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Abstract   

 

The secreted protein Dickkopf-1 (Dkk1) is an antagonist of canonical Wnt signaling, 

expressed during fracture healing. It is unknown if it is involved in the mechanical control of 

bone maintenance. We investigated the response to administration of a Dkk1 neutralizing 

antibody (Dkk1-ab) in metaphyseal bone under different loading conditions, with or without 

trauma. In this three part experiment, 120 rats had a screw or bone chamber inserted either 

unilaterally or bilaterally in the proximal tibia. Mechanical (pull-out) testing, µCT and 

histology were used for evaluation. The animals were injected with either 10 mg/kg Dkk1-ab 

or saline every 14 days for 14, 28, or 42 days. Antibody treatment increased bone formation 

around the screws and improved their fixation. After 28 days, the pull-out force was increased 

by over 100%. In cancellous bone, the bone volume fraction was increased by 50%. In some 

animals, one hind limb was paralyzed with Botullinum toxin A (Botox) to create a 

mechanically unloaded environment. This did not increase the response to antibody treatment 

with regard to screw fixation, but in cancellous bone, the bone volume fraction increased by 

233 %. Thus, the response in unloaded, untraumatized bone was proportionally larger, 

suggesting that Dkk1 may be up-regulated in unloaded bone. There was also an increase in 

thickness of the metaphyseal cortex. In bone chambers, the antibody treatment increased the 

bone volume fraction. The results suggest that antibodies blocking Dkk1 might be used to 

stimulate bone formation especially during implant fixation, fracture repair, or bone disuse. It 

also seems that Dkk1 is up-regulated both after metaphyseal trauma and after unloading, and 

that Dkk1 is involved in mechano-transduction.  

 

Key words: Dickkopf, wnt-signalling, bone healing, rat, implant fixation 
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Introduction 

 

Most fractures occur in osteoporotic cancellous bone in metaphyseal regions, such as the hip, 

spine or forearm. Screws, pins and plates may be inserted to stabilize these fractures.  In 

cancellous bone, the response to the trauma of inserting a screw is similar to metaphyseal 

fracture repair: both are examples of trauma-induced membranous bone formation. This new 

bone formation is important for the strength of screw fixation, especially when the initial 

fixation is weak. Consequently, the regeneration of bone after trauma can be estimated by 

measuring the mechanical fixation of screws and the formation of new bone around them. The 

early fixation of total joint replacements also depends on a fracture-type response in 

metaphyseal bone. Increased bone formation at early stages in the healing or incorporation 

process might provide a better long-term prognosis due to the correlation between improved 

early fixation and reduced risk of late loosening [1].  

 

Dickkopf-1 (Dkk1) is a secreted glycoprotein. It is a potent Wnt antagonist [2], vital for head 

and limb development [2-3]. Dkk1 binds to low-density lipoprotein related proteins 4, 5 and 6 

(LRP4/5/6) [4-7]. The exact mode of action is unclear, but it appears that Dkk1 directly 

competes with Wnt-ligand in binding to LRP6 [8] thus antagonizing Wnt signalling [9] and 

increasing β-catenin degradation. This β-catenin accumulation favors mesenchymal stem cell 

commitment for an osteogenic fate [10]. By modulating Wnt signaling, it is possible to 

achieve an anabolic effect in bone. Skeletal trauma causes a local increase in Wnt signaling 

[11] and it has been shown that the pathways involved in bone Wnt signaling are necessary 

for bone healing [11-12] and for bone formation in general [13-15]. Fracture repair can be 

influenced by blocking Dkk1 in mice [16] and a decrease in Dkk1 gene expression leads to an 

increase in bone mass and strength [15, 17]. 
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Sclerostin, another bone specific antagonist to Wnt signaling, has been shown to be an 

important mediator of the response and adaptation of bone to mechanical loading [18]. It has 

also been shown that Dkk1 expression is influenced by mechanical load [19], although  not to 

the same degree as sclerostin. To further investigate this, we compared the response to 

antibodies blocking Dkk1 in traumatized and untraumatized bone, under both loaded and 

unloaded conditions.  

