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Abstract 

Chronic psychosocial stress/trauma represents an increasing burden in our modern society and 

a risk factor for the development of mental disorders, including posttraumatic stress disorder 

(PTSD). PTSD, in turn, is highly comorbid with a plethora of inflammatory disorders and has 

been associated with increased bone fracture risk. Since a balanced inflammatory response 

after fracture is crucial for successful bone healing, we hypothesize that stress/trauma alters 

the inflammatory response after fracture and, consequently, compromises fracture healing. 

Here we show, employing the chronic subordinate colony housing (CSC) paradigm as 

clinically relevant mouse model for PTSD, that mice subjected to CSC displayed increased 

numbers of neutrophils in the early fracture hematoma, whereas T-lymphocytes and markers 

for cartilage-to-bone transition and angiogenesis were reduced. At late stages of fracture 

healing CSC mice were characterized by decreased bending stiffness and bony bridging of the 

fracture callus. Strikingly, a single systemic administration of the β-adrenoceptor blocker 

propranolol prior to femur osteotomy prevented bone marrow mobilization of neutrophils and 

invasion of neutrophils into the fracture hematoma, both seen in the early phase after fracture, 

as well as a compromised fracture healing in CSC mice. We conclude that chronic 

psychosocial stress leads to an imbalanced immune response after fracture via β-adrenoceptor 

signaling, accompanied by disturbed fracture healing. These findings offer new possibilities 

for clinical translation in patients suffering from PTSD and fracture. 

 

Significance Statement 

Our results show that one single systemic administration of the β-adrenoceptor blocker 

propranolol prior to femur osteotomy in psychosocially-stressed mice prevents stress-induced 

bone marrow mobilization of neutrophils and their immigration into the early fracture 

hematoma, as well as the decrease in bending stiffness and bony bridging of the fracture 
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callus, indicating a compromised fracture healing. These findings offer new possibilities for 

clinical translation in patients suffering from PTSD and fracture. 

 

Introduction 

Chronic psychosocial stress represents an increasingly recognized burden of disease and a 

recognized risk factor for the development of numerous mental disorders, including 

posttraumatic stress disorder (PTSD) (1, 2). This disorder has a high prevalence in western 

countries, is strongly comorbid with various somatic pathologies (3, 4), and has been 

associated with bone disorders and increased bone fracture risk in a number of clinical studies 

(3-7). A clinically relevant mouse model for social stress-associated PTSD is the chronic 

subordinate colony housing (CSC) paradigm, in which stress is induced in mice by exposing 

them to a dominant mouse. 19 days of CSC exposure induce hyper-activation of the 

sympathetic nervous system (SNS) and hypo-activation of the hypothalamic-pituitary-adrenal 

(HPA) axis, in line with what has been shown in PTSD patients (8). In detail, this is indicated 

by increased plasma norepinephrine (NE) concentrations, lower basal evening and unaffected 

basal morning plasma corticosterone (CORT) concentrations following 19 days of CSC 

exposure (8). Moreover, CSC mice display increased anxiety-related behavior (9) and 

increased myelopoiesis in the bone marrow (10). Importantly, we further revealed recently 

that cartilage-to-bone transition during growth plate endochondral ossification is disturbed in 

CSC versus single-housed control (SHC) mice and that catecholamines released locally in the 

bone marrow might underlie these negative stress consequences (11). Because the process of 

secondary bone healing after fracture mimics the endochondral ossification process during 

longitudinal bone growth, we hypothesize that CSC exposure might also compromise bone 

fracture healing. This hypothesis is further substantiated by our own previous findings 

demonstrating that CSC exposure promotes systemic immune activation in mice (8), while a 

balanced inflammatory response after bone fracture is crucial for successful bone healing (12-
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14). Systemic immune activation, indicated by higher serum levels of proinflammatory 

cytokines such as interleukin-6 (IL-6) and increased numbers of circulating immune cells 

(15), has been also shown in individuals suffering from stress-related disorders, including 

PTSD. Βeta1/2-adrenoceptor signaling promotes both stress-induced emigration of myeloid 

cells into the circulation, as well as stress-induced activation of myeloid function (16, 17). 

 

Therefore, the aim of the current study was to test the hypothesis that chronic psychosocial 

stress affects the inflammatory response induced by a bone fracture and, consequently, 

disturbs the bone healing process via β-adrenoceptor signaling. 

 

Results 

CSC increased anxiety and caused typical signs of chronic psychosocial stress 

Confirming the reliability of our mouse model, the open field/novel object (OF/NO) (Suppl. 

Fig. S1) test revealed increased anxiety-related behavior following CSC exposure, which was 

indicated by a significantly increased time CSC versus SHC mice spent in one of the four 

corners of the arena during OF exposure. Moreover, the time spent in the inner zone of the 

arena was decreased by trend (Suppl. Fig. S2A-C) and distance moved significantly in CSC 

versus SHC mice during 5 min of NO exploration, while the time spent in one of the four 

corners of the arena was significantly increased in CSC versus SHC mice (Suppl. Fig. 2D-F). 

CSC versus SHC mice in the current study showed a comparable body, significantly increased 

adrenal and/or decreased thymus weight at 3h, d1 and d3 after surgery (Supplemental Table 

1). Body weight of CSC mice was significantly increased compared with SHC mice at d10 

and d21, which is in line with previous studies (9). Thymus weight was increased 

significantly in CSC versus SHC mice on d10, but was comparable on d1 and d21 after femur 

osteotomy. 
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CSC led to an imbalanced inflammatory response after fracture 

Prior to fracture, CSC versus SHC mice displayed significantly increased plasma keratinocyte 

chemoattractant (KC, also known as chemokine (C-X-C motif) ligand 1 (CXCL1)), 

interleukin (IL)-6 and monocyte chemoattractant protein (MCP)-1 levels, whereas all other 

measured cytokines did not differ (Fig. 1A-C). In the bone marrow, CSC mice displayed 

significantly increased numbers of Ly6G+ neutrophils, whereas CD19+ B-lymphocytes were 

significantly reduced compared to SHC mice. Numbers of F4/80+ macrophages and T-

lymphocytes were unaltered (Fig. 1D).  

