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The interaction between CD200 and its receptor CD200R1 plays a key role in modulating immune 
responses in nervous system disorders. This study explored the function of CD200R1 in local and 
systemic inflammation following spinal cord injury (SCI) using CD200R1-knockout (CD200R1−/−) 
mice. Following a low thoracic contusion injury, CD200R1−/− mice exhibited increased macrophage 
infiltration at the injury site, with a greater proportion of pro-inflammatory Ly6C + macrophages. 
Myelin phagocytosis was impaired in CD200R1−/− macrophages both ex vivo and in vitro, indicating a 
reduced capacity to clear myelin debris. Despite these immune alterations, CD200R1 deficiency did not 
affect spontaneous locomotor recovery post-SCI, as measured by the Basso Mouse Scale. However, 
CD200R1−/− mice tended to lose more weight after injury, suggesting systemic effects. In uninjured 
(naïve) conditions, CD200R1−/− mice showed reduced spleen weight and lymphocyte counts, along 
with lower mRNA expression of inflammatory cytokines TNFα, IL6, and CCL2, though no significant 
differences were seen in splenic immune cell populations. Altogether, these results suggest that 
CD200R1 is an important factor regulating myelin phagocytosis by macrophages and maintaining 
normal immune and splenic homeostasis under both injured and naïve conditions.
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In recent years, immune receptors have been highlighted to play a role in brain and systemic homeostasis and 
during inflammatory conditions. Immune receptors, defined as receptors present in immune cells, have been 
shown to interact with different cell populations in order to maintain a homeostatic milieu and to respond in 
front of different pathological conditions to recover homeostasis in injured or infected tissues, including the 
nervous system.

Among the different immune receptors that have been highlighted, CD200R1 has been described as an 
important partner in modulating restraining signals in homeostasis, playing a crucial role in regulating immune 
responses1. CD200R1 is one of the 5 members of the CD200R receptor family described in mice2. Among the 
studied isoforms, CD200R1 is the most characterized, as it has been shown to have the highest affinity for the 
CD200 protein, its ligand in mice and humans2.

The members of the CD200R family are predominantly expressed in myeloid cells, such as macrophages, 
microglia, dendritic cells, and granulocytes, as well as in subsets of lymphocytes, including natural killer (NK) 
cells and B and T lymphocytes3–5. Additionally, the expression of these receptors has been reported in certain 
subtypes of astrocytes and oligodendrocytes in the Central Nervous System (CNS)4,6,7. Their expression patterns 
may vary depending on the cell type and differentiation status.

CD200R1 has several unique features that make it unusual compared to most inhibitory immune receptors, 
which typically have an immunoreceptor tyrosine-based inhibitory motif (ITIM) in their cytoplasmic domain that 
recruits phosphatases once activated. In contrast, CD200R1 contains phosphotyrosine motifs in its cytoplasmic 
domain, which recruit the adaptors DOK1/DOK2 and RasGap8. These adaptors promote the inhibition of 
the Ras-ERK and PI3K signalling pathways. As a result of this pathway inhibition, there is a reduction in the 
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production of pro-inflammatory signals through the downregulation of the NF-κB pathway9. Although the 
effect on the NF-κB pathway has been demonstrated, other unknown pathways may also be involved.

After studies reporting the presence of CD200 in lymphoid and nervous tissues, as well as the expression 
of CD200R1 in major immune cell populations, the interaction between CD200 and CD200R1 was quickly 
suggested as a potentially significant factor in regulating immune responses throughout the body. The widespread 
expression of CD200 is a significant advantage, as it allows the organism to locally regulate immune activity and 
inflammation levels. The ability of the pair CD200-CD200R1 to act as an immune checkpoint comes from cancer 
studies showing that the overexpression of CD200 by tumour cells can act as an immune escape mechanism by 
suppressing the immune response against cancer10,11 and transplants12,13. Therefore, CD200R1 is considered to 
trigger don’t eat me signals and anti-inflammatory actions.

In the CNS, CD200 is expressed mainly by neurons and endothelial cells in the CNS3,14 and together, the pair 
CD200-CD200R1 has been described to mediate microglial restraining signals15 and a “non-eat me signal” in 
homeostasis16. One of the first studies demonstrating the importance of the pair CD200-CD200R1 showed that 
in the absence of CD200, microglial cells displayed an inflammatory phenotype17. After this study, several studies 
pointed out the importance of this immune receptor modulating different aspects of pathologies such as multiple 
sclerosis, aging, stroke and spinal cord injury (SCI), among others18–22. Some of these studies demonstrated a 
role of CD200-CD200R1 interaction in the development of the local inflammatory response at the injury site, 
limiting inflammation and the progression of damage to nervous tissue. However, all these conditions are known 
to produce systemic effects, in particular in immune organs like the spleen, and no data is available regarding the 
role of CD200R1 in these processes.

In the context of SCI, the CD200-CD200R1 interaction has been shown to constitute a key factor regulating 
myeloid cells at the spinal cord level. Using CD200-knockout mice Cohen and colleagues conducted a study 
highlighting the significance of the CD200 ligand present in endothelial cells formed after injury and regulating 
the recruitment of myeloid cells after SCI21. Later, the study conducted by Lago and colleagues showed that 
inhibiting CD200R1 signalling with a blocking antibody, led to impaired recovery of locomotor functions, 
accompanied by an exacerbated inflammatory response and increased nervous tissue loss22. Conversely, 
activating the receptor with an agonist improved functional recovery, highlighting the neuroprotective role of 
the receptor and emphasizing the critical role of the CD200-CD200R1 interaction22. Surprisingly, the inhibition 
of CD200R1 with blocking antibodies after peripheral nerve injury led to delayed regeneration and decreased 
local inflammation23. Thus, the role of CD200R1 under acute traumatic injuries to the nervous system remains 
not well understood, with no data available regarding its involvement in key related processes such as the 
phagocytosis and clearance of myelin debris. Moreover, the broader role of CD200-CD200R1 interaction in the 
development of both local and in whole-organism inflammatory response has not been studied.

