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Background and purpose   Cytokines play an important 
role in the complex process of bone formation. We have 
previously found an altered skeletal phenotype with 
reduction of cortical bone mass in mice depleted of the 
2 cytokines interleukin-4 (IL-4) and interleukin-13 (IL-
13). The present study was performed to investigate a 
potential role of IL-4 and IL-13 in fracture healing and 
bone induction by demineralized xenogenic bone matrix 
(DXBM). 

Methods   Callus formation in IL-4-/-IL-13-/- (IL-4/13 
knockout) and wild-type (WT) male mice was compared 
using a standardized fracture model. The capacity of 
IL-4-/-IL-13-/- and WT male and female mice to form 
heterotopic bone was compared using intramuscular 
implants of DXBM. Bone formation and mechanical 
properties were evaluated by pQCT, ash weight, 3-point 
bending, radiology, and immunohistology.

Results   In the fracture investigation substantial 
amounts of new bone formation by 5 weeks were found, 
but no differences in radiographical healing, callus 
volume, BMD, BMC, or mechanical properties were 
detected between IL-4-/-IL-13-/- and WT mice. In the 
DXBM investigation radiographic analysis confirmed 
mineralization of implants in both groups, but no differ-
ence in the amount of mineral deposition (net bone for-
mation) between IL-4-/-IL-13-/- and WT mice was found. 
Immunohistology showed inhibition of autonomic 
nerves in the capsule of the IL-4-/-IL-13-/- group along 
with a lack of vascularization within the implants. 

Interpretation   Depletion of IL-4 and IL-13 does not 
cause any major alteration in fracture healing or het-
erotopic bone formation in mice. The pattern of autono-

mous nerve expression and expression of markers of 
neovascularization is, however, altered to some extent 
by the absence of IL-4 and IL-13.    

■

In fracture healing, bone formation plays a crucial 
role in the repair process. The complex process of 
fracture healing and bone induction is character-
ized by a number of key events: proliferation and 
migration of primitive mesenchymal cells, the for-
mation of new vessels, angiogenesis, followed by 
differentiation of highly specialized bone-forming 
cells. This process is governed by a great number 
of regulatory substances such as growth factors and 
cytokines. Among the cytokines, those that have 
been attributed proinflammatory properties—such 
as interleukin-1 (IL-1) and tumor necrosis factor-
α (TNF-α)—have attracted most interest in bone 
research (Canalis et al. 1991, Olmedo et al. 1999, 
Kon et al. 2001). However, anti-inflammatory 
cytokines (e.g. IL-4 and IL-13) also influence bone 
in several ways. Both cytokines have receptors on 
osteoblasts. The cytokines inhibit proliferation and 
stimulate interleukin-6 (IL-6) production in human 
osteoblasts (Frost et al. 2001, Silfversward et al. 
2004). In addition, excessive expression of IL-4 
in transgenic mice results in a low-turnover osteo-
porosis (Lewis et al. 1993). Recently, we found 
that depletion of IL-4 and IL-13 led to an isolated 
reduction in cortical bone mass in adult male mice 
(Silfversward et al. 2007). As this indicates that 
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IL-4 and IL-13 may possibly have a role in bone 
modeling, we considered that it would be of inter-
est to study their effects in other events associated 
with bone formation, such as fracture healing and 
heterotopic bone formation.

Material and methods

IL-4-/-IL-13-/- and WT mice were maintained on 
a more than 10 times backcrossed BALB/c back-
ground. In the fracture investigation, mice homo-
zygous for the disrupted IL-4 and IL-13 genes 
were obtained by interbreeding the heterozygotes. 
In the DXBM investigation, homozygous mice of 
each type (WT and IL-4-/-IL-13-/ were obtained by 
interbreeding homozygotes (WT + WT and IL-4-/-

IL-13-/- + IL-4-/-IL-13--/-, respectively). Genotyp-
ing of tail DNA was performed at 3 weeks of age 
using PCR as previously described (McKenzie et 
al. 1999). 3 primers with the following sequences 
were used: 5´-CCT GGA TTC CCT GAC CAA 
CAT C-3´, 5´-GGC CTT GCG GTT ACA GAG 
GCC-3´, and 5´-ACC ACA CTG CTC GAC ATT 
GGG TG-3´ (Thermo Electron Corporation, Ulm, 
Germany). Program conditions were 94ºC for 2 
min, and then 94ºC for 30 seconds, 60ºC for 30 sec-
onds, and 72ºC for 1 min for 30 cycles, followed by 
72ºC for 10 min. Animals had free access to fresh 
water and food pellets (R36; Lactamin, Kimstad, 
Sweden). Approximately 300 mice were bred to 
obtain the animals used in the present study.