3h after fracture, CSC mice displayed significantly reduced plasma KC and IL-6 levels 

compared to SHC mice, whereas all other cytokines did not differ (Fig. 1E-G). Furthermore, 

IL-6 cytokine concentrations locally in the fracture hematoma were significantly reduced in 

CSC vs. SHC mice whereas all other cytokines were unaltered (Fig. 1H-J).  

24h after fracture, plasma cytokine concentrations were similar between CSC and SHC mice 

(Fig. 1K-M) and there were no significant differences in Ly6G+ cells in the contralateral bone 

marrow (Fig. 1N, inlay) between CSC and SHC mice. Locally in the fracture hematoma, CSC 

mice displayed significantly increased numbers of Ly6G+ neutrophils, whereas both CD8+ 

and CD4+ T-lymphocyte numbers were significantly reduced. Numbers of F4/80+ 

macrophages and CD19+ B-lymphocytes did not differ between the groups (Fig. 1N), 

indicating an increased recruitment of Ly6G+ cells from the bone marrow of CSC mice to the 

fracture hematoma.  

On d3 after fracture, the number of Ly6G+ neutrophils remained by trend higher in the callus 

of CSC versus SHC mice, whereas numbers of CD8+ T-lymphocytes were still significantly 

lower (Fig. 2A-E). Numbers of F4/80+ macrophages did not differ between the groups (Fig. 

2C, F). No CD4+ T-lymphocytes were detectable in the fracture callus at this time point. 

Furthermore, tyrosine hydroxylase (TH) expression was significantly increased in the 

granulation tissue surrounding the fracture gap in CSC versus SHC mice both on the gene 
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(Fig. 2G) and protein expression levels (Fig. 2H), indicating an increased local activation of 

catecholamine synthesis in CSC mice. Importantly, double staining of TH and Ly6G in the 

fracture callus (d3 after fracture) revealed 100% co-localization of all TH signals with Ly6G 

signals (Fig. 2I).  

 

CSC disturbed the endochondral ossification process during fracture healing 

On d10 after surgery, the relative bone, relative cartilage, relative fibrous tissue and entire 

callus areas did not differ between CSC and SHC mice (Fig. 3A-E). This indicates that 

intramembranous ossification taking place at the rims of the fracture callus and chondrocyte 

proliferation during endochondral ossification occurring in the middle of the fracture callus 

were not disturbed by prior chronic psychosocial stress. However, immunohistochemical 

staining for cartilage-to-bone transition and angiogenic markers Sox2, Runx2 and VEGF 

revealed reduced expression in hypertrophic chondrocytes in the fracture callus (Fig. 3G-I). 

This was confirmed on the gene-expression level (Fig. 3F) by lasercapture microdissection of 

transition zone tissue (Supplemental Fig. S3A). Furthermore, histological analysis of the 

cartilage-to-bone transition zone in the fracture callus revealed reduced vascular area in CSC 

compared to SHC mice (Fig. 3J-K), suggesting reduced neoangiogenesis and disturbed 

chondrocyte transdifferentiation to osteoblasts in stressed mice. To confirm this hypothesis, 

we analyzed the fracture callus composition on d21 after surgery. Indeed, µCT analysis 

revealed reduced bone volume ratios in the fracture callus of CSC versus SHC mice, whereas 

callus volumes did not differ (Fig. 4 B-C, E). Furthermore, tissue mineral densities were 

significantly reduced in CSC compared with SHC mice (Fig. 4D). Histomorphometrical 

analyses revealed reduced relative bone area and increased relative cartilage area in the 

fracture callus of CSC versus SHC mice, whereas relative fibrous tissue area did not differ 

significantly (Fig. 4F-H). Strikingly, flexural rigidity of fractured femurs was significantly 

reduced in CSC versus SHC mice (Fig. 4A), indicating that disturbed cartilage-to-bone 
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transition results in a poor functional fracture healing outcome. To ensure that the 

compromised fracture healing in CSC mice was not mediated by differences in general 

locomotor activity, 24 h home cage activity was assessed directly after surgery as well as in 

the second and third weeks following fracture. Importantly, no differences between SHC and 

CSC mice were measured (Suppl. Fig. S2G). Of note, the β2-adrenoceptor is expressed in the 

early fracture calli of SHC and CSC mice with femoral osteotomies (Supplemental Fig. S3B), 

with double stainings on the fracture calli of d10 after surgery revealing, at least to some 

extent, in both groups co-localization of β2AR and ectonucleotide 

pyrophosphate/phosphodiesterase 1 (ENPP1), a marker for chondrocytes in the fracture 

callus.  

 

Effects of CSC on the inflammatory response after fracture are mediated by β-adrenoceptor 

signaling 

Given that β1/ β2-adrenoceptor signaling promotes the stress-induced increase in circulating 

neutrophils, aggravation of neutrophil invasion into inflamed tissues, and activation of 

neutrophil function (16, 17), we hypothesized catecholamines via the β1/ β2-adrenoceptor 

signaling pathway to mediate increased numbers of Ly6G+ neutrophils in the fracture 

hematoma CSC versus SHC mice. To test this, we treated a subset of SHC and CSC mice 

systemically (s.c.) with 10 mg/kg propranolol (18), an unspecific β1/ β2-adrenoceptor 

blocker, immediately prior to femur osteotomy, and assessed the immune-cell populations in 

the fracture hematoma and the bone marrow on d1 after fracture. Consistent with our 

hypothesis, propranolol treatment abrogated all CSC-induced differences in the immune cell 

composition of the fracture callus (Fig. 5A). In contrast, Ly6G+ cells were still significantly 

increased in the contralateral bone marrow of CSC mice injected with propranolol on d1 after 

fracture, indicating that the increased numbers of Ly6G+ cells in the fracture hematoma of 

CSC versus SHC mice is indeed mediated by β-adrenoceptor signaling (Fig. 5B).  
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Interestingly, one single systemic administration of propranolol prior to femoral osteotomy 

ameliorated the CSC effects on flexural rigidity, BV/TV and BMD in the fracture callus on 

d21 following fracture (Fig. 5C-G). This suggests that a β-AR-mediated disturbance of early 

inflammatory processes during fracture healing is causally involved in the compromised 

fracture healing seen in CSC mice following chronic psychosocial stress, since the plasma 

half-life of propranolol is 6h. Consistently, histomorphometric analysis revealed that a single 

injection of propranolol prior to femoral osteotomy also abolished CSC effects on relative 

bone and cartilage area in the fracture callus on d21 after fracture (Fig. 5H-J). Physiological 

parameters (Supplemental Table 1) as well as the 24 h home cage activity (Suppl. Fig. S2H) 

did not differ between propranolol-treated SHC and CSC mice on d21 after fracture. 