Since CD200R1 has been widely recognized as an immunomodulatory receptor involved in regulating 
inflammation across various pathologies, in the present study we aim to evaluate the role of CD200R1 not only in 
the local inflammatory response but also in systemic immune regulation, particularly focusing on its involvement 
in the spleen’s response following SCI since, beyond its established functions in immune surveillance and blood 
filtration24, the spleen is a major source of monocytes recruited to the spinal cord parenchyma after SCI25,26.

Our findings revealed that although CD200R1 deficiency did not significantly affect functional recovery 
after SCI, it disrupted normal myelin phagocytosis and led to subtle alterations in monocyte recruitment. 
Furthermore, the absence of CD200R1 caused splenic atrophy, both in naïve conditions and after SCI, along 
with decreased cytokine levels, impairing the spleen’s normal inflammatory response. These results underscore 
the critical role of CD200R1 in regulating both local and systemic inflammatory processes following SCI.

Results
CD200R1 modulates acute macrophage infiltration in the spinal cord after injury
Local and transient CD200R1 inhibition after SCI has been shown to be detrimental for locomotor recovery22. 
To understand the role of global and long-term CD200R1 inhibition in SCI, we performed a contusion to the 
spinal cord to WT and CD200R1−/− female mice. This traumatic injury elicits robust local inflammation within 
the central nervous system (CNS) and leads to the release of damage-associated molecular patterns (DAMPs) 
into circulation, consequently influencing the spleen and other organs27. It has been reported that the transient 
blocking of the interaction between CD200 and CD200R1 by using a blocking antibody against CD200R1, led 
to a more pro-inflammatory milieu evidenced by a higher iNOS and Ly6C markers expression in microglia 
and macrophages22. To further understand the role of the receptor in neuroinflammatory processes, we here 
evaluated the dynamics of microglial cells and the main immune cell populations infiltrated locally at the spinal 
cord after injury such as macrophages and neutrophils (Fig. 1A). Spinal cord dissection and processing for flow 
cytometry showed no differences neither in the number of microglial cells nor in the number of neutrophils 
recruited from blood (Fig. 1B-C; Suppl. Figure 2) at the different time points studied between both genotypes. 
Moreover, there were no differences in lymphocytes recruited into the spinal cord parenchyma at 14 dpi between 
genotypes (Suppl. Figure 3). Interestingly, the number of CD45high and F4/80+ macrophages (or strongly 
activated microglia) at the injury site increased by the absence of CD200R1, acutely at 24 h post-SCI. (Fig. 1D). 
Furthermore, 24 h after the injury, the proportion of Ly6C macrophage population in CD200R1−/− mice was 
higher than in WT mice (Fig. 1E). These alterations were not observed at 3 and 7 dpi.

Myelin phagocytosis is impaired on CD200R1-/- macrophages
One of the pivotal roles of infiltrating immune cells and resident microglia in the context of neuroinflammation, 
particularly following a SCI, is their engagement in the phagocytosis of cellular debris, notably targeting myelin 
for clearance. Previous studies have shown that CD200R1 may be implicated in the regulation of phagocytosis of 
amyloid peptides28. However, it is still unclear whether CD200R1 plays a role in regulating myelin phagocytosis 
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following SCI. Thus, we assessed whether the absence of CD200R1 affects the regulation of myelin debris 
phagocytosis by immune cells, both at the injury site and in vitro. First, we analysed the phagocytic activity 
of microglia, neutrophils and macrophages from the injured spinal cord at 1, 3 and 7 dpi. After harvesting the 
spinal cord and performing enzymatic and mechanical disaggregation, total cells were directly incubated for 
4 h with myelin conjugated to the fluorescent probe pHrodo (Fig. 2A, B). We observed no significant impact 
of the absence of CD200R1 in the presence of pHrodo-myelin in microglial cells (Fig. 2C) and neutrophils 
(Suppl. Figure 4) at 1, 3 and 7 dpi. However, 24 h after injury, we observed a lower proportion of macrophages 
isolated from CD200R1−/− mice showing intracelullar pHrodo-labeled myelin compared to the macrophage 
population obtained from the spinal cord of WT mice (Fig. 2D). No differences were observed in the normalized 
median fluorescence intensity (MFI) (Suppl. Figure 2B), i.e. the quantity of myelin phagocytosed per cell. 
These data suggest that, although more macrophages infiltrated and greater proportion of them were Ly6C+ in 
CD200R1−/− mice, these macrophages have less phagocytic activity than those from WT mice at the injury site. 
We further confirmed the ex vivo results by an in vitro assay of myelin phagocytosis using bone-marrow derived 
macrophages (BMDMs) from WT and CD200R1−/− mice (Fig. 2E,F). In basal conditions without any stimuli, we 
observed a reduced phagocytosis of pHrodo-labeled myelin in CD200R1−/− BMDMs compared to WT BMDMs, 
both in terms of proportion of pHrodo+ cells (Fig. 2G) and normalized MFI per cell (Fig. 2H). We also evaluated 
the phagocytosis in the presence of LPS, to test the role of CD200R1 in myelin phagocytosis under inflammatory 
conditions. As described previously29,30, we observed a decreased phagocytic activity in WT BMDMs treated 
with LPS, but CD200R1−/− BMDMs pHrodo-labeled myelin phagocytic activity was unaltered in the presence of 
LPS (Fig. 2G, H). This suggests a relevant role of CD200R1 in regulating myelin phagocytosis, independently of 
the presence of an inflammatory stimulus.