The project was approved by the Ethics Com-
mittee of Uppsala University, Sweden (reg. no. 
C155/5). 

Fracture healing

We used a modified version of a mouse fracture 
model as previously described (Skoglund et al. 
2002). Adult male mice, IL-4-/-IL-13-/- and WT, 
were anesthetized by intraperitoneal injection with 
0.2 mL of a mixture of Dormitor Vet. (1 mL at 1 
mg/mL; Orion Pharma Animal Health Care, Soll-
entuna, Sweden) and Ketalar (1.5 mL at 50 mg/mL; 
Phizer AB, Täby, Sweden) suspended in 2.5 mL of 
NaCl. Using sterile conditions, the distal part of the 
left femur was exposed by a lateral incision. The 
patella was dislocated medially to expose the femur 
condyles. A cannulated needle (0.6 mm diameter) 

was drilled into the bone marrow cavity to the level 
of the major trochanter. The needle was backed 1 
mm, cut off, and reinserted to minimize damage to 
the knee. A standardized diaphysial fracture of the 
femur was then created using specially constructed 
tongs with semi-lunar cutting edges, sparing the 
intramedullarly placed needle precisely. After 
repositioning of the patella muscles covered the 
fracture and the muscles on the lateral aspect of the 
femur, mostly bluntly dissected, spontaneously fall 
back in position to cover the fracture giving no need 
for adaptive muscular sutures. Postoperatively, the 
mice showing slow recovery were given a wake-up 
dose (0.1 mL) of Antisedan Vet. (5 mg/mL; Orion 
Pharma Animal Health Care, Sollentuna, Sweden) 
suspended in NaCl in a 1:4 ratio. They were ini-
tially left to recover in separate heated cages. The 
mice started to use their operated leg within 1–3 
days postoperatively, whereafter they—apart from 
initial limping—showed normal behavior. 5 weeks 
postoperatively, the animals were killed by CO2 
inhalation, examined by faxitrone, and dissected 
for removal of the femora. Before further analy-
sis, femurs were fixed by immersion in Zamboni’s 
solution for 24 h and the specimens were then 
incubated for 2 days in 20% sucrose with Sörensen 
phosphate buffer containing 0.01% sodium azid 
and 0.02% bacitracin (Sigma), and then kept in the 
same solution until further analysis (Table 1).

Heterotopic bone 

In a parallel investigation, adult male and female 
mice (IL-4-/-IL-13-/- and WT) were operated with 
implantation of demineralized, xenogenic bone 
matrix (DXBM) prepared from long bones of 
Sprague-Dawley rats (Nilsson et al. 1986). The 
mice were anesthetized as described above. Under 
sterile conditions, a small incision was made bilat-
erally on the lateral proximal thigh and a pouch 
was created in the rectus femoris muscle by blunt 
dissection. One DXBM implant (2 mg) was placed 
in each muscle pouch, and then the fascia and skin 
were closed with sutures. The above-mentioned 
postoperative regime was used and most of the ani-
mals started to use their operated leg within 1–2 
days. 5 weeks postoperatively, the animals were 
killed by CO2 inhalation and examined by faxitron 
radiography. The implants were dissected free and 
removed for further analysis (Table 2). 
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Radiography by faxitron

In both investigations, radiographs of animals were 
taken immediately after killing and prior to dissec-
tion using faxitron (Faxitron Series Cabinet X-ray 
System; Hewlet Packard, Palo Alto, CA). Voltage 
and duration were optimized separately for ani-
mals included in the fracture experiment (40 V and 
40 seconds, respectively) and for animals in the 
DXBM experiment (46 V and 40 seconds).

Peripheral quantitative computerized tomog-
raphy (pQCT)

Dissected fracture specimens, IL-4-/-IL-13-/- and 
WT (n = 8 + 8), were analyzed by pQCT using 
Stratec peripheral quantitative computerized 
tomography (pQCT) equipment (XCT Research 
M with software version 5.4B; Norland Medical 
Systems/CooperSurgical, Trumbull, CT) operating 

at a resolution of 70 µm as previously described 
(Windahl et al. 1999). The callus was measured by 