 

Discussion 

Psychosocial stress is a well-known risk factor for PTSD and other mental pathologies, which 

are closely associated with chronic low-grade inflammation and various somatic 

comorbidities, including disturbed bone homeostasis and increased fracture risk (1-7). In the 

current study, we used an established animal model for PTSD to show, for the first time, that 

chronic psychosocial stress compromises endochondral ossification during bone fracture 

healing in mice due to a β-adrenoceptor-mediated disturbance of early inflammatory 

processes.   

 

In line with our previous studies (19, 20), mice exposed in the current study to the CSC 

paradigm developed systemic low-grade inflammation, indicated by increased levels of KC, 

IL-6 and MCP-1 on d19 of CSC, i.e. one day prior to femur osteotomy. Interestingly, 3h after 

fracture CSC mice appeared to be unable to properly respond to the pro-inflammatory 

stimulus of the fracture, because cytokine levels rose in SHC but not CSC mice. As a 

consequence, systemic KC and IL-6 and local IL-6 concentrations were lower in CSC 
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compared with SHC mice 3h after fracture. KC and IL-6 are important cytokines for 

recruitment of neutrophils to the site of inflammation (21) and we showed previously that 

blocking classical IL-6 signaling during the early inflammatory phase of fracture healing led 

to diminished neutrophil infiltration to the fracture callus, accompanied by disturbed fracture 

healing (13). Of note, in contrast to single trauma models, blocking of IL-6 trans-signaling 

accelerated fracture healing in a combined trauma model with femur fracture and thorax 

trauma (22). Surprisingly and in contrast to these previous single trauma studies, CSC mice in 

the current study displayed increased numbers of Ly6G+ cells in the fracture hematoma, 

despite systemically and locally reduced IL-6 levels. As outlined in detail in two recent 

review articles (23, 24), an alternative factor involved the recruitment of stress-mobilized 

neutrophils to the fracture hematoma might be the CC-chemokine ligand 2 (CCL2; also 

known as MCP1). CCL2 has been shown to mediate recruitment of activated myeloid cells to 

the brain under conditions of stress and peripheral inflammation (25, 26), and, in line with 

own previous studies (27), was systemically increased in mice exposed to 19 days of CSC. 

Furthermore, CCL2 regulates the infiltration of inflammatory cells to the fracture callus (28). 

Of note in this context, NE release by sympathetic nerve fibers during chronic variable stress 

signals bone marrow niche cells to decrease CXCL12 levels through the β3-adrenergic 

receptor, resulting in increased hematopoietic stem cell proliferation and release of 

neutrophils and inflammatory monocytes (29). In addition, also β1/ β2-adrenoceptor signaling 

has been proposed to mediate the stress-induced increase in circulating neutrophils, 

aggravation of neutrophil invasion into inflamed tissues, and activation of neutrophil function 

(16, 17). In line with the latter, β1/ β2-adrenoceptor blockade immediately prior to femur 

osteotomy prevented mobilization of Ly6G+ cells from the bone marrow and, consequently, 

their migration into the fracture hematoma. This was indicated by increased Ly6G+ cell 

numbers in the bone marrow of the intact femur of propranolol-treated CSC mice on d1 after 

fracture and normal levels of Ly6G+ cells in the fracture hematoma. Interestingly, propranolol 
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treatment also abolished the reduced numbers of T-lymphocytes in the fracture hematoma of 

CSC mice. Since it was shown previously that chronic psychosocial stress can induce 

CD11b+/Ly6G+/Ly6C+ myeloid derived suppressor cells (MDSCs) in the bone marrow, which 

are known to suppress T-cell proliferation (10, 30), we hypothesize that besides neutrophils, a 

proportion of the Ly6G+ cells found in the fracture hematoma of CSC mice represent MDSCs. 

By blocking β-adrenoceptors signaling, the exaggerated mobilization and, consequently, 

migration of MDSCs to the fracture hematoma in CSC mice might be normalized, thereby 

explaining the lack of an effect on T-cell proliferation and normal numbers of T-lymphocytes 

in the fracture callus of CSC mice injected with propranolol. However, it is also known that 

IL-6 classic signaling is important for recruitment of T-cells to the fracture hematoma (13), 

therefore the reduced levels of IL-6 present in the fracture hematoma of CSC mice might also 

account for the reduced numbers of T-lymphocytes. In conclusion, chronic psychosocial 

stress seems to shift the immune response after fracture towards the innate arm of immunity, 

thereby suppressing its adaptive response, both mediated by β1/ β2-adrenoceptor signaling. A 

balanced presence and activation of neutrophils was shown to be crucial for proper fracture 

healing (12, 14, 31). Neutrophils can act in both a pro-regenerative manner by providing a 

fibronectin-rich matrix for proper callus development (32) or can provoke negative effects by 

secreting reactive oxygen species and other cytotoxic compounds, including hypochloride. 

Therefore, increased numbers of neutrophils or over-activation of these cells can cause tissue 

damage and delay tissue regeneration (33, 34). Alternatively, as TH+ cells found exclusively 

in the fracture callus of CSC but not SHC mice were all expressing Ly6G, the stress-induced 

and β1/ β2-adrenoceptor-mediated increase in neutrophils in the fracture callus of CSC mice 

might result in elevated local catecholamine levels, known to have profound effects on 

neuronal control of bone formation (35). T-cells also play an important role during fracture 

healing. It was, for instance, shown previously that terminally differentiated CD8+ T-

lymphocytes negatively affect fracture healing (36). However, because we found disrupted 
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fracture healing in CSC mice, we believe that the negative effects of enhanced neutrophil 

recruitment to the site of injury exceeded the possible positive effects of reduced CD8+ T-

cells. Of note, as human neutrophils show sex-specific differences in β2-adrenoceptor binding 

and β2-adrenoceptor-induced nondirected locomotion (37), it might be of interest to extend 

the present findings also to female mice using chronic psychosocial stress models that are not 

based on territorial aggression and hierarchy establishment.  