 

This study tested three hypotheses. The first was that systemic administration of a Dkk1 

neutralizing antibody increases the healing response to trauma, thereby improving the fixation 

of an implanted screw.  The second hypothesis was that the same antibody promotes bone 

generation in general, leading to increased density in untraumatized bone and increased bone 

formation in a titanium chamber. The third was that these responses are dependent on 

mechanical loading.    
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Materials and Methods 

 

Experimental overview 

The study consists of three sets of in vivo experiments. All studies involve insertion of an 

implant into the proximal tibia of one or both legs. A total of 120 male, 10 week old Sprague 

Dawley rats (Taconic, Lille Skensved, Denmark) with a mean weight of 360 ± 30 grams were 

used.  

 

In the first experiment (screw fixation), we studied the response to metaphyseal trauma by 

inserting a stainless steel screw in the right proximal tibia of 40 rats. The fixation was 

evaluated by mechanical pull-out testing after either 14 or 28 days (N = 4 x 10). In the second 

experiment, we studied the capacity for bone regeneration by inserting a titanium chamber 

(bone conduction chamber, BCC) at the same location in 40 rats. The bone regeneration was 

evaluated using histology after 28 days or µCT after 42 days (N = 4 x 10). In the third 

experiment, we studied the role of mechanical loading, by injecting Botullinum toxin A 

(Botox, Allergan, Irvine, CA, USA) to paralyze the muscles in one of the hind limbs in 40 

animals. Screws were inserted bilaterally in the proximal tibiae for 28 days. These were either 

of steel, for mechanical testing (N = 2 x 12), or of PMMA for morphometry measurements by 

µCT (N = 2 x 8).  

 

After surgery, all rats were randomly assigned to either antibody or saline injections. Animals 

were euthanized using carbon dioxide after 14, 28 or 42 days and both tibias were harvested. 

From the animals with a titanium chamber, evaluated with µCT, the L5 vertebra was also 

collected.  
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The rats were given free access to food and water during the experiment, and were housed 

three per cage at 21
◦
C in a room with 12 hours light and 12 hours dark cycle. The study was 

approved by the Regional Ethics Committee for Animal Experiments and institutional 

guidelines for care and treatment of laboratory animals were followed.   

 

Implants 

Stainless steel screws were used for pull-out testing. The screw heads were designed to enable 

mounting in a materials testing machine. The threaded part of the screw was 2.8 mm long and 

1.6 mm in diameter. To avoid metal artifacts during µCT measurements, screws of the same 

size were made out of polymethylmethacrylate (PMMA). Bone formation adjacent to PMMA 

in similar models appears histologically similar to that seen around stainless steel [20]. We 

have previously used PMMA screws to study bone formation in the proximity of an implant 

[21]. To study new bone formation, we used the bone chamber [22]. It consists of a titanium 

screw with a cylindrical
 
interior space 2 mm wide and 7.5 mm long. The chamber is empty at 

insertion, and its bone content after a certain time will reflect the capability for new bone 

formation by membranous ossification.  

 

Dkk1-Antibody 

A chimeric mouse/rat Dkk1 neutralizing antibody (Dkk1-ab) was provided by Lilly (Lilly 

Research Laboratories, Indianapolis, USA). This antibody consists of mouse variable domains 

fused to rat IgG1 kappa constant domains. Antibody solution, 10 mg/kg, or corresponding 

volume of saline was given by subcutaneous injection every 14 days, starting the day after 

surgery. The operators and evaluators were blinded for treatment during the course of the 

experiment.   
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Botox injection 

Animals allocated for unloading were anesthetized with isoflurane and given Botox 

intramuscularly using an insulin-syringe in the calf (Three injections of 1 U) and quadriceps 

femoris muscles (Two injections of 1 U). The hind limb for treatment (left or right) was 

randomly chosen. Two days after the injection, all animals presented an obvious limp and did 

not bear weight on the injected limb. This condition persisted for the duration of the 

experiment. The animals underwent implantation surgery on the third day after the Botox 

injection.  

 

Surgical procedure 

The surgical procedures were identical to those explained in earlier work [21-22]. The rats 

were anesthetized with isoflurane and operated on under aseptic conditions. Briefly, a 1.4 mm 

insertion hole was hand drilled in the cancellous bone, approximately 3 mm distal to the tibial 

physis. A steel or PMMA screw was inserted in the hole and gently screwed in place. Animals 

that received a bone chamber were subjected to the same procedure, but a 3.2 mm
 
diameter 

drill was used to enlarge the hole created in
 
the medial cortex. The chamber was then screwed 

into the hole
 
until its cap rested on the periosteal bone surface.