Table 1. Protocol for animals (all male) in the fracture 
study

Mouse  Geno- Killed  Radiog- pQCT Bio- Histol-
 type at raphy  mech. ogy

  1 KO 5 weeks X X    X b

  2 c KO perop.        
  3 KO 5 weeks X X    X b

  4 WT 5 weeks X    X  X 
  5 WT 5 weeks X X    X b

  6 WT 5 weeks X X    X b

  7 WT 5 weeks X   X  X 
  8 WT 5 weeks X X  X  
  9 WT 5 weeks X   X  
10 c KO postop.        
11 KO 5 weeks X   X a  X 
12 WT 5 weeks X X  X  
13 KO 5 weeks X X  X  X 
14 WT 5 weeks X X  X  X 
15 WT 5 weeks X X  X  
16 WT 5 weeks X X  X  
17 KO 5 weeks X X  X  X 
18 WT 5 weeks X    X  X 
19 KO 5 weeks X X  X  X 
20 WT 5 weeks X X  X  X 
21 KO 5 weeks X X  X  
22 KO 5 weeks X X  X  X 
23 c KO postop.        
24 KO 5 weeks X X  X  X 
      
a Broken at dissection and therefore excluded from 
   biomechanical testing.  
b Selected for unbroken callus histology and therefore 
   excluded from biomechanical testing.
c Animals died peroperatively or postoperatively (within 
   24 h) for anesthesiological reasons. 

Table 2. Protocol for animals in the DXBM study

   
Animals Geno- Killed X-ray Ash Histol. 
 type ata

Male
 1 KO 5 weeks X X X
 2 KO 5 weeks X X  
 3 KO 5 weeks X X   
 4 KO postop.      
 5 KO 5 weeks X X X
 6 KO 5 weeks X X X
 7 KO 5 weeks X X X
 8 KO 5 weeks X X X
 9 KO 5 weeks X X X
 10 KO 5 weeks X X X
 11 KO 5 days      
 12 KO 5 weeks X X   
  13 WT postop.     
 14 WT postop.       
  15 WT 5 weeks X X X
 16 WT 5 weeks X X X
 17 WT 5 weeks X X X
 18 WT postop.       
  19 WT 7 days      
  20 WT 5 weeks X X X 
  21 WT 5 weeks X X X
 22 WT 5 weeks X X X
 23 WT 5 weeks X X  
 24 WT 5 weeks X X X 
Female
 25 KO postop.     
 26 KO 5 weeks X X X
 27 KO 5 weeks X X  
 28 KO 5 weeks X X X
 29 KO 5 weeks X X X
 30 KO 5 weeks X X X
 31 KO 5 weeks X X X
 32 KO 5 weeks X X X
 33 KO 5 weeks X X  
 34 KO 5 weeks X X X
 35 KO 5 weeks X X  
 36 KO 5 weeks X X  
 37 WT 5 weeks X X X
 38 WT 5 weeks X X  
 39 WT 5 weeks X X  
 40 WT 5 weeks X X X
 41 WT 5 weeks X X X
 42 WT 5 weeks X X  
 43 WT 5 weeks X X  
 44 WT 5 weeks X X  
 45 WT 5 weeks X X X
 46 WT 5 weeks X X X
 47 WT 5 weeks X X X
 48 WT 5 weeks X X  
       
a 5 animals died peroperatively or postoperatively (within 
24 h) for anesthesiological reasons. 2 animals died, on 
day 5 and day 7. Autopsy was inconclusive; however, bite 
injuries were suspected.
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performing 5 consecutive pQCT sections, starting 
from the center of the callus, each with a thickness 
of 5 µm. Analysis of these 5 sections was used to 
determine the average cross-sectional area, calcu-
lation of callus volume, and for determination of 
bone mineral density (BMD) and bone mineral 
content (BMC) in each fracture.

Mechanical testing 

Fracture specimens, IL-4-/-IL-13-/- (n = 6) and WT 
(n = 10), were tested to failure by three-point bend-
ing at room temperature on an electromechanical 
testing machine (Avalon Technologies, Roches-
ter, MN) at a rate of 1 mm/second. The distance 
between the end-supports was 8 mm. The speci-
mens were placed in such a way that the load was 
applied in an anteroposterior direction with the 
center of the callus in the middle between the two 
supports. An axial load cell with range 0–25 lb was 
used (Transducer Techniques Inc., Temecula, CA). 
Values for load and displacement were collected 
50 times per second until failure, using software 
provided with the testing machine (Testware II; 
Avalon Technologies). The data collected were 
stored as data files including the variables time, 
displacement, and load. Based on the collected 
data load at failure, displacement at failure, stiff-
ness at failure, maximal stiffness, and energy to 
failure were calculated. The bending stiffness was 
calculated by using the load and displacement data 
to define a slope, after which the tangent of the 
maximal slope for each sample was used. Energy 
to failure was defined by the area under the load-
displacement curve.