Functional outcome and weight loss in CD200R1−/− mice after spinal cord injury
Next, we assessed whether the increase in Ly6C+ macrophages and the lower myelin phagocytosis capability 
of macrophages lacking CD200R1, had a significant impact on the spontaneous functional recovery after SCI. 
Locomotor function was evaluated until 28 days post-injury (dpi) by using the Basso Mouse Scale (BMS). 
We did not find a significant difference in the recovery of function of mice lacking CD200R1 in comparison 
with WT mice (Fig. 3B). Moreover, we found a similar area of spared myelin in absence of CD200R1 at 28 dpi 
(Fig. 3C) suggesting that the impairment in myelin phagocytosis had not a gross impact in demyelination after 
SCI. Intriguingly, when we followed the body weight loss after SCI, we did find a trend towards long-lasting 
enhanced weight loss after the SCI in animals lacking CD200R1 in comparison with WT mice (Fig. 3D). To 
further understand if there was a significant and long-lasting effect on the % of weight loss, we pooled together 
all data available of % weight loss at 28 dpi and again only found a trend (p = 0.09) towards an increased weight 
loss in CD200R1−/− mice (Fig. 3E).

The observations in body weight loss after SCI, although mild, could indicate a putative influence of 
CD200R1 deficiency on systemic processes, potentially disrupting the physiological response of essential organs 
towards inflammatory stimuli, notably those integral to immune regulation. Consequently, we conducted 
a comprehensive analysis of immune responses within pivotal organs orchestrating and contributing to 
immunological modulation, including the bloodstream and the spleen.

Fig. 1.  CD200R1−/− mice exhibit increased macrophage numbers acutely after SCI. (A) Representative flow 
cytometry dot blots and density plots of injured spinal cord showing the gating for microglia, macrophages and 
neutrophils identification 24 h after SCI. (B–E) Quantitative analysis of: (B) microglial cells, (C) neutrophils 
and (D) macrophages in the spinal cord at different days post injury (dpi). In (E) proportion of Ly6C+ 
macrophages. Each symbol represents one animal. Data are presented as mean ± SEM. Statistical analysis: Two-
way ANOVA followed by Bonferroni post-hoc test, *p ≤ 0.05, **p ≤ 0.01.
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Peripheral blood immune response in CD200R1-/- mice after SCI
Inflammatory conditions are known to mobilize cells from the bone marrow and spleen altering cell numbers in 
blood24,25. Most spinal cord injuries (SCI) involve damage to surrounding tissues, including bone and muscle, 
in addition to the central nervous system (CNS). Thus, we included sham surgery for isolating the specific 
effects of CNS injury in some key experiments. First, we wanted to assess whether CD200R1−/− mice had similar 
blood cell counts that WT mice. No alterations in numbers of blood cells were observed under naïve conditions 
in most cell types between WT and CD200R1−/− mice, except for a lower lymphocyte count in mice lacking 
CD200R1 (Fig. 4A–D). The analysis of leukocyte cell populations in the bloodstream after either a Sham spinal 
cord surgery, where the spinal cord was exposed but not contused, or after a SCI revealed no significant impact 
of the absence of CD200R1 on the different cell types analysed (Fig. 4A–C).

To evaluate the systemic inflammatory response, the protein levels of relevant blood cytokines associated 
with the immune response following SCI were assessed in CD200R1−/− mice. While the SCI induced decreased 
circulating levels of IL23 and IL1a, it increased IL6 (Fig. 4D-G). The absence of CD200R1 had no significant effect 
on the blood cytokine levels in naive conditions nor at the different time points analysed after SCI (Fig. 4D–G). 
Taken together, these results show that the absence of CD200R1 had no impact on neither the numbers of the 
main circulating blood cells nor the main blood inflammatory cytokines after a local and systemic inflammatory 
condition such as SCI.

CD200R1 deficiency elicit spleen alterations in naïve conditions and after SCI
Since CD200R1−/− mice showed increased body weight loss after SCI, and the spleen is a critical organ in 
orchestrating and regulating the immune response following SCI27, we investigated the consequences of 
CD200R1 deficiency in the splenic response to this inflammatory stimulus. Again, we first evaluated whether 
the absence of CD200R1 had any impact in the spleen weight. Surprisingly, under naïve conditions, CD200R1−/− 
mice exhibited a significant reduced spleen weight both in absolute terms (Suppl. Figure 5) and relative to body 

Fig. 2.  Myelin phagocytosis is altered in macrophages lacking CD200R1. (A,B) Gating strategy (continued 
from Fig. 1A) and flow cytometry assay scheme of pHrodo-myelin phagocytosis by cell populations obtained 
from the spinal cord tissue after injury. (C) Percentage of pHrodo+ microglia at 1, 3 and 7 days post-SCI. 
(D) Percentage of pHrodo+ macrophages at 1, 3 and 7 days post-SCI. (Two-way ANOVA followed by 
Bonferroni post-hoc test, *p ≤ 0.05). (E, F) Gating strategy and In vitro assay scheme of pHrodo-labeled myelin 
phagocytosis by BMDMs from WT and CD200R1−/− mice. (G) Quantification of the proportion of pHrodo+ 
WT and CD200R1−/− BMDM in basal conditions and following 24 h of exposure to LPS (H) Quantification of 
pHrodo median fluorescence intensity in WT and CD200R1−/− BMDM in basal conditions and following 24 h 
of exposure to LPS. Each symbol represents one animal. Data are presented as mean ± SEM. For the in vitro 
experiments, each condition was performed in triplicate from cultures prepared from two independent animals 
per group (Two-way ANOVA followed by Bonferroni post-hoc test, *p ≤ 0.05, ***p ≤ 0.001).
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Fig. 4.  Lower blood levels of lymphocytes in naïve conditions in absence of CD200R1. (A–C) Main blood 
leukocytes populations in naïve conditions, sham surgery and at different time points after SCI. (A) monocytes, 
(B) neutrophils, and (C) lymphocytes. (D–G) Blood cytokines levels in naïve conditions and acutely 24 h 
post-SCI. Each symbol represents one animal. Data are presented as mean ± SEM. Statistical analysis: Two-way 
ANOVA plus Bonferroni post-hoc test; *p ≤ 0.05, **p ≤ 0.01; ****p ≤ 0.001.

 

Fig. 3.  Normal locomotor recovery and myelin loss after SCI in absence of CD200R1. (A) Representative 
images of Luxol Fast Blue stained sections at different distances rostrally and caudally to the epicentre of 
the lesion. (B) Functional recovery after SCI in WT and CD200R1−/− mice assessed by the BMS (Two-way 
ANOVA, genotype p = 0.92, interaction p = 0.97, Bonferroni post-hoc test; n = 9 WT, n = 8 CD200R1−/−). (C) 
Quantification of preserved myelin area and representative images after 28 dpi calculated in Luxol Fast-Blue 
stained sections (Two-way ANOVA followed by Bonferroni post-hoc test; n = 6 WT, n = 5 CD200R1−/−). (D) 
Percentage of body weight loss after SCI (Two-way ANOVA p = 0.1828; n = 9 WT, n = 8 CD200R1−/−). (E) 
Pooled data of the % weight loss of WT (n = 20) and CD200R1−/− (n = 21) at 28 dpi. Each symbol represents one 
animal. Data are presented as mean ± SEM. Statistical analysis: unpaired two-tailed t test, p = 0.09.
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weight (BW) in comparison to WT mice (Fig. 5A), while no changes were observed in adult body weight (Suppl. 
Figure 5). Following SCI, WT mice underwent splenic atrophy at 1 dpi and 3 dpi, whereas such atrophy was not 
as pronounced after sham surgery. Conversely, CD200R1−/− mice exhibited splenic atrophy to a much lesser 
extent in response to the SCI, indicating a reduced splenic response in the absence of CD200R1. By 7 dpi, the 
spleen of WT mice regains its pre-SCI weight, whereas the spleen of CD200R1−/− mice exhibited a significant 
elevated weight compared to naïve values. By 28 dpi, spleen weights in both WT and CD200R1−/− mice were 
restored to naïve conditions maintaining the differences between genotypes observed (Fig. 5A).

To further understand the alterations in the response of the spleen to these inflammatory stimuli and the role 
of CD200R1 in this response, we analysed the main splenic immune cell populations after SCI (Fig. 5B). Although 
the spleen weight of CD200R1−/− mice was significantly lower in naïve conditions, the absence of CD200R1 had 
no significant impact on the number of any of the immune cell populations of the spleen analysed (Fig. 5C). 
Since the activation of CD200R1 downregulates the NFκB pathway9,31, we then analysed the downstream NFκB 
genes Tnf-α, Ccl2 and Il6 in the naïve/sham spleen and after SCI. Surprisingly, the absence of CD200R1 induced 
decreased levels of the mRNA of all three genes in the spleen in homeostatic conditions without a significant 

Fig. 5.  Splenic atrophy in CD200R1−/− mice under naïve conditions and following SCI. (A) In naïve 
conditions, after a sham surgery, and 28 days after SCI, the spleen of CD200R1−/− has reduced weight 
normalized to body weight (BW) compared to the spleen of WT mice. (B) Representative flow cytometry dot 
blots of spleen. (C) Quantification of different cell populations in the spleen of naïve animals and after different 
time points after SCI. (D) QPCR of Tnfa, Ccl2 and Il6 in the spleen of naïve and sham surgery animals and at 1 
and 7 days post-injury (dpi). Each symbol represents one animal. Data are presented as mean ± SEM. Statistical 
analysis: Two-way ANOVA followed by Bonferroni post-hoc test; *p ≤ 0.05, **p ≤ 0.01, ****p ≤ 0.0001.
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impact after SCI (Fig. 5D). Taken together, these results suggest that CD200R1 is a central regulator of spleen 
biology under physiological conditions and in response to systemic DAMPs.

Discussion
Understanding the integrated inflammatory response of the organism and the role of immune receptors in 
this process in different organs is crucial for picturing a realistic view of the outcome of local and systemic 
inflammatory insults. We here undertook the quest to analyse the role of CD200R1 immune receptor in the 
regulation of local and systemic inflammatory responses against DAMPs produced after SCI. The absence of 
CD200R1 altered basal spleen weight and cytokine expression, and inhibited spleen reaction after SCI. At the 
local level, CD200R1 deficiency induced increased infiltration of macrophages after SCI and impairment of 
myelin phagocytosis both in vivo and in vitro.

SCI is considered a sterile inflammatory condition, as it arises in the absence of pathogens. Following SCI, 
DAMPs are released from injured tissues, triggering an inflammatory response32. SCI induces pronounced 
local inflammation due to the primary injury but also has systemic consequences, leading to acute secondary 
immunosuppression known as SCI-induced immune deficiency syndrome (SCI-IDS)33. It has been proposed 
that secondary immune organs, such as the spleen, may play a role in this syndrome.

The role of CD200R1 in neuroinflammatory conditions has been examined in various murine models of 
neuropathology. However, most studies have used CD200 knockout mice, even though CD200 can interact with 
receptors other than CD200R1, and CD200R1 itself may engage with ligands beyond CD200. Thus, studies using 
CD200 or CD200R1 knockouts are not equivalent.

In the present study we evaluated functional recovery after SCI in absence of CD2000R1. We performed a 
contusion injury at the lower thoracic level of the spinal cord and monitored the animals for 28 days, evaluating 
spontaneous functional recovery using the BMS scale. Previous results from our laboratory and others had 
found that blocking the CD200-CD200R1 interaction by using a blocking antibody against CD200R1 or a 
CD200-knockout mice, induced impaired functional recovery21,22. In contrast, our findings show no significant 
difference in BMS score between CD200R1-deficient and WT mice. These differences could be explained by 
compensatory mechanisms of other immune receptors when using knockout mice, by the existence of additional 
ligands for CD200R1 than CD200, or by CD200 activating other receptors.

When evaluating the recruitment of blood cells to the injured spinal cord parenchyma, we observed no 
differences in the acute infiltration of neutrophils. However, in the absence of CD200R1, there was a significant 
increase in the number of macrophages 24 h post-lesion, with a higher proportion of Ly6C+ macrophages, 
indicating a more pro-inflammatory environment in CD200R1−/− mice. This aligns with findings by Ritzel et al., 
who reported an increase in microglia, Ly6C+ macrophages, and lymphocytes after stroke in CD200R1−/− mice20.

An important aspect following a SCI is the clearance of cellular debris and myelin from the injury site, which 
does not occur as efficiently as in the peripheral nervous system. This deficiency is linked to poorer functional 
recovery34,35. Myelin clearance primarily relies on the phagocytic activity of microglia and macrophages at the 
injury site. To date, few studies have investigated the role of CD200R1 in phagocytosis, and none have focused 
specifically on myelin phagocytosis; instead, previous research has examined its involvement in the phagocytosis 
of β-amyloid plaques in vitro28 or in vivo36, of tumor cells37 or artificial stimuli such as beads28. Therefore, 
we set out to analyse myelin phagocytosis both in vitro and ex vivo, in the main cell populations responsible 
for carrying out this process following a CNS injury, namely microglia, macrophages, and to a lesser extent, 
neutrophils.

We analysed phagocytosis ex vivo by incubating the cells with myelin isolated from normal brain and 
conjugated with pHrodo immediately after tissue dissociation. This is a complementary approach to the classical 
in vitro analysis, where although with the limitations of phagocytosis occuring outside the organism and after a 
tissue dissociation procedure, the cells do not undergo the cell culture process, and thus may maintain a greater 
similarity to their in vivo characteristics. This approach also enables the analysis of phagocytosis across different 
cell populations. It has been previously suggested that in the early stages of the inflammatory response, microglia 
are primarily responsible for phagocytosing the debris of damaged tissue, while this role is mainly assumed by 
infiltrating macrophages a week post-injury38. In our study, we observed a similar trend in microglia, where 
myelin phagocytosis by this cell population decreased after the first day post-injury. However, this was not 
the case for macrophages, which exhibited higher phagocytic activity 24 h after SCI. The discrepancy between 
our findings and those of Greenhalgh and David could be attributed to methodological differences. Whereas 
Greenhalgh and David assessed the phagocytic capacity of both populations in vivo using fluorescent transgenic 
mice, our study involved isolated cells that may have already phagocytosed debris prior to analysis, and thus, 
the phagocytic performance by these cells could be changed. On the other hand, we observed that 24 h after SCI 
there was a significant decrease in the phagocytosis of myelin by macrophages lacking CD200R1 in comparison 
with WT. This difference was not observed neither microglia nor neutrophils. We aimed to further analyse the 
phagocytosis capabilities by using BMDMs of CD200R1−/− and WT mice. Again, BMDMs lacking CD200R1 
exhibited a reduced capacity to phagocytose myelin, suggesting that CD200R1 plays an important role in 
myelin clearance. Further studies should be done in order to study the capacity of microglia and macrophages 
to phagocytose myelin isolated from spinal cord, instead of brain, but also myelin isolated from injured spinal 
cord. The analysis of preserved myelin at 28 dpi by Luxol Fast Blue staining showed no differences between WT 
and CD200R1−/− mice. This suggests that CD200R1 deficiency may delay myelin phagocytosis by macrophages 
following SCI but does not influence the level of myelin destruction. However, CD200R1 may affect the levels of 
myelin clearance over time and induce an accumulation of myelin debris, that could act as DAMPs and further 
stimulate inflammation, cell death and inhibit regeneration or plasticity.

Microglial cells express immune receptors as TREM2 or CD300f to recognize and engage the clearance of 
apoptotic cells39,40. Also, neurons express ligands which interact with the receptors expressed in the surface of 
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microglia to engage don’t eat me signals to maintain microglia in a homeostatic state and to continuously interact 
with neurons to monitor their functional status and homeostasis. Thus, by expressing CD200 or SIRPa, healthy 
neurons can control phagocytosis by microglia. However, in neurogenerative diseases, after a traumatic brain 
or spinal cord injury or after stroke, where death of neurons occurs, the lack of the ‘don’t eat me’ signal can lead 
to enhanced phagocytosis of debris. Accordingly, it has been shown that the lack of CD200 both in constitutive 
knockout mice and in conditional neuronal or endothelial knockout mouse models, increases phagocytosis of 
fluorescent beads by microglial cells isolated from ischemic mice28,41,42. Interestingly, when using CD200R1−/− 
mice, they found similar results after stroke where mice lacking CD200R1 phagocytosed more fluorescent beads 
than WT mice20. Contrary to these results, in the present work we have observed a reduction in phagocytosis 
capability of myelin by macrophages lacking CD200R1. This inconsistency could be explained by differences in 
the experimental focus. While our work specifically examines the ability of microglia and macrophages to clear 
myelin, earlier studies have primarily assessed general phagocytic activity using fluorescent beads. Evaluating 
specific phagocytic activity is crucial, as the mechanisms involved can vary depending on the nature of the 
phagocytic target. For instance, LPS reduces apoptotic cell clearance by mouse peritoneal macrophages without 
affecting bead or yeast phagocytosis30. Additional research is required to explore the role of CD200R1 in myelin 
phagocytosis under demyelinating conditions and the further lipid processing.

As a result of a SCI, the autonomic innervation of the spleen is profoundly disrupted, an effect that becomes 
more pronounced with higher-level injuries27,33. This loss of control from higher neural centres leads to immune 
suppression, splenic atrophy, and impaired migration of splenic monocytes and lymphocytes to injured or 
affected organs, highlighting the critical role of this neuroimmune interface in shaping the immune response 
after SCI43.

After SCI we observed that mice lacking CD200R1 showed a tendency towards losing more weight than WT 
counterparts. This fact led us to hypothesise that the lack of CD200R1 had a systemic effect beyond the spinal 
cord parenchyma. Interestingly, we uncovered a central role of CD200R1 in spleen biology under physiological 
conditions, as a significant reduction of spleen weight was observed, associated to a reduction of the mRNA for 
several important cytokines for spleen function such as Tnfa, Ccl2 and Il6. This was accompanied by a reduction 
in the numbers of circulating lymphocytes, but not of any other blood cell type analysed, nor in different resident 
immune cells of the spleen. The decrease in spleen weight in CD200R1−/− mice could be due to a different load 
of red blood cells in the red pulp, or other structural alterations. Regarding the decreased number of circulating 
lymphocytes, we have not analysed whether they were T or B lymphocytes, and thus this could be explained by 
alterations in bone marrow or thymus.

We also identified a role of splenic CD200R1 in the systemic response to SCI. After an injury, spleen 
atrophy occurs in both WT and CD200R1−/− mice, mainly due to apoptosis and the migration of cells into the 
bloodstream44–46, returning to normal spleen weight by 7 dpi and maintaining differences between genotypes 
at long term (last time studied, 28 dpi). Unlike what is observed under normal conditions and in the sham 
laminectomy, the spleen weight of CD200R1−/− mice in the acute stages after injury is similar to that of WT mice. 
In the same direction, we did not observe differences in the number of macrophages, neutrophils, eosinophils, 
dendritic cells, and lymphocytes in the initial stages of the response to injury between CD200R1/− and WT mice.

These observations suggest that there are other factors influencing spleen weight besides the number of 
myeloid and lymphoid cells in the tissue. Among these factors, the number of erythrocytes in this organ is 
considerably high and can have a strong impact on spleen weight and may be one of the factors not analysed in 
this study that are determinant for the observed differences. On the other hand, these results suggest that the 
spleen in CD200R1−/− female mice is altered both in naïve conditions and after SCI, as both the changes observed 
in organ weight and the expression levels of the cytokines studied exhibit a different behaviour compared to WT 
mice.

This study has some limitations. We used a Cortical Impactor device, which lacks detailed output data like 
force and displacement, unlike the Horizon Impactor. Although we selected a reproducible contusion depth 
comparable to a 60 kdyn lesion from the Horizon device, such a strong injury may have masked potential 
differences in functional outcomes between wild-type and CD200R1-/- mice. Nevertheless, we took advantage 
of the similar CNS compromise observed between WT and CD200R1−/− mice, as this is important from the 
point of view of evaluating the effect of SCI on global immune reactions such as the one of the spleen. Finally, 
most experiments were conducted in female mice, with male data limited to spleen weight, so potential sex 
differences in CD200R1-related responses to SCI remain unexplored and thus we cannot rule out sex differences 
in SCI performance in absence of CD200R1.

Conclusions
Investigating the global response of the organism is highly relevant, as it could provide a deeper understanding 
of processes occurring outside the injury site that impact nervous tissue damage. This knowledge could lead 
to the development of less invasive and more precise therapeutic strategies for modulating the inflammatory 
response, thereby promoting better recovery following traumatic spinal cord injuries.

Methods
Animals
All surgical procedures and treatments described in this study received approval from the Institut Pasteur de 
Montevideo Animal Care Committee (approval number 005–19) and were conducted in strict accordance with 
international FELASA guidelines, Uruguayan national law, ethical guidelines set forth by the Uruguayan Animal 
Care Committee, and the ARRIVE guidelines for reporting animal research47. Adult (10–14 weeks old; 20–28 
g of weight) CD200R1 wild type (WT) and CD200R1 knock-out (CD200R1−/−) female mice were used in this 
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study. The WT and CD200R1−/− (B6N.129S5-Cd200r1tm1Lex/Mmucd) mice were procured from the Mutant 
Mouse Resource and Research Centers at UC Davis in Davis, CA, USA. WT and CD200R1−/− mice were housed 
in separate cages, in a controlled environment with a 12-hour light-dark cycle and maintained at a temperature 
of 20 ± 1 ◦C, with a maximum of 6 mice per cage. WT and CD200R1−/− male mice were used in naïve conditions 
only to show comparisons in the body weight. At the end of the different studies, mice were euthanized by 
intraperitoneal injection of pentobarbitone (200 mg/kg), followed by transcardial perfusion either with ice-cold 
PBS or 4% Paraformaldehyde.

Spinal cord injury model
For the surgical procedure, female mice were anesthetized with ketamine (90 mg/kg, i.p) and xylazine (10 mg/
kg, i.p). After performing a laminectomy at the 11th thoracic vertebrae, SCIs were performed using the PinPoint 
PCI3000 Precision Cortical Impactor (Hatteras Instruments) employing a 1 mm diameter piston. The impact 
parameters were set at a speed of 1.5 m/s with a spinal cord displacement of 1.2 mm. These conditions were 
based on initial experiments comparing 3 displacements (1, 1.2 and 1.5 mm; Suppl. Figure 1) and the follow up 
of locomotor recovery using the BMS scale. According to the clinical score obtained with the BMS scale and 
the spared myelin analyzed with Luxol Fast Blue staining (Fig. 3A, C) our conditions are equivalent to those 
obtained with the gold standard Horizon Impactor device settings of 60 Kdyn48,49. For the sham surgery, after 
performing the laminectomy at the 11th thoracic vertebrae, the wound was closed without impacting the spinal 
cord. Following complete recovery from anesthesia, mice received daily analgesic treatment with tramadol (5 mg/
kg; i.p.) for 72 h post-injury. Animals were bladder expressed once per day until bladder control was recovered. 
Animals with a score higher than 1 in the BMS scale 24 h after injury, were excluded from the experiments.

Functional assessment
Locomotor recovery was assessed at various time points (1, 3, 5, 7, 10, 14, 21, and 28 days post-injury; dpi) using 
the nine-point Basso Mouse Scale (BMS)50. The BMS analysis of hindlimb movements and coordination was 
performed by two independent researchers blinded to the experimental groups and the consensus score was 
taken.

Hematology analysis
The number of white blood cells was quantified by the hematological analyzer Mindray-BC 5000 Vet from a 
blood sample of WT or CD200R1−/− mice under naïve conditions, and at 1, 3, 7 and 28 dpi. 18 µL of blood were 
collected from the right atrium into tubes with EDTA-2 K (1:10, Wiener Lab QC-1898552-W) after mice were 
deeply anesthetized and prior to intracardiac perfusion.

Blood cytokine assay
Blood samples from WT and CD200R1−/− mice in naïve conditions and 24 h following a SCI were collected from 
the left ventricle in a heparinized tube. Blood was centrifuged and quantification of IL-1 α, IL-1 β, IL-6 and IL-23 
in serum was performed using the LEGENDplex Mouse Inflammation Panel (Biolegend 740446) following the 
manufacturer’s protocol and acquired via BD Accuri C6 flow cytometry.

Flow cytometry
In naïve animals and at 1, 3,7 and 14 dpi (for lymphocytes analysis), mice were deeply anesthetized with 
Pentobarbitone (200 mg/kg; ip) and then perfused with ice-cold PBS to avoid interference between blood and 
parenchyma, and 6 mm of spinal cord tissue centered on the injury and/or the spleen were dissected out and 
weight. The tissue was cut into smaller pieces with scissors and incubated for 30 min at 37 °C for enzymatic 
disaggregation using 0.125% collagenase (Sigma C9407) and 0.125% DNase (Sigma D4527) in calcium- and 
magnesium-free PBS. Following digestion, the tissue was mechanically disaggregated through a 70 μm mesh, and 
the cell suspension in dissociation buffer (2% FBS, 0.1 M EDTA in PBS) was centrifuged. Each sample was then 
divided into tubes for antibody labeling or into a control tube without labeling to determine autofluorescence. 
The cells were incubated for 1 h at 4 °C with the antibody mixture. Cell suspension was then analyzed with the 
Attune NxT flow cytometer and FlowJo software. For phagocytosis assay, prior to labeling, the spinal cord tissue 
homogenates were incubated for 4 h at 37 °C with 3 µg of myelin conjugated to pHrodo according to Gomez-
Lopez and colleagues51.

The following antibodies were used to label cellular populations in the spinal cord according to22,52: CD45-
eFluor405 (1:200, eBioscience 48–0451-82), CD11b-APC-Cy7 (1:100, Biolegend 101226), F4/80-PerCP-Cy5.5 
(1:100 eBioscience 45–4801-82), Ly6G-PE (1:200, Biolegend 127608), Ly6C-FITC (1:100, Biolegend 128005), 
CD19-APC (1:100, Biolegend 152409) and CD4-PE (1:100, Biolegend 100408). Microglial cells were identified 
as CD45low and CD11b+, while other myeloid cells were identified as CD45high and CD11b+ cells. Among those 
myeloid cells, neutrophils were identified as CD45high, CD11b+, Ly6G+ and macrophages were identified as 
CD45high, CD11b+, Ly6G−, F4/80+.

The following antibodies were used to label cellular populations in the spleen for population selection strategy 
according to53: CD11b-APC-Cy7 (1:100, Biolegend 101226), Ly6G-PE (1:200, Biolegend 127608), CD11c-FITC 
(1:100, Biolegend 117305), CD19-APC (1:100, Biolegend 152409), CD3-FITC (1:100, Biolegend 100204), CD4-
PE (1:100, Biolegend 100408). DAPI was used to evidence dead cells. B cell population was identified as CD19+, 
while CD4+ and CD4− T cells were identified as CD19−. Dendritic cells were identified as CD19+, CD11c+ 
population. Neutrophil population was identified as CD19−, CD11c−, Ly6G+. Eosinophils and macrophages were 
identified as CD19−, CD11c−, Ly6G− and detected by high or low granularity (SSC), respectively.
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Histology
At the end of the functional evaluation, mice were deeply anaesthetized with Pentobarbitone (200 mg/kg; ip) 
and perfused with 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB). A piece of 6 mm length of spinal 
cord containing the contusion site centered was harvested, postfixed with 4% PFA for 3 h, and cryoprotected 
with 30% sucrose in 0.1 M PB at 4 °C for a minimum of 48 h. The samples were cut on a cryostat (Leica) and 
14-µm-thick transversal sections were picked up on glass slides, so adjacent sections on the same slide were 
140 μm apart. After graded dehydration, sections were placed in a 1 mg/ml LFB solution in 95% ethanol and 
0.05% acetic acid overnight at 37  °C. Sections were then washed in distilled water before being placed in a 
solution of 0.05% Li2CO3 for 30 s and a brief rinse in 70% Ethanol. After washing in distilled water, sections 
were dehydrated and mounted in DPX mounting media (Sigma). Image J software was used to perform the 
quantifications of spared myelin.

RNA isolation and QPCR
In naïve conditions and at 1 and 7 dpi, mice were deeply anesthetized with Pentobarbitone (200 mg/kg; ip) 
and then perfused with ice-cold PBS to remove blood. The spleen was harvested and split into half. One half 
was homogenized in Trizol (SIGMA, T9424), and the resulting aqueous phase was further purified using the 
Direct-zol RNA MiniPrep Plus kit (Zymo Research, R2070). RNA samples underwent reverse transcription 
using M-MLV reverse transcriptase (Invitrogen 28025-013) and random primers. Quantitative PCR (QPCR) 
was conducted utilizing TaqMan reagents from Invitrogen/Applied Biosystems: TaqMan Fast Advanced 
Master Mix (Invitrogen, 4444557) and probes for Tnfa (Mm00443258_m1), Ccl2 (Mm00441242_m1) and Il6 
(Mm00446190_m1). Additionally, Gapdh endogenous control (Mm99999915_g1) was included in the model 
to standardize each reaction run in terms of RNA integrity and sample loading. QPCR was carried out using 
the QuantStudio 3 (Thermo-Fisher) Real-Time PCR System and software. The cycling conditions comprised 2 
min at 50 °C, 2 min at 95 °C, followed by 40 cycles of 1 s at 95 °C and 20 s at 60 °C. The quantity of cDNA was 
determined based on the threshold cycle (CT) value and standardized by the amount of Gapdh using the 2 − 
ΔΔCT method54.

Myelin isolation and pHrodo conjugation
Myelin isolation and conjugation to pHrodo were performed in accordance with the methodology outlined 
by Gomez-Lopez et al.51. Briefly, brain homogenates from WT female mice of 12 weeks were obtained after 
enzymatic and mechanical disaggregation. Percoll was added to the brain homogenate and then layered between 
a Percoll phase of density 1.044 g/mL and PBS. Myelin was then obtained from the phase between the Percoll 
and the PBS. Subsequently, the protein quantification of the myelin was carried out using the bicinchoninic acid 
method according to Smith et al.55 in a 96-well plate.

Once the myelin fraction was obtained, it was subjected to conjugation with pHrodo™ Green STP Ester 
(Invitrogen #P35369) reconstituted in DMSO. For conjugation, 277.5 µg of the purified myelin fraction in PBS at 
pH 8.0 was incubated with pHrodo for 45 min under agitation at room temperature. Subsequently, the mixture 
was centrifuged, and the pellet was resuspended PBS at pH 7.4 to achieve myelin conjugated to pHrodo with a 
final concentration of 0.3 µg/µL.

Phagocytosis analysis in bone marrow-derived macrophages (BMDM)
Bone marrow-derived macrophages (BMDM’s) were isolated from 14-week-old WT and CD200R1−/− female 
mice, following established protocols. In brief, bone marrow cells were obtained by flushing the femur and 
tibia shafts with DMEM/F12 supplemented with 10% FBS and Penicillin/Streptomycin (complete DMEM/
F12). These cells were cultured for five days in a 100 mm Petri dish with complete DMEM/F12 and 20 ng/mL 
recombinant mouse macrophage colony-stimulating factor protein (M-CSF, Biolegend #576406; San Diego, CA, 
USA), changing the medium after 3 days. Cells were subcultured at a density of 75,000 cells in 96-well cell culture 
plates using the same medium for an additional 3 days.

Following the differentiation of the precursors for 7 days, cells were incubated for 24  h with either 
lipopolysaccharide (LPS, 100 ng/mL; Sigma L2880) in complete DMEM/F12 with 20 ng/mL M-CSF or maintained 
in the same medium. Subsequently, the cells were incubated with 1.8 µg of myelin conjugated to pHrodo in 
complete DMEM/F12 medium with 5 ng/mL of M-CSF for 1 h. Finally, the cells were resuspended with trypsin 
for 30 min and analyzed using the Attune Nxt flow cytometer and FlowJo software for quantification. Prior to 
acquisition, cells were incubated with DAPI (1:1000, Sigma D9542) as a dead cell marker.

Data processing and statistical analysis
All graphical data, as well as the values indicated in the text are displayed as mean ± standard error of the mean 
(SEM). For statistical analyses comparing genotypes against another independent variable, a two-way ANOVA 
test followed by Bonferroni post-hoc test was employed. For experimental data with more than one experimental 
group and an independent variable, one-way ANOVA test followed by Bonferroni or Tukey post-hoc test was 
used. Student’s two-tailed t-test was utilized for comparing mean differences between two experimental groups. 
A p-value ≤ 0.05 was considered statistically significant.

Data availability
All data generated in the current study are available from the corresponding author on reasonable request.
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