 
In case of bilateral implants the 

same procedure was repeated on the other limb. The animals were fully weight bearing 

immediately after awakening from anaesthesia. Rats received 0.007 mg of buprenorphine as 

post operative analgesic every 12 hours for 48 hours.  

 

Mechanical evaluation 

All analyses were performed by investigators who were blinded for antibody treatment. 

Harvested bones were kept moist by saline irrigation and all bones were tested within one 

hour after harvesting. Steel screws were tested for pull-out strength in a computerized 
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materials testing machine (100 R; DDL Inc. Eden Prairie, MN, USA), at a cross-head speed of 

0.1 mm/s. These type of measurements have been described in detail earlier [23]. The 

machine recorded the peak force and the energy uptake until the force had dropped to 90% of 

maximum. It also calculated the stiffness from the slope of the force/distance curve at a point 

chosen manually by the investigator. The peak pull-out force was considered the primary 

variable.  

 

To determine if any observed effects were due to a change in the healing response, or due to a 

general effect on the skeleton, the fixation of incorporated screws was compared with screws 

inserted at the end of the experiment. A screw was inserted post mortem in the untraumatized 

contra-lateral tibia, similarly as during the surgical procedure. This screw was tested for pull-

out strength immediately. The same screw was used for all samples. The screw was cleaned 

between each animal.   

 

Histomorphometry 

Histomorphometry was conducted on the bone chamber contents 28 days after insertion, all 

analyses were performed by investigators who were blinded for treatment. After the tibia was 

harvested, the tissue contents were removed from inside the chamber, decalcified, and 

prepared
 
for histology. Sections parallel to the long

 
axis of the chamber were stained with 

hematoxylin and eosin.
 
 

 

The evaluation was done by
 
manual point counting within an area of interest from the bottom

 

of the chamber, i.e. the ingrowth end, towards the frontier of the advancing
 
new bone 

formation. Only the central third of
 
the specimen was evaluated, i.e. bone close to the titanium 

walls was excluded. We used an overlay grid to count points covering new living bone and 
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total points. On average 160 points were counted per specimen. The bone ingrowth distance 

was measured by dividing the area covered by new
 
bone with the width of the sample. These 

measurements were conducted using computer software (Cell-D, Olympus, Germany) on one 

image of the best section from each specimen [22]. All specimens were reassessed after one 

month to determine the standard
 
error of the measurement, which was 4% for bone volume 

fraction. 

 

MicroCT 

For the second bone chamber experiment, 42 days after insertion, the chamber contents, the 

proximal tibia (untraumatized side) and the L5 vertebra were scanned. For the Botox 

experiments, both tibias and the bone surrounding the PMMA screw were scanned. The µCT 

scanner acquired topographic images of the bone with an isotropic voxel size of 15µm 

(Skyscan 1172, v. 1.5, Skyscan, Aarteselar Belgium) at the energy settings of 100 kV and 100 

µA, using aluminum filter of 0.5 mm, and 10 repeated scans. The images were reconstructed 

using NRecon (Skyscan, v 1.5.1.4, Aarteselar Belgium), by correcting for ring artifacts and 

beam hardening. Calibration of bone mineral density (BMD) was carried out according to the 

system manufacturer’s protocol, by scanning of a water phantom and two hydroxyapatite 

phantoms of known density (0.25 and 0.75 g/cm
3
). Mineralized bone tissue was assumed to 

have a BMD over 0.590 g/cm
3
, resulting in grayscale values of 70-255. Figure 1 describes the 

regions of interest for the various analyses. Analysis of bone volume fraction (BV/TV, when 

measured by µCT), and trabecular thickness, separation and number (Tb.Th, Tb.Sp, Tb.N) 

were performed in CTAn (v.1.9.1.0 Skyscan, Aarteselar Belgium). BV/TV was considered the 

primary variable. All analyses were performed in a blinded manner.  
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Figure 1: Regions of interest (ROI) for µCT analyses. The contents of the bone chamber , L5 

vertebrae and the untraumatized proximal tibia were analyzed (A-F). In the bone chamber, a 

cylindrical region of interest with a diameter of 2.1 mm was defined with a 1.2 mm depth (A-