Measurement of mineralization

Retrieved (left-side) DXBM implants from IL-4-

/-IL-13-/- and WT male (n = 10 + 8) and female 
(n = 11 + 12) mice were ashed in a muffle furnace 
(type 48000; Barnstead/Thermolyne, Essex, UK) 
at 600ºC for 24 h and weighed. Mean values of ash 
weights in the 2 groups (WT and IL-4-/-IL-13-/-) 
were compared, for male and female animals sepa-
rately. 

Histological analysis

Fracture model. In the fracture experiment, his-
tological analysis was performed in mechanically 
tested callus specimens from 6 IL-4-/-IL-13-/- male 

and 5 WT male animals. Also, 4 intact calluses, 2 
IL-4-/-IL-13-/- and 2 WT, were examined. For his-
tochemistry, the specimens were demineralized in 
EDTA at 4ºC for 4 weeks before being sectioned 
longitudinally on a Leica cryostat at a thickness 
of 14 µm, and then kept at –70ºC. Frozen sections 
were chosen consecutively for hematoxylin-eosin 
(H&E) staining, for morphological analysis, and 
indirect immunofluorescence. Antibodies (rabbit) 
to protein gene product 9.5 (PGP 9.5) (Dako, 
Glostrup, Denmark) and growth-associated pro-
tein 43 (GAP-43) (Chemicon) were used as mark-
ers of mature and newly formed immature nerve 
fibers, respectively. Antibodies (rabbit) to calcito-
nin gene-related peptide (CGRP) (Peninsula Lab-
oratories/Bachem, Torrance, CA) and neuropep-
tide Y (NPY) (Peninsula Laboratories/Bachem) 
were used as markers of sensory and autonomic 
nerves. For identification of newly formed ves-
sels, antibodies (goat) to platelet endothelial cell 
adhesion molecule-1 (PECAM-1/CD31) (Santa 
Cruz Biotechnology, Santa Cruz, CA) were used. 
The sections were initially incubated with 10% 
normal NSS (normal swine serum), followed by 
incubation with the primary antibody (one of the 
5 mentioned above) at a dilution of 1:200, for 
12 h at 4ºC. The secondary antibody, fluorescein 
isothiocyanate (FITC)-conjugated antibodies 
(swine anti-rabbit was used for the neuropep-
tides. Donkey anti-goat was used for detection 
of pecam-1/CD-31) to the appropriate species of 
primary antibody and diluted 1:20 was applied 
for 30 min at 37ºC. Vectashield (Vector Labo-
ratories, Burlingame, CA) was used as anti-fade 
mounting medium.

The sections were analyzed by 2 independent 
observers using a Nikon and a Leica epifluores-
cence microscope at a wavelength of 490 nm. Mor-
phology and occurrence of positive immunoreac-
tive staining for nerve fibers and vessels were con-
sidered. A finding was regarded as positive when 
confirmed by both observers in at least one-third 
of the sections, and in the majority of the implants. 
Thus, a positive finding required positive immu-
nostaining for the specific antibody in 5 specimens 
out of 8 in male IL-4-/-IL-13-/-mice and in 4 speci-
mens out of 7 in male WT mice. 

Heterotopic bone model. Retrieved (right-side) 
DXBM implants from IL-4-/-IL-13-/- and WT male 



414 Acta Orthopaedica 2008; 79 (3): 410–420

(n = 10 + 8) and female (n = 11 + 12) mice were 
harvested 5 weeks after implantation, as described 
above. 27 specimens of the total (41) were handled 
and processed for histochemistry, H&E staining, 
and indirect immunofluorescence in accordance 
with the technique given for the fractures previ-
ously mentioned, except that no demineralization 
was required. After fixation and rinsing, the sec-
tions were kept at –70°C before staining. Speci-
mens were prepared for histological and immu-
nohistological analysis of nerve ingrowth and 
vascularization as specified above. The DXBM 
implants were analyzed separately for DXBM, 
bone marrow formed within the implant, capsule 
around the implant, and surrounding muscle. A 
finding was regarded as positive when confirmed 
by both observers in at least one-third of the sec-
tions, and in the majority of the implants. Thus, a 
positive finding required a positive immunostain-
ing for the specific antibody in 4 specimens out of 
7 in male and female IL-4-/--IL-13-/- mice and male 
WT mice, and in 4 specimens out of 6 in female 
WT mice. 

Statistics

For statistical evaluation of pQCT data, callus 
volume, BMD, BMC, and ash weight, Student’s 
2-tailed t-test for independent groups was used. 
Mechanical data were statistically evaluated using 
the Mann-Whitney U-test. We used Statistica soft-
ware (Scand AB, Uppsala, Sweden).

Results

Fracture investigation

3 mice in the IL-4-/-IL-13-/- group died during 
surgery or in the recovery period (within 24 h of 
surgery). No heavy bleeding was detected and 
we believe that an overdose of anesthesia was the 
cause of death. The remaining mice sustained the 
treatment without complications (Table 1).

Radiography

All animals showed healing by radiography, with 
mineralized callus formation at the fractures. There 
were no visual differences in callus development 
between the 2 groups (Figure. 1).

Callus bone parameters as determined by 
pQCT

A slight decrease in callus volume and bone min-
eral content (BMC) as determined by pQCT was 
detected between IL-4-/-IL-13-/- male mice and WT 
male mice (n = 8 in both cases). This difference 
was not statistically significant, however. No dif-
ference in BMD was found between the IL-4-/-IL-
13-/-group and the WT group (Table 3). 

Mechanical strength

No differences in the parameters load, displace-
ment, stiffness, or energy to failure were detected 
between IL-4-/-IL-13-/- and WT mice (n = 6 and n = 
10, respectively). (Table 4)

Histology

4 animals (2 WT and 2 IL-4-/-IL-13-/-) with 
intact fracture callus, and mechanically tested 

Figure 1. Faxitron image of fracture specimens, stabilized 
by intramedullary nail, at killing 5 weeks postoperatively. 
WT animal (left) and IL-4-/-IL-13-/-animal (right).

  WT

Table 3. Callus bone parameters in dissected femora 
5 weeks after fracture. Measurement by 5 consecutive 
pQCT scans over the center of the callus in adult male 
WT (n = 8) and KO (n = 8) mice. Values are mean (SEM) 

 Control Knockout p-value a

Volume (mm3) 3.5 (0.47) 2.9 (0.46) > 0.1
BMD (mg/mm3) 0.3 (0.01) 0.3 (0.01) > 0.1
BMC (mg) 1 (0.12) 0.9 (0.11) > 0.1
     
 a Two-tailed Student’s t-test. 

  IL-4-/-IL-13-/-
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callus specimens from 6 IL-4-/-IL-13-/- and 5 WT 
males were analyzed histologically. H&E stain-
ing revealed a sparse fracture callus in all femora. 
Close to the fracture site, inclusions of fibrous 
tissue resembling Volkmann’s canals were found. 
In both knockout mice (IL-4-/-IL-13-/-) and WT 
mice, vascular endothelial staining (by PECAM-
1) was positive only in the Volkmann’s canals. In 
the callus tissue, no positive immunoreactivity was 
found for any of the four primary neuronal anti-
bodies in use (against GAP-43, PGP 9.5, CGRP, 
and NPY). In the marrow of IL-4-/-IL-13-/- mice, 
immature nerve fibers (GAP-43) and sensory- 
(CGRP) and autonomic fibers (NPY) were found 
while only immature fibers (GAP-43) were found 
in the marrow of WT mice. Nerve fibers in the 
marrow were often adjacent to vessels, but were 
also represented by single branching fibers with 
varicosities and without sprouting. In the cortical 
bone, no positive immunoreactivity to nerves was 
found in either IL-4-/--IL-13-/- or WT mice. In the 

periosteum and surrounding muscular tissue, posi-
tive immunoreactivity to all four neuronal antibod-
ies was found in all mice (IL-4-/-IL-13-/- and WT). 
Nerve fibers in these tissues were often long and 
branching, and rich in varicosities—or accompa-
nied newly formed vessels. No histological differ-
ences were detected between broken and unbroken 
calluses (Table 5). 

Heterotopic bone investigation

Three mice in the IL-4-/-IL-13-/- group and four in 
the WT group died after surgery. 5 of these animals 
died in the recovery period within 24 h of surgery. 
Similarly to the fracture study, no heavy bleeding 
was detected and we believe that an overdose of 
anesthesia was the cause of death. 2 of the animals 
died after 5 and 7 days, respectively, probably as 
a result of bite injuries detected at autopsy. The 
remainder sustained the treatment without compli-
cations (Table 2).

Radiography

Animals of both sexes in both groups, (IL-4-/-IL-
13-/- and WT), were examined by radiography 
of the implant sites after being killed at 5 weeks. 
Radiographic signs of mineralization were evident 
in most, but not all, animals (Figure 2). Repeated 
radiographs of dissected implants did, however, 
confirm mineralization in all specimens (data not 
shown). 

Mineralization as determined by ash weight of 
the DXBM implants

When mean values of ash weight at 5 weeks in IL-

Table 4. Mechanical strength of callus as measured 
by three-point bending 5 weeks after femur fracture in 
adult male WT (n = 10) and KO (n = 6) mice. Values are 
mean (SEM)

 
 Control Knockout p-value a

Load (N) 10 (0.94) 13 (2.4) > 0.1
Displacement (mm) 0.79 (0.08) 0.71 (0.07) > 0.1
Stiffness (N/mm) 14 (1.6) 20 (4.5) > 0.1
Energy at failure (J) 3.5 (0.5) 2.9 (0.3) > 0.1
     
a Mann-Whitney U-test.

Table 5. Histology fracture model

   
 Male IL-4/13 knockout mice (n = 8) Male WT mice (n = 7)
 Callus Marrow Cortical Periost. Muscle Callus Marrow Cortical Periost. Muscle
                 
GAP-43  –  +  –  +  +   –  +  –  +  +
PGP 9.5  –  –  –  +  +   –  –  –  +  +   
CGRP  –  +  –  +  +   –  –  –  +  +
NPY  –  +  –  +  +   –  –  –  +  +
PECAM-1  +  –  +  –  –   +  –  +  –  –
H&E sparse          sparse 
           
Histological analysis of bone formation (H&E), presence of nerve fibers (staining for GAP-43, PGP 9.5, CGRP, NPY)
and vascularity in and adjacent to fracture callus (at 5 weeks) for male IL-4/13 knockout and WT mice. Gap-43 staining
indicates immature nerve fibers, PGP 9.5 mature nerve fibers, CGRP sensory nerve fibers, and NPY indicates 
autonomous nerve fibers. PECAM-1 staining indicates vascular infiltration. Both biomechanically tested calluses 
(IL-4/13 knockout: n = 6; WT: n = 5) and intact calluses (IL-4/13 knockout: n = 2; WT: n = 2) are included in the table.
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4-/-IL-13-/- and WT mice of both sexes were com-
pared, no statistically significant differences in the 
amount of mineralization were detected. The mean 
values were: male WT mice, 1.85 mg (n = 10); 
male IL-4-/-IL-13-/- mice, 1.48 mg (n = 8); female 
WT mice, 2.2 mg (n = 12); female IL-4-/-IL-13-/- 
mice, 2.08 mg (n = 11). Thus, there was a tendency 
to be less bone in the IL-4-/-IL-13-/- mice (Figure 
3), but this was not statistically significant.

Histology

H&E staining revealed bone formation in 13/14 
implants in IL-4-/-IL-13-/- mice and in 13/13 
implants in WT mice. Thus, there was no differ-
ence between wild-type and knockout mice, female 
or male, in occurrence of new bone formation. In 
all the implants, an ossicle was found with a sur-
rounding periosteum-like capsule of connective 
tissue. Extensions of this fibrous tissue were found 
in the implants as finger-like taps and islands, 

and they showed a floating transition to the bone 
marrow. A vascular endothelial network was found 
(PECAM-1) in the implanted matrix and newly 
formed marrow. Within the implant matrix, posi-
tive PECAM-1 staining was found but only in WT 
males and females. In the capsule and surrounding 
muscular tissue, the vessels resembled a dense net-
work in both IL-4-/-IL-13-/- and WT mice regard-
less of gender (Table 6 and Figure 4). No positive 
immunoreactivity to nerve fibers was found in the 
DXBM matrix or marrow in any type of mouse, 
while the muscle showed immunoreactivity to all 
types of nerve fibers. In the capsule and muscular 
tissue, immature nerve fibers (as detected by GAP-
43 staining) and mature nerve fibers (as detected 
by PGP 9.5 staining) were present in all mice. 
These were seen as a network surrounding blood 

Figure 2. Faxitron image of DXBM implant specimens at 
killing 5 weeks postoperatively. WT animal (left) and IL-4-/-

IL-13-/- animal (right).

  IL-4-/-IL-13-/-  WT

Table 6. Histology DXBM model

  
 IL-4/13 knockout mice (M 7 / F 7) WT mice (M 7 / F 6)
 Impl Marrow Capsule Muscle Impl Marrow Capsule Muscle
   M / F M / F M / F  M / F  M / F  M / F  M / F  M / F

GAP  - / -  - / -  + / +  + / +  - / -  - / -  + / +  + / +
PGP  - / -  - / -   + / +  + / +  - / -  - / -  + / +  + / +
CGRP  - / -  - / -  - / -  + / +  - / -  - / -  + / -  + / +
NPY  - / -  - / -  - / -  + / +  - / -  - / -  + / +  + / +
PECAM-1  - / -   + / +  + / +  + / +  + / +  - / +  + / +  + / +
H&E bone in 13 out of 14 bone in 13 out of 13
         
Histological analysis of bone formation (H&E), presence of nerve fibers (staining for GAP-43, 
PGP 9.5, CGRP, NPY) and vascularity in and adjacent to DBMX implants (at 5 weeks) for male 
and female IL-4/13 knockout and WT mice. Gap-43 staining indicates immature nerve fibers, 
PGP 9.5 mature nerve fibers, CGRP sensory nerve fibers, and NPY indicates autonomous 
nerve fibers. PECAM-1 staining indicates vascular infiltration. 

Figure 3. Ash weight of implants in the 2 groups (WT and 
IL-4-/-IL-13-/-) at killing 5 weeks after implantation. Values 
are given as mean ± SEM. * p < 0.05, ** p < 0.01 relative to 
control (Student t-test).

3.0 IL-4-/-13-/-
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vessels or as single nerve fibers rich in varicosi-
ties and windings. Autonomic (NPY staining) and 
sensory (CGRP staining) nerve fibers were pres-
ent in the surrounding muscular tissue in all mice. 
However, autonomic nerve fibers (NPY staining) 
were found in the capsules of WT male and female 
mice (Figure 5) but not in the capsules of IL-4-/-IL-
13-/- mice, and sensory fibers (CGRP staining) were 
only found in the capsules of WT males but not in 
those of WT females (Table 6).

Discussion

Here we studied the effect of IL-4 and IL-13 
depletion on bone regeneration in mice. We found 

recently that there was a selective reduction of 
cortical bone mass in adult male mice depeleted 
of these Th2-related anti-inflammatory cytokines 
(Silfversward et al. 2007). This finding prompted 
us to perform the present investigation, which was 
designed to investigate the role of IL-4 and IL-13 
in bone formation. There are a number of essential 
events involved in fracture healing and bone induc-
tion, each of which may be influenced by altera-
tions in cytokine levels. Injury affects the immuno-
logical system, with alterations in T-cell response 
and cytokine production (Zellweger et al. 1995). 
Suppression of T-cell proliferation is seen in the 
early stages after trauma. Earlier studies on Th2-
type cytokines have been inconclusive. However, 
there is some evidence for a possible shift towards 
Th2 cytokine production following trauma (Mack 
et al. 1996, Meert et al. 1998, Kang et al. 2004). 
A number of important events regulate fracture 
healing, to restore the strength and integrity of the 
bone (Bolander 1992). A key event is the formation 
of new blood vessels—angiogenesis—which is in 
fact the hallmark of all types of wound healing. 
Callus is characterized by rapidly developing new 
vessels that are necessary to provide nutrients to 
the new, growing bone tissue (Folkman and Shing 
1992, Street et al. 2000). Recruitment of pleuripo-
tent cells, and their proliferation and differentiation 
into bone-forming cells in response to trauma, or 
bone loss, is also crucial. Bone progenitor cells are 
recruited from the periosteum and endosteum by 
chemotaxis. They differentiate to become osteo-
blasts producing components of the extracellu-
lar matrix, most importantly type I collagen. The 
matrix is mineralized by hydroxyapatite crystals 
deposited around the collagen fibrils (Ducy et al. 
2000, Szczesny 2002). This process is orchestrated 
by a variety of factors in the microenvironment of 
bone formation where growth factors, cytokines, 
and neuropeptides have important roles in regulat-
ing chemotaxis, proliferation, differentiation, and 
communication (Canalis et al. 1989, Sisask et al. 
1996, Reddi 1998, Barnes et al. 1999). 

In this context, we have now studied the pos-
sible roles of IL-4 and IL-13 in fracture healing 
and in heterotopic bone formation. These two 
experimental models were chosen since they both 
reflect physiological processes. Fracture healing 
has been studied earlier in different rodent models 

Figure 5. Autonomic nerve fibers (NPY) in the capsule of a 
WT female mouse, shown by arrows. Mu: muscle; C: cap-
sule; and I: implant.

Figure 4. Vascularity in and adjacent to DXBM implant in 
male WT mouse as shown by staining for platelet endo-
thelial cell adhesion molecule-1 (PECAM-1/CD31). Mu: 
muscle; C: capsule; I: implant; and Ma: marrow. Arrows 
indicate blood vessels.
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(Hiltunen et al. 1993, Olmedo et al. 1999, Bhandari 
and Shaughnessy 2001). Also, studies on treatment 
with growth factors have been published that have 
shown a positive effect of growth hormone (GH), 
insulin-like growth factor (IGF-1), and transform-
ing growth factor-β1 (TGF-β1) on fracture healing. 
(Linkhart et al. 1996, Schmidmaier et al. 2002, 
Wildemann et al. 2003).

Here we adopted a modified version of a mouse 
femoral fracture model described by Skoglund 
et al. (2002). In the fracture part of the study, we 
chose only adult male mice in which we had pre-
viously detected a selective cortical bone pheno-
type. Comparing IL-4-/-IL-13-/- and WT mice, we 
found no differences in fracture healing as evalu-
ated by radiology, pQCT, or mechanics. In contrast 
to what was found in WT mice, however, autono-
mous and sensory nerve fibers could be detected 
in the marrow cavities of the fractured bones of 
male IL-4/IL-13 depleted mice by immunohisto-
chemistry, but this difference did not result in any 
difference in fracture healing or gross morphology 
of the calluses. We conclude that the reduction in 
cortical bone mass seen in the absence of the two 
Th2-derived cytokines IL-4 and IL-13 was not 
reflected by alteration in fracture healing in adult 
male mice.

Bone formation may occur heterotopically, 
outside normal bone tissue borders, e.g. in some 
hereditary disorders (Shore et al. 2000) or as a 
complication of endoprosthetic surgery or soft 
tissue trauma. Heterotopic bone formation is made 
possible by chemotaxis of undifferentiated mesen-
chymal cells that become primed to differentiation 
along the chondroblastic and osteoblastic path-
ways of bone formation. This process of osteoin-
duction is also dependent on cytokine influences in 
the microenvironment, with bone morphogenetic 
proteins (BMPs) as important regulators (Urist et 
al. 1983, Linkhart et al. 1996, Wozney and Rosen 
1998, Croteau et al. 1999).

 In the second part of this study, we investigated 
the capacity to form heterotopic bone by induction 
of DXBM in IL-4 and IL-13 depleted adult mice 
of both sexes. Analysis of net bone formation at 
5 weeks by radiography and ash weight measure-
ments revealed no differences between IL-4-/-IL-
13-/- and WT mice, although a tendency of less 
bone in the IL-deficient mice was noted. By histol-

ogy, we found an absence of autonomous nerves 
(by NPY staining) in the capsule of IL-4-/-IL-13-/- 
mice of both sexes. This finding is interesting since 
osteoblasts have been shown to express receptors 
for NPY, indicating that this neuropeptide may 
have a role in bone formation (Bjurholm et al. 
1992). In addition, NPY has been shown to inhibit 
the effects of PTH in osteoblastic cells (Bjurholm 
et al. 1988). Thus, the lack of expression of NPY 
in the IL-4 and IL-13 deficient mice indicates one 
possible mechanism by which the reduced corti-
cal bone in these mice may have been produced. 
In both groups, there was abundant vasculariza-
tion of all parts of the implants, but no differences 
were detected except for less labeling within the 
inductive implant matrix of IL-4 and IL-13 defi-
cient mice of both genders relative to WT mice. 
The importance of these histological findings is not 
clear at the moment since the effects of induction 
on net bone formation seem limited. They indicate 
another possible mechanism for inhibition of bone 
formation since vascularization of the inductive 
implant matrix is one prerequisite for the induction 
of cartilage and bone (Urist et al. 1983). However, 
the results also show that IL-4 and IL-13 have no 
major net effects on fracture healing or on hetero-
topic bone formation in mice. This is fully compat-
ible with the rather subtle effect on bone noted in 
adult male mice only.

In conclusion, we could not identify any major 
effect of IL-4 and IL-13 depletion on fracture 
healing or heterotopic bone formation in mice, 
although this alteration results in reduced corti-
cal bone mass in male mice. We detected altered 
expression of autonomous and sensory nerves in 
the bone marrow of fractured bone, and in the cap-
sule surrounding induced heterotopic bone along 
with reduced angiogenesis within the implants. The 
reason for this lack of effect on bone regeneration 
can only be speculated upon. Experimental condi-
tions with a strong signal for new bone formation 
or a possible alteration in immunological response 
secondary to the operative trauma might have influ-
enced the results. In this way, the relatively weak 
effects of IL-4 and IL-13 in bone can be hidden by 
the effects of more powerful factors such as growth 
hormone (GH), insulin-like growth factor (IGF-1), 
bone morphogenetic proteins (BMPs), and trans-
forming growth factor-β1 (TGF-β1). 
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