism by investigating whether swimming enhanced glutaminase expression in MSMP.
Briefly, as we showed in figure 5, glutaminase (Gls) and other early response genes (as markers of MSMP
activation) were upregulated after optogenetic PV neuronal stimulation of the stretch reflex. We have now
measured them again from MSMP sorted after a physiologically relevant task such as swimming vs resting mice.
Swimming induced a significant upregulation of glutaminase (Gls), Egrl, JunB, Atf4, and ler5, adding evidence that
MSMP respond to a physiologically relevant task such as swimming.

These data have been added to the manuscript as Extended Data Figure 8.
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Extended Data Figure 8. Muscle spindle macrophages (MSMP) respond to swimming. RT-qgPCR results
showing increased expression of glutaminase (GIs) and early response genes (Egr1, JunB, Atf4 and ler5) in sorted



MSMP after 30-minute swimming vs control physiological conditions (N = 3 biological replicates; unpaired t-test;
mean * s.e.m; *p < 0.05, **p < 0.01).

[TEXT REDACTED]

[FIGURE REDACTED]

In alternative to this model, and by using the same experimental paradigm, we further explored another mechanism
that may mediate glutamate release to support our main hypothesis: MSMP might release glutamate directly in
response to glutamine.

Previous studies have shown that glutamine transporters may induce membrane depolarisation, calcium
mobilisation and glutamate release (Sherman, 1991, Chaudhry et al., 2002, Bacci et al., 2002, Billups et al., 2013,
Kolbaev and Draguhn, 2008). Our RNA sequencing data have shown the expression of glutamine transporters in
MSMP (Fig. 20, Fig. 5f). Therefore, we investigated whether glutamine itself can induce MSMP membrane
depolarisation which leads to glutamate release from cultured MSMP.

As in the previous experiment and in previous studies (Gross et al., 2014, Yoo et al., 2020, Zhang et al., 2020,
Schulte et al., 2018, Raposo et al., 2015), we cultured MSMP adding the calcium Fluo-4 sensor to use at proxy of
MSMP activation. To the basal medium, we added glutamine that resulted in an strong increase in Fluo-4 signal
(Figure 5g and h) and a concurrent increase in glutamate concentration in the medium (vehicle + glutamine, figure
5i).



When glutamine transporters inhibitors MeAlIB and V9302 were used (blocking the transporters SNAT1, SNAT2
and ASCT2 encoded in MSMP by Sic38a1, Sic38a2 and Sic1ab, these resulted in both a marked reduction in
MSMP activation (Figure 5h) and glutamate concentration (Figure 5i).

Lastly, the addition of calcium chelators BAPTA-AM and EGTA to the cultured MSMP completely abolished MSMP
activity (Figure 5h) and fully inhibited glutamate release (Figure 5i).

These results clearly demonstrate that glutamine induces MSMP activity and glutamate release via glutamine
transporters. Furthermore, inhibiting these transporters reduces both MSMP activation and glutamate
concentration, and calcium chelation completely blocks these processes. Together, this supports the idea that
glutamine transporters play a key role in glutamate release from MSMP, driven by calcium-dependent mechanisms.

The new Figure 5 has been pasted here below.
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Revised Figure 5. Muscle spindle macrophages (MSMP) response to proprioceptive neuronal activation
and convert glutamine into glutamate via glutaminase.

Uniform Manifold Approximation and Projection (UMAP) results show the expression of marker gene for 5 clusters
of 18,538 FACS-sorted MSMP. b. DE analysis from identified macrophage clusters shows increased expression of
genes involved in cytokine/chemokine signalling, macrophage/neuron activation, transcription, differentiation, and
macrophage shape remodel (MSR) (FDR < 0.05, fold change > 1). ¢. DE analysis shows significantly increased
expression of glutaminase in response to Pv neuron activation in MSMP cluster 0, 1 and 2 (FDR < 0.05, fold
change > 1; *p < 0.05, **p < 0.01, ****p < 0.0001. d. Experimental design of in vitro MSMP culture medium glutamate
assay with FACS-sorted MSMP treated with vehicle or glutamine or glutaminase inhibitor (CB-839) or glutamine
transporter inhibitors (MeAIB and V9302) or Ca?* chelators (BAPTA-AM and EGTA). e. Glutamate was detected in
MSMP culture medium 2/8 hours after 50 mM glutamine treatment. The release of glutamate was diminished by
glutaminase inhibitor (CB-839) (N=6 biological replicates; One-way ANOVA; mean + s.e.m; ****p < 0.0001). f.
Expression of glutamine transporters SNAT1 (S/c38a1), SNAT2 (Slc38a2) and ASCT2 (Slc1ab) by MSMP. g-h.
Immunostaining and quantification results showing elevated MSMP intracellular Ca?* level (Fluo-4-AM signal)
induced by 50 mM glutamine treatment and was significantly reduced by glutamine transporter inhibitors
(MeAlB+V9302) and Ca?* chelators (BAPTA-AM and EGTA) (N = 3 biological replicates; One-way ANOVA; mean



+s.e.m; **p < 0.01, ****p < 0.0001, Scale bar = 50 ym). i. Glutamate was detected in MSMP culture medium after
2-hour 50 mM glutamine treatment. The medium glutamate level was significantly reduced by glutamine transporter
inhibitors (MeAIB+V9302) and Ca?* chelators (BAPTA-AM and EGTA) (N = 3 biological replicates; One-way
ANOVA; mean * s.e.m; ***p < 0.001, ****p < 0.0001).

These additional data and the overall experiments suggest a model where sensory afferents communicate with
MSMP indirectly, while MSMP directly communicate with la fibers: la fibers sense changes in intrafusal muscle
tension to elicit, via motoneuron activation, muscle contraction, which increases muscle metabolism that leads to
the release of glutamine that is uptaken by MSMP to convert it via glutaminase in glutamate, which in turn activates
the la afferents.

This provides a previously unknown layer of metabolic control in MASP (conversion of glutamine into glutamate)
to facilitate sensory afferent activity to enhance muscle contraction in response to muscle activity on top of the
known regulation that relies on the mechanically sensitive stretch receptors that are the muscle spindles.

In summary, our model suggests that MSMP play an active role by converting glutamine into glutamate allowing
the type la afferents to take advantage of MSMP-dependent “metabolic boost” during muscle activity, ultimately
contributing to the degree of la activity and muscle contraction by sensing the muscular metabolic demand.

Finally, while we hope that this reviewer will agree that we have discovered an exciting new mechanism that support
physiological function, we are aware that radical new findings require caution to avoid overinterpretation and we
remain humble and open to the future development of additional roles for MSMP, including in response to
mechanical stretch. To reflect the limitations of our study, we have also added a specific limitation statement to the
manuscript as follows: “This manuscript describes the discovery of MSMP and their functional characterisation in
contributing to the stretch reflex, muscle contraction and locomotion by a fast glutamatergic transmission between
MSMP and sensory afferents. However, whether MSMP convert glutaminase into glutamate in vivo and whether
they respond to mechanical stretch to support this or other mechanisms in vivo remains to be determined”.
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