B). In the vertebra, the central cross-section was located, and the trabecular structural 

parameters were analyzed for 3 mm (C-D). For the proximal tibia, a 2.25 mm section (starting 

1.5 mm from the proximal end) was analyzed (E). Only trabecular bone within the region was 

analyzed (F). In traumatized tibia trabecular bone, not in the vicinity of the screw, was 

analyzed similarly as described above but for1.5 mm instead of 2.25 mm (E). Cortical 

thickness was measured in the traumatized tibia at five different locations (G) at the centre of 

the cylindrical ROI defined in (H). In the mechanical unloading experiment, the regions 

surrounding the screw were analyzed (H-J). A 2.5 mm cylindrical ROI coaxially with the 

screw was used for analysis (H). The largest ROI comprised both the entire intraosseous and 

cortical portions extending from the most superficial circular section at the periosteal surface 

down to 0.5 mm beyond the deep end of the screw (I, S1). The marrow portion of the cylinder 

was defined as the part of the cylinder extending from the deep end of the screw 1.5 mm 

toward the periosteum (J, S2).The cortical portion was defined as extending from the most 

superficial circular section 0.5 mm toward the marrow (J, S3). The portion of the cylinder 

made up by the screw was subtracted from all measurements. 
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Statistical analysis 

Results are presented as mean and standard deviation (SD). Most results were analyzed using 

Student’s t-test, after checking that data appeared normally distributed and variances were 

similar. In order to describe the size of the treatment effect, we calculated the confidence 

intervals for differences between group means. The confidence limits were then expressed as 

a percentage of the mean of the corresponding control group. Pull-out forces in rats without 

Botox were tested using 2-way Anova, with time and treatment as fixed factors. When 

comparing loaded and unloaded sides in the same animal, paired t-test was used. Because 

each experiment has a pre-determined primary out-come variable, p-values for other, 

secondary variables were not corrected for multiple testing. A result was considered 

statistically significant if p< 0.05, and all tests were conducted in SPSS statistical software 

(SPSS v 18.0, SPSS Inc. Chicago Il). 
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Results 

 

Screw fixation 

Screws were inserted to study how Dkk1-ab improved their fixation, as a measure of an 

improved metaphyseal healing response. Compared to controls, Dkk1-ab treatment increased 

the pull-out force by almost half after 14 days, and doubled it after 28 days (Figure 2A). 

Energy and stiffness were increased to a similar extent (Figure 2B, C). However, by two-way 

Anova, there was no significant increase in pull-out force over time. Screws inserted into the 

proximal tibia post-mortem showed no increase in pull-out force due to antibody treatment 

(Figure 3). One measurement was excluded because the tibia fractured during screw insertion. 

 

Figure 2: Effect of Dkk1-ab treatment on screw fixation in traumatized bone. Pull-out testing 

14 and 28 days after screw insertion. (A) Peak force was increased by 40%  with the antibody 

compared to controls at 14 days (a, p= 0.043) and 100% at 28 days (b, p < 0.001). (B) Pull-

out energy was increased by 80% (c, p = 0.005) and 160% (d, p < 0.001). (C) Stiffness was 

increased by 120% at 28 days (e, p=0.005). Control samples had a significantly lower peak 

force after 28 days compared to 14 day controls (p= 0.023). Student’s t-test without 

multiplicity correction.  
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Figure 3: Effect of Dkk1-ab treatment on screws inserted into the untraumatized contra-

lateral tibia. These screws had less than half the pull-out force of screws that had been 

allowed to osseointegrate for 14 or 28 days. Compared to controls there no significant effects 

on peak force (A), pull-out energy (B) or stiffness (C 

Student’s t-test without multiplicity correction. 