CSC mice displayed reduced expression of the angiogenic and cartilage-to-bone transition 

markers, in the fracture callus on d10 after femur osteotomy. Furthermore, vascularization 

was reduced in the transition zone from cartilage to bone in the callus. In line with these 

findings, which suggest an overall compromised fracture healing in CSC mice, bony bridging, 

mineralization and flexural rigidity of the fracture callus were lower in CSC compared with 

SHC mice on d21 after surgery. In addition, persistent cartilage was present in the fracture 

callus of CSC but not SHC mice, clearly indicating disturbed endochondral ossification 

during fracture healing in stressed mice. Noteworthy in this context, it was shown that 

angiogenic factors such as VEGF and chondrocyte dedifferentiation transcription factors like 

Sox2 are critical for chondrocyte transdifferentiation to osteoblasts (38), are crucial for 

endochondral fracture healing (39). Conditional deletion of Sox2 during fracture healing led 

to persistent cartilage in the fracture callus and decreased bone formation (38). As one single 

dose of propranolol injected prior to femoral osteotomy not only abrogated early CSC effects 

on inflammatory processes, but also improved compromised late fracture healing, and as the 

β2-adrenoceptor on chondrocytes is discussed as the major receptor involved in neuronal 

control of bone formation (35), it is likely that locally secreted catecholamines from stress-

induced and β1/ β2-adrenoceptor signaling-mediated TH+/Ly6G+ neutrophils disturbed proper 

endochondral ossification via the β2-adrenoceptor on chondrocytes. Support for this 

hypothesis is provided by double stainings on d10-fracture calli of SHC and CSC mice 

illustrating colocalisation of the β2-adrenoceptor and ENPP1 in both groups. 
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Of note, propranolol treatment might also have systemic effects, which could possibly 

influence fracture healing. It was shown that propranolol influences heart rate, blood pressure, 

activity, tissue perfusion and tissue oxygen consumption (40). However, since we injected 

propranolol only once immediately prior fracture and as we did not detect differences in 

general locomotion d0/1, d7/8 and d14/15 after fracture, these effects might be of minor 

importance in our study. Furthermore, it was shown previously that catecholamine signaling 

and signaling of other neurotransmitters does not only influence immune cells but also bone 

cells. Injections with propranolol showed antiosteoporotic effects in rodents (41) and reduced 

fracture risk in humans (42-44), although callus development during fracture healing was not 

influenced (18). Absence of the neurotransmitter substance P reduced mineralization during 

late osteoblast differentiation (45) and delayed fracture healing (46). 

Importantly, chronic psychosocial stress also impairs other regenerative processes. For 

example, examination and caregiving stress in humans as well as social isolation stress in 

mice have been linked to a compromised mucosal (47, 48) and/or cutaneous wound healing 

(49). Of note in the context of the current study, propranolol administration and, thus, 

blockade of β-adrenoceptor signaling, prior to wound healing ameliorated detrimental effects 

of chronic stress on cutaneous wound healing in mice (50).  

In conclusion, our results show that one single systemic administration of the β1/ β2-

adrenoceptor blocker propranolol immediately prior to femur osteotomy in psychosocially-

stressed mice prevents stress-induced bone marrow mobilization of neutrophils and, 

consequently, their immigration into the early fracture hematoma, as well as the decrease in 

bending stiffness and bony bridging of the fracture callus, indicating a compromised fracture 

healing. Thus, our results might have significant clinical relevance in terms of future 

treatment strategies to improve fracture healing in PTSD patients. This is of particular 

interest, given that PTSD and fractures are strongly comorbid in soldiers (51), people living in 

war zones (52) and children subjected to physical abuse (53), among others, and there is 
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clinical evidence that fracture healing is delayed in PTSD patients after forearm fracture (54). 

This represents a potential area for further basic and clinical research work. Furthermore, it 

might be of importance to investigate the effects of chronic psychosocial stress on fracture 

healing in severely injured trauma individuals. As injury severity influences inflammation and 

fracture healing outcome (13, 22), it might be possible that the negative impact of chronic 

stress on fracture healing are even more potent in subjects with higher physical trauma load. 

 

Methods 

Animals 

Male C57BL/6N mice (experimental mice, 19–22 g) and male CD-1 (dominant resident mice, 

30–35 g) mice were obtained from Charles River (Sulzfeld, Germany). All mice were kept 

under standard laboratory conditions (12 h light/ 12 h dark cycle, lights on at 06.00 am, 22 °C, 

60 % humidity) and had free access to tap water and standard mouse diet.  

 

Study approval 

All animal experiments were in compliance with international regulations for the care and use 

of laboratory animals (ARRIVE guidelines and EU Directive 2010/63/EU for animal 

experiments) with the approval of the Local Ethical Committee (No. 1219, 

Regierungspräsidium Tübingen, Germany). 

 

Experimental procedures 

Different sets of seven-week-old mice (n=8 per group and time point) were either chronically 

stressed by a 19-day exposure to the CSC paradigm or single-housed for control (SHC). On 

d20, a standardized femur osteotomy of the right femur was performed according to an 

establish protocol (55) and afterwards all mice are kept individually for the different healing 

phases. For further details see supplemental Fig. 1. 
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CSC paradigm 

The CSC paradigm was performed as described previously (19, 20, 56). Briefly, after being 

single housed for one week after arrival, experimental CSC mice were housed together with a 

dominant male CD-1 mouse for 19 consecutive days to induce chronic psychosocial stress. 

For further details see supplemental methods. 

 

Propranolol administration 

After successful initiation of anesthesia on day 20, mice received a single administration (s.c.) 

of propranolol (10mg/kg bodyweight, dissolved in 0.9% saline) directly prior to the 

osteotomy surgery. 

 

Multiplex cytokine enzyme-linked immunosorbent assay (ELISA) 

To investigate the effects of CSC on the systemic and local early immune response after 

fracture (3h, d1), we assessed cytokine and chemokine concentrations in blood plasma and the 

fracture hematoma by multiplex immunoassay. For further details see supplemental methods. 

 

Fluorescence activated cell sorting (FACS)  

Inflammatory cells in the fracture hematoma on d1 after fracture were analyzed by FACS. For 

further details see supplemental methods. 

 

Biomechanical testing, µCT analysis and histomorphometry 

Biomechanical testing of the intact and fractured femurs of mice sacrificed on d21 after 

fracture was performed using a nondestructive 3-point-bending test as described previously 

(55). Afterwards, fractured femurs were fixed in 4 % paraformaldehyde for 48h. µCT 

scanning was performed using the Skyscan 1172 (Kontich, Belgium) system. After µCT 
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scans, right femurs were subjected to decalcified histology as described previously (57). For 

further details see supplemental methods. 

 

Immunohistochemistry and immunofluorescence staining  

Longitudinal sections of 7 µm were prepared for immunohistochemical and 

immunofluoresence staining. Staining for Runx2, VEGF, Sox2, Ly6G, F4/80 and CD8, as 

well as double stainings for TH and Ly6G as well as β2-adrenoceptor and ENPP1 was 

performed. For further details see supplemental methods.  

 

Lasercapture microdissection (LCM) of fracture callus tissue and RNA isolation 

RNAse-free longitudinal paraffin fracture callus sections of 8 µm were prepared for LCM. 

For further details see supplemental methods.  

 

qPCR 

Isolated RNA was transcribed into cDNA using the Omniscript Reverse Transcriptase Kit 

(Qiagen, Hilden, Germany). Quantitative PCR was performed using the Brilliant Sybr Green 

QPCR Master Mix Kit (Stratagene, Amsterdam, Netherlands) according to the manufacturer’s 

protocol. For further details see supplemental methods. 

 

Statistics and data availability 

Statistical analysis was performed using the software package IBM SPSS statistics (version 

25.0). For further details see supplemental methods. 

All data presented in this paper will be made available from the corresponding author upon 

request. 
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Figures and figure legends 

 

Fig. 1: Inflammatory response towards femur osteotomy following 19 days of chronic 
subordinate colony (CSC) housing. (A) Plasma keratinocyte chemoattractant (KC), (B) 
interleukin-6 (IL-6), and (C) monocyte chemoattractant protein-1 (MCP-1) concentrations of 
single-housed control (SHC) and CSC mice after 19 days of stressor exposure. (D) Proportion 
of bone marrow cell populations in SHC and CSC mice on d20 of CSC exposure. (E) Plasma 
KC, (F) IL-6, and (G) MCP-1 concentrations, as well as (H) KC, (I) IL-6, and (J) MCP-1 
concentrations in the fracture hematoma 3h after femur osteotomy in SHC and CSC mice. (K) 
Plasma KC, (L) IL-6, and (M) MCP-1 concentrations 24h after femur osteotomy in SHC and 
CSC mice. (N) Proportion of fracture hematoma and bone marrow (inlay) cell populations in 
SHC and CSC mice 24h after femur osteotomy. Data are presented as mean + standard 
deviation. SHC n=8; CSC n=8. * 0.05>P>0.01; ** 0.01>P>0.001; *** P<0.001. 
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Fig. 2: Immune response in the fracture callus 3 days after femur osteotomy following 
19 days of chronic subordinate colony (CSC) housing. (A) Quantification of Ly6G+, (B) 
CD8+ and (C) F4/80+ cells in the fracture callus of single-housed control (SHC) and CSC 
mice on d3 after fracture. (D) Representative image of fracture callus stained for Ly6G (scale 
bars: 50 µm), (E) CD8 (scale bars: 50 µm) and (F) F4/80 (scale bars: 50 µm) of SHC and 
CSC mice. (G) Relative gene expression of tyrosine hydroxylase (TH) analyzed by qPCR 
from fracture hematoma homogenates. Values were normalized to β2 microglobulin (B2M). 
(H) Representative image of fracture callus stained for TH in SHC and CSC mice on d3 after 
femur osteotomy (scale bars: 50 µm). (I) Representative images of fracture calli from SHC 
(left panels) and CSC(right panels) mice on d3 after fracture, double-stained for TH and 
Ly6G: TH (upper panels), Ly6G (middle panels), merge (lower panels) (scale bars: 100 µm, 
inlay: 50 µm). Data are presented as mean + standard deviation. SHC n=4-7; CSC n=4-7. * 
0.05>P>0.01. 
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Fig. 3: Callus composition and vascularization on d10 after femur osteotomy following 
19 days of chronic subordinate colony (CSC) housing. (A) Bone area/total area (BA/TA) 
ratio, (B) cartilage area/total area (CA/TA) ratio, (C) fibrous tissue area/total area (FA/TA) 
ratio and (D) whole callus area of single-housed control (SHC) and CSC mice on d10 after 
fracture. (E) Representative staining of fracture calli stained with Safranin-O (scale bars: 500 
µm). (F) Relative gene expression of Runx2, VEGF and Sox2 analyzed by qPCR following 
lasercapture microdissection of the cartilage-to-bone transition zone of the fracture callus. 
Values were normalized to β2 microglobulin (B2M). (G) Representative image of fracture 
callus stained for Runx2 (scale bars: 50 µm), (H) VEGF (scale bars: 50 µm), and (I) Sox2 
(scale bars: 100 µm) in SHC and CSC mice on d10 after fracture. (J) Relative vascular area of 
transition zone, (K) Representative image of Safranin-O staining of the transition zone in 
SHC and CSC mice on d10 after fracture (scale bars: 50 µm). (L) Representative images of 
fracture calli from SHC and CSC mice on d10 after fracture, double stained for β2AR and 
ENPP1: β2-adrenoceptor (left panels), ENPP1 (middle panels), merge (left panels) (scale 
bars: 100 µm, inlay: 50 µm). Data are presented as mean + standard deviation. SHC n=5-8; 
CSC n=5-8. * 0.05>P>0.01; ** 0.01>P>0.001. 
 



	 22	

 

Fig. 4: Fracture callus composition on d21 after femur osteotomy following 19 days of 
chronic subordinate colony (CSC) housing.  (A) Flexural rigidity, (B) bone volume/ tissue 
volume (BV/TV) ratio, (C) tissue volume, (D) tissue mineral density (BMD) and (E) 
representative µCT three-dimensional reconstructions of the periosteal callus of single-housed 
control (SHC) and CSC mice on d21 after femur osteotomy. (F) Bone area/total area (BA/TA) 
ratio, (G) cartilage area/total area (CA/TA) ratio and (H) fibrous tissue area/total area 
(FA/TA) ratio. Data are presented as mean + standard deviation. SHC n=8; CSC n=7-8. * 
0.05>P>0.01; ** 0.01>P>0.001; *** P<0.001. 
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Fig. 5: Influence of propranolol on inflammatory response 24 hours and fracture callus 
composition 21 days after femur osteotomy following 19 days of chronic subordinate 
colony (CSC) housing.  (A) Proportion of fracture hematoma and (B) bone marrow cell 
populations in single-housed control (SHC) and CSC mice 24 h after treatment with 
propranolol directly prior to femur osteotomy. (C) Flexural rigidity, (D) bone volume/ tissue 
volume (BV/TV) ratio, (E) tissue volume, (F) tissue mineral density (BMD) and (G) 
representative µCT three-dimensional reconstructions of the periosteal callus of single-housed 
control (SHC) and CSC mice on d21 after femur osteotomy treated with propranolol prior to 
osteotomy. (H) Bone area/total area (BA/TA) ratio, (I) cartilage area/total area (CA/TA) ratio 
and (J) fibrous tissue area/total area (FA/TA) ratio. Data are presented as mean + standard 
deviation. SHC n=7-8; CSC n=6-8. * 0.05>P>0.01; ** 0.01>P>0.001; *** P<0.001. 
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Supplemental figures 

 

 

Supplemental Fig. 1: Schematic illustration of the experimental design. 
After arrival, all experimental mice were housed individually for 1 week. On d1, mice were 
assigned either to the single-housed control (SHC) or chronic subordinate colony (CSC) 
housing group in a body weight matched manner. Four CSC mice were housed together with 
a larger dominant male resident for 19 consecutive days. In order to avoid habituation, the 
resident was changed on d8 and d15. To assess anxiety-related behavior, the open field/ novel 
object (OF/NO) test was performed with all experimental mice in the morning of d19. On 
d20, a standardized femur osteotomy of the right femur was performed and afterwards all 
mice were kept individually for the different healing phases. Different animal sets of SHC and 
CSC mice were euthanized after 3h after fracture, or on d1, d3, d10 or d21 after fracture and 
physiological, immunological and bone parameters were assessed. Two animal sets were 
additionally treated with a single injection of propranolol directly prior to the femur 
osteotomy on d20 of CSC and were euthanized either on d1 or d21 after femur osteotomy. 
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Supplemental Fig. 2: Behavioral parameters following 19 days of chronic subordinate 
colony housing (CSC) and 24h home cage locomotion following femur osteotomy.  
(A) Distance moved during 5 min of open field (OF) exposure, (B) time spent in the inner 
zone of OF, (C) time spent in corners of the arena during 5 min of OF exposure. (D) Distance 
moved during 5 min of novel object (NO) exposure, (E) time spent at NO, (F) time spent in 
corners of the arena during 5 min of NO exposure. (G) Distance moved during 24h home cage 
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locomotion tracking in CSC and single-housed control (SHC) mice one, two and three weeks 
after femur osteotomy. (G) Distance moved during 24h home cage locomotion tracking in 
CSC and SHC mice one, two and three weeks after femur osteotomy in propranolol treated 
mice. Data are presented as mean + standard deviation. SHC n=54/8; CSC n=54/8. * 
0.05>P>0.01; *** P<0.001. 
 

 

 

Supplemental Fig. 3: Lasercapture microdissection and β2-adrenoceptor expression. 
(A) Representative images of the transition zone within the fracture callus on d10 after femur 
osteotomy before (left panel) and after (right panel) lasercapture microdissection. (B) Protein 
expression of the β2-adrenoceptor expression in the fracture callus on d3, d10 and d21 after 
femur osteotomy in single-housed control mice (SHC) and mice subjected to chronic 
subordinate colony housing (CSC) (Scale bars: 50 µm). 
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Supplemental tables 

Supplemental table 1: Physiological parameters during different phases of fracture 

healing  

Mean ± standard deviation of the physiological parameters 3h after or on d1, d3, d10 and d21 

after femur osteotomy in single-housed control (SHC) mice and mice exposed to 19 days of 

chronic subordinate colony (CSC) housing prior to fracture, as well as the physiological 

parameters on d1 and d21 after femur osteotomy of SHC and CSC mice treated with 

propranolol directly prior to surgery. SHC n=7-8; CSC n=6-8. * 0.05>P>0.01; ** 

0.01>P>0.001; *** P<0.001. 
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Supplemental table 2: Antibodies used for flow cytometry. 

 

 

 

  

Antibody Label Product Company Dilution 
CD3 (rat anti-mouse) PE 100205 BioLegend 1:200 
CD4 (rat anti-mouse) FITC 100405 BioLegend 1:200 
CD8a (rat anti-mouse) APC 17-0081 Affymetrics eBioscience 1:200 
CD19 (rat anti-mouse) PE 12-0193 Affymetrics eBioscience 1:200 
F4/80 (rat anti-mouse) FITC 11-4701 Affymetrics eBioscience 1:50 
Ly-6G (rat anti-mouse) APC 127613 BioLegend 1:200 
IgG2a K Isotype (rat) APC 17-4321 Affymetrics eBioscience 1:200 
IgG2a K Isotype (rat) PE 12-4321 Affymetrics eBioscience 1:200 
IgG2a K Isotype (rat) FITC 11-4321 Affymetrics eBioscience 1:50 
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Supplemental methods 

CSC paradigm 

The CSC paradigm was performed as described previously (1-3). Briefly, after being single 

housed for one week after arrival, experimental CSC mice were housed together with a 

dominant male CD-1 mouse for 19 consecutive days to induce chronic psychosocial stress. To 

avoid habituation, CSC mice were introduced into the home cage of a novel dominant male 

mouse on d8 and d15 of the CSC procedure. Except for a weekly change of bedding, the 

respective SHC mice remained undisturbed in their home cages for 19 consecutive days. 

Single housing was demonstrated to be the adequate control group for the CSC paradigm, 

because group housing itself is able to affect CSC-induced physiological changes (4). The 

OF/NO test was performed on d19 of the CSC paradigm in all sets of SHC and CSC mice as 

previously described (5) with minor modifications. The 24 hour home cage locomotion was 

assessed on day 20 after femur osteotomy as well as in the second and third week after 

fracture.  

 

OF/NO test 

The OF/NO test was performed on d19 of the CSC paradigm in all sets of SHC and CSC mice 

as previously described (5) with minor modifications. Briefly, the arena (45 cm height × 27 

cm length × 27 cm width) was subdivided into an inner and an outer zone and the four 

corners. At the start of the first trial, the experimental mouse was placed into the inner zone of 

the arena and was allowed to explore the arena for 5 min. Immediately after this OF 

exploration, a plastic round object (diameter: 3.5 cm; height: 1.5 cm) was placed into the 

center of the inner zone and the mouse explored the arena containing the unfamiliar object for 

another 5 min. During both trials, the distance moved as well as the time the experimental 

mouse spent in the four corners were assessed. Furthermore, in the OF test, the time the 

animals spent in the inner zone of the arena, and in the NO test, the time spent at the NO were 
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investigated. All parameters were analyzed using EthoVision XT (Version 9, Noldus 

Information Technology, Wageningen, The Netherlands). The test was performed between 

08.00 and 12.00 am under white light conditions (300 lux). 

 

24 hour home cage locomotion  

The 24 hour home cage locomotion was assessed on d20 after femur osteotomy as well as in 

the second and third week after fracture. All mice were video-taped between 6:00 pm and 

6:00 pm of the following day in their home cage from above and the distance moved was 

analyzed using EthoVision XT (Version 9, Noldus Information Technology).  

 

Determination of body, adrenal and thymus weights 

After decapitation under CO2 anesthesia in the morning (between 06:00 and 10:00 am) of the 

respective experiment, the adrenal glands as well as the thymus were removed, pruned of fat 

and weighed. Right adrenal glands were rapidly frozen in liquid nitrogen and stored at −80 °C 

until further analysis.  

 

Trunk blood sampling 

Within 3 min after removing the cage from the animal room, mice were anesthetized by brief 

CO2 exposure followed by decapitation. Trunk blood was collected in 

ethylendiaminetetraacetic acid (EDTA)-coated tubes (Sarstedt, Nuembrecht, Germany) and 

stored on ice until centrifugation. Tubes were centrifuged at 4 °C (5000 × g, 10 min). Plasma 

samples were stored at −20 °C until further analysis. 

 

Multiplex cytokine enzyme-linked immunosorbent assay (ELISA) 

To investigate the effects of CSC on the systemic and local early immune response after 

fracture (3h, 1d), we assessed cytokine and chemokine concentrations in blood plasma and the 
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fracture hematoma by multiplex immunoassay. The harvested fracture hematoma was lysed in 

lysis buffer containing protease inhibitors (10mM Tris pH 7.5, 10 mM NaCl, 0.1 mM EDTA, 

0.5% Triton-X 100, 0.02 % NaN3, 0.2 mM phenylmethylsulfonyl fluoride; and Halt Protease 

and Phosphate Inhibitor Single-Use Cocktail, ThermoFisher Scientific). Total fracture 

hematoma protein concentration was determined by Pierce BCA Protein Assay Kit 

(ThermoFisher Scientific). Using a customized mouse Multiplex Cytokine Kit (ProcartaPlex; 

eBioscience, Frankfurt, Germany) plasma and fracture hematoma concentrations of 

interleukine-6 (IL-6), IL-1β, IL-13, IL-4, chemokine (C-X-C) motif ligand-1 (CXCL-1), 

monocyte chemoattractant protein-1 (MCP-1) and macrophage inflammatory protein-1α 

(MIP-1α) were determined. 

 

Fluorescence activated cell sorting (FACS)  

Inflammatory cells in the fracture hematoma 1 day after fracture were analyzed by FACS. 

The fractured femurs, contralateral bone marrow and spleen were harvested. The fracture 

hematoma and the spleen was passed through a 70-µm cell strainer (Corning Inc., Durham, 

NC) to obtain a single-cell suspension and all cells were subjected to erythrolysis. For the 

identification of macrophages (F4/80+), neutrophils (Ly-6G+), B-lymphocytes (CD19+), T-

lymphocytes (CD3+), cytotoxic T-lymphocytes (CD3+, CD8+), and T-helper-lymphocytes 

(CD3+, CD4+) the antibodies listed in supplemental table 2 were used. Specific isotype-

matched immunoglobulin antibodies (supplemental table 2) were used as negative controls. 

Cells were incubated with the antibodies for 30 min on ice. 7-aminoactinomycin (7-AAD, 

Sigma, Steinheim, Germany) was used for dead-cell discrimination. Cells were analyzed 

using a BD FACSCalibur flow cytometer (BD Bioscience) and FlowJo software v10 (FlowJo 

LLC, Ashland, OR).  

 

Biomechanical testing 



	 33	

Biomechanical testing of the intact and fractured femurs of mice sacrificed at d21 after 

fracture was performed using a nondestructive 3-point-bending test as described previously 

(6). Briefly, after removal of the fixator, the bone was loaded with up to a maximum of 2N in 

a material-testing machine and the load and deflection were recorded (Zwick Roell, Ulm, 

Germany). The flexural rigidity of the fracture callus was calculated using the slope of the 

load-deflection curve. The relative flexural rigidity of the fractured femur was calculated as 

the ratio between the fractured and intact femur of the same mouse. 

 

µCT analysis 

Fractured femurs were fixed in 4 % paraformaldehyde for 48h. µCT scanning was performed 

using the Skyscan 1172 (Kontich, Belgium) operating at 50 kV and 200 mA. Voxel resolution 

was set at 8 µm. Three-dimensional analysis was conducted using CTAn and CTVol software 

according to ASBMR guidelines (7). The volume of interest was defined as the entire 

periosteal callus between the two inner pinholes. Tissue mineral density was assessed using 

two phantoms with defined hydroxyapatite (HA) contents (250 and 750 mg/cm3). The 

threshold for mineralized tissue was set at 642 mg HA/cm3.  

 

Histomorphometry 

After µCT scans, right femurs were subjected to decalcified histology as described previously 

(8). Sections of 7 µm were stained with safranin O. The amounts of bone, cartilage and 

fibrous tissue at d10 and d21 after fracture were determined using image-analysis software 

(Leica MMAF 1.4.0 Imaging System, Leica). Region of interest (ROI) was the whole fracture 

callus between the cortices. Vascularization was assessed in the transition zone from cartilage 

to bone using Osteomeasure system in safranin O-stained sections.  

 

Immunohistochemistry and immunofluorescence staining  
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Longitudinal sections of 7 µm were prepared for immunohistochemical and 

immunofluoresence staining. Staining for Runx2, VEGF, Sox2, Ly6G, F4/80 and CD8 was 

performed using the following antibodies: rabbit anti-mouse Runx2 (8486, Cell Signaling), 

rabbit anti-mouse VEGF (ab46154, Abcam), rat anti-mouse Ly6G (127603, BioLegend), rat 

anti-mouse F4/80 (ab6640, Abcam), rabbit anti-mouse CD8 (bs-0648R, Bioss), rabbit anti-

mouse Sox-2 (ab97959, Abcam), goat anti-rabbit IgG-biotin (sc-3840, Santa Cruz), goat anti-

rat IgG-biotin (31830, Invitrogen) and horseradish peroxidase (HRP)-conjugated streptavidin 

(Zytomed Systems, Berlin, Germany). 3-Amino-9-ethylcarbazol (Zytomed Systems) was used 

as the chromogen and the sections were counterstained using hematoxylin (Waldeck, 

Münster, Germany). Immunofluorescence staining for TH and β2AR, as well as double 

stainings for TH and Ly6G as well as β2-adrenoceptor and ectonucleotide 

pyrophosphate/phosphodiesterase 1 (ENPP1) was performed using the following antibodies: 

rabbit anti-mouse β2AR antibody (sc-569, Santa Cruz), rabbit anti-mouse TH antibody 

(AB152, Millipore), rat anti-mouse Ly6G (127632, BioLegend), goat anti-mouse ENPP1/PC1 

(SAB 2500355, Sigma), goat-anti rabbit IgG-biotin (sc-3840, Santa Cruz), donkey anti-rabbit 

IgG AF594 (A21207, Invitrogen), goat anti-rat IgG-biotin (A10517, Life Technologies), 

donkey anti-goat IgG-biotin (A10518, Life technologies) and FITC-streptavidin (40201, 

BioLegend). Species-specific non-targeting immunoglobulins were used as isotype controls.  

 

Lasercapture microdissection (LCM) of fracture callus tissue and RNA isolation 

RNAse-free longitudinal paraffin fracture callus sections of 8 µm were prepared for LCM and 

mounted on 0.05% Poly-L-lysine-coated 1.0 PEN membrane slides (Zeiss, Oberkochen, 

Germany). Directly after mounting, sections were deparaffinized, rehydrated and stained with 

hematoxylin in an RNAse-free staining procedure. After dehydrating, sections were air-dried 

for 15 min and directly processed for LCM. LCM was performed with a PALM MicroBeam 

LCM System (Zeiss) according to the manufacturer’s instructions. Speed of laser was set to 
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59%, energy of laser for cutting was set to 63%, energy of laser for catapulting was set to 

delta 30 and focus of laser was set to 86%. Transition zone tissue from the cartilaginous to the 

bony region of the fracture callus (Supplemental Fig. 3) was cut and collected in adhesive cap 

tubes (Zeiss). RNA was isolated using the RNEasy FFPE kit (Qiagen) according to the 

manufacturer’s instructions. Amount and purity of RNA was measured photometrically with 

Tecan NanoPlate. Integrity of RNA was determined with 3’/5’ primer PCR assay (9) for B2M 

(3’ end primer F: 5’-CTC GGT GAC CCT GGT CTT TC-3’ R: 5’-TTG AGG GGT TTT 

CTG GAT AGC A-3’; 5’ end primer F: 5’-TGT CAC TGT GCC CAA TGC TTA-3’ R: 5’-

GAA GTA GCC ACA GGG TTG GG-3’). Integrity was >70% for all samples. 

 

qPCR 

Isolated RNA was transcribed into cDNA using the Omniscript Reverse Transcriptase Kit 

(Qiagen, Hilden, Germany). Quantitative PCR was performed using the Brilliant Sybr Green 

QPCR Master Mix Kit (Stratagene, Amsterdam, Netherlands) according to the manufacturer’s 

protocol in a total volume of 25 µl using the following cycling conditions: 50 °C for 2 min, 

95 °C for 2 min, 50 cycles each consisting of 95 °C for 15 s and 60 °C for 1 min. Then 

melting curve acquisition was performed (95 °C for 15 s, 60 °C for 1 min, 95 °C for 15 s). 

B2M was used as the housekeeping gene (F: 5'-CCC GCC TCA CAT TGA AAT CC-3', R: 5'-

TGC TTA ACT CTG CAG GCG TAT-3'). The primers for VEGF were 5'-AAA AAC GAA 

AGC GCA AGA AA-3' and 5'-AAT GCT TTC TCC GCT CTG AA-3', for Runx2 5'-CCA 

CCA CTC ACT ACC ACA CG-3' and 5'-CAC TCT GGC TTT GGG AAG AG-3', for Sox2 

5'-	CAA AAA CCG TGA TGC CGA CT-3' and 5'-	CGC CCT CAG GTT TTC TCT GT-3', 

and for TH 5'-AACCCTCCTCACTGTCTCGGGC-3' and 5'-

TCAGACACCCGACGCACAGAACT-3'. Relative gene expression was calculated using the 

delta-delta CT method with PCR-efficiency correction using LinRegPCR software as 

described previously (10). 
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Statistics and data availability 

All acquired data sets of the present study were tested for normal distribution using 

Kolmogorov-Smirnov test using Lilliefors´correction. Outliers in normally distributed data 

sets were identified using Grubbs test and excluded from further analysis. For normally 

distributed data sets, significance was analyzed using the Student’s t-test for single 

comparison. Non-normally distributed data sets were analyzed using non-parametric Man-

Whitney U test. All results are presented as the mean value and standard deviation. Values of 

p≤0.05 were considered to be statistically significant. Results marked with * are 0.05≥p≥0.01, 

** are 0.01>p>0.001 and *** are p<0.001. Statistical analysis was performed using the 

software package IBM SPSS statistics (version 25.0). 

All data presented in this paper will be made available from the corresponding author upon 

request. 
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