 

Neo-formation of cancellous bone 

Bone chambers were used to measure the regenerative capacity. In the experiment with 

histological evaluation at 28 days, Dkk1-ab treatment increased the bone volume fraction in 

the chamber by almost 70% (Figure 4A). By histology, ingrowth distance could not be shown 

to be significantly increased (Figure 4B). In both controls and Dkk1-ab treated animals, the 

chambers contained an undifferentiated callus-like tissue at the farthest distance from the 

ingrowth openings, followed by a layer of newly formed bone surrounding a marrow cavity 

with bone trabeculae, which made up most of the volume. The appearance was similar to 

controls in several previous studies [22, 24] and indicated that a frontier of membranous 

ossification followed behind the ingrowing fibrous callus. Behind the ossification frontier, 

bone had been resorbed to make space for bone marrow. Cartilage was never observed, 

although it was not specifically stained for. Five samples were excluded: three because the 
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content of the chamber was too small to be properly evaluated, and two due to technical errors 

during histological preparation.  

 

Figure 4: Effect of Dkk1-ab treatment on intramembranous bone formation. Bone volume 

fraction and bone tissue ingrowth distance inside the bone conduction chamber, as determined 

by histomorphometry after 28 days. (A) Dkk1-ab treatment caused a 70% increase in bone 

volume (a, p= 0.02) while not significantly affecting ingrowth distance (B).  

Student’s t-test without multiplicity correction. 

 

Based on µCT evaluation of the bone chamber experiment after 42 days, Dkk1-ab treatment 

increased the BV/TV in the chamber and the untraumatized proximal tibia to the same degree, 

whereas there was little effect on the vertebrae (Figure 5A). In the tibia, antibody treatment 

induced a small but statistically significant increase in trabecular thickness and a larger 

increase in trabecular number (Figure 5B-D). There was also a significant increase in bone 

ingrowth distance. (Figure 5E). 
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Figure 5: Effect of Dkk1-ab treatment on cancellous bone. Microstructural information from 

bone chamber contents, tibiae and vertebrae after 42 days of treatment as determined by µCT. 

(A) Dkk1-ab increased bone volume fraction (BV/TV) by 40% in both in the untraumatized 

proximal tibia (a, t-test, p< 0.001) and inside the chamber (b, log-transform t-test, p = 0.03), 

but had no significant effect on cancellous bone in the vertebrae. In the trabecular bone in the 

tibia, Dkk1-ab treatment caused an 8 % increase in trabecular thickness (Tb.Th) (B; c, t-test, p 

= 0.004), a 25% decrease in trabecular separation (Tb.Sp) (C; d, log-transform t-test, p = 

0.04), and a 35% increase in trabecular number (Tb.N) (D; e, log-transform t-test, p = 0.003). 

There were no significant changes in the vertebrae. In the bone chamber, the antibody 

increased the bone ingrowth distance, as measured using µCT (E, f, log-transform t-test, p = 

0.03).  
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Response to mechanical unloading 

Screw region 

Botox injections were used to measure the effects of load protection on the response to screw 

insertion (screw region), and on untraumatized bone (cancellous bone). Botox caused a 

clearly visible muscle atrophy, and the weight of the soleus and quadriceps muscles in the 

affected limb was reduced by half (data not shown). Dkk1-ab treatment had no effect on 

muscle loss. In mechanical tests, Botox treatment cause the peak force to drop by half in 

controls (Paired t-test, p = 0.002, Figure 6A). Similarly to the first experiment, Dkk1-ab 

increased the pull-out force in animals with normal loading, but there was no significant 

response to the Dkk1-ab in the Botox treated animals (Figure 6). The log-transformed ratio 

between the pull-out forces of the unloaded and loaded sides in the same animal was similar 

in Dkk1-ab and control groups. Two screws were excluded, one due to a technical error 

during mechanical testing and one because a tibia fractured during dissection.    

 

Figure 6: Effect of Dkk1-ab treatment on screw fixation in loaded or unloaded traumatized 

bone. Pull-out testing 28 days after screw insertion. Botox treatment clearly decreased the 

fixation of inserted screws. In the unloaded bone, Dkk1-ab treatment did not significantly 

increase either peak force (A) pull-out energy (B) or stiffness. In the loaded bone a 70% 

increase in peak force (a, p = 0.0013) was detected, as well as a 90% increase in pull-out 

energy (b, p < 0.001). Student’s t-test after log-transformation without multiplicity correction. 
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Based on µCT measurements (Figure 7), Dkk1-ab treatment increased the BV/TV around the 

screws (Figure 8A), without a clear difference between the cortical or cancellous region of 

interest. Statistically significant effects of the Dkk1-ab were found on BV/TV in the cortical 

region in both loaded and unloaded limbs and for the entire screw region in unloaded limbs 

(Figure 8B-C).  However, the effect of the antibodies was not influenced by unloading. One 

screw was excluded since it had lost fixation and fallen out.  

 

Figure 7: µCT results for mechanical unloading experiment. The median sample for each of 

the four groups was chosen to visualize the findings. Scale bar 1 mm. The right two columns 

show the samples that were injected with Botox, and the first and the third column shows the 

samples that were treated with Dkk1-ab.  A cross-section through the screw is visualized (a), 

and a 3D rendering (b) of the ROI surrounding the screw (Figure 1 H). The Dkk1-ab treated 

groups showed thicker cortex and higher BV/TV compared to controls, whereas the Botox 

treated groups showed thinner cortex, and lower BV/TV in the deep parts of the screws. (c) A 

cross-section through the analyzed trabecular bone is visualized, and a 3D rendering of the 

full trabecular ROI (d). 
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Figure 8: Effect of Dkk1-ab treatment on bone formation around implanted screws in either 

loaded or unloaded (Botox treated) bone. Bone volume fraction (BV/TV) after 28 days of 

treatment, assessed by µCT in the three regions of interest described in figure 1 (H-J). (A) 

Compared to controls, Dkk1-ab increased BV/TV immediately adjacent to the screw by 30% 

(a, p = 0.04) in the unloaded bone. No significant effects were detected in the loaded bone. In 

the cortical (B) and marrow (C) regions, the largest increase in BV/TV occurred in the 

cortical region, in which Dkk1-ab treatment increased BV/TV in both unloaded (b, p = 0.01) 

and loaded (c, p = 0.04) bone. The effect in the marrow region was not significant. Student’s 

t-test without multiplicity correction. 

 

Cancellous bone 

In the proximal tibia, Botox caused an obvious decrease in BV/TV (Figure 9A), trabecular 

thickness and trabecular number, and an increase in trabecular separation (Figure 9B-D). 

These effects were partly countered by Dkk1-ab treatment. Moreover, the ratio between 

unloaded and loaded sides regarding cancellous bone volume was increased by Dkk1-ab 

treatment (Table 1). In unloaded bone the BV/TV was increased by 233 % with Dkk1-ab 

treatment, mainly due to a large increase in trabecular number, whereas in loaded bone the 

increase was only 22 % (Figure 9A). BMD, however, was slightly decreased in both loaded 

and unloaded cancellous bone with Dkk1-ab treatment, probably because the newly formed 

bone was less mineralized (Figure 9E). For BV/TV, the Botox-treated and loaded sides in the 

same animal differed significantly between Dkk1-ab and control groups. This effect of  
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Figure 9: Effects of Dkk1-ab treatment on untraumatized cancellous bone. Microstructural information of tibia 

in loaded and unloaded (Botox treated) bone after 28 days of treatment as determined by µCT. (A) Botox 

lowered the bone volume fraction (BV/TV) to a third of the control value (paired t-test p < 0.001). Dkk1-ab 

treatment increased BV/TV in the unloaded bone by 230% (a, log-transformed t-test, p = 0.003) compared to 

controls, a much larger increase than the 40% (b, t-test, p = 0.01) detected in loaded bone. (B) Dkk1-ab 

treatment had no significant effect on trabecular thickness (Tb.Th), but Botox caused a decrease in thickness 

(paired t-test p < 0.001). (C) Dkk1-ab treatment decreased trabecular separation (Tb.Sp) in unloaded bone (c, t-

test, p = 0.002), with no significant decrease in loaded bone. (D) Dkk1-ab caused a dramatic increase (230%) 

increase in trabecular number (Tb.N) unloaded bone (d, log-transformed t-test, p = 0.001). The increase in 

loaded bone was smaller (50%, e, t-test, p = 0.008). Botox decreased Tb.N by almost 75% (paired t-test p < 

0.001). (E) Dkk1-ab caused a small (5%) but significant decrease in bone mineral density (BMD)  in both loaded 

(f, t-test, p = 0.002) and unloaded (g, t-test, p = 0.007) bone. (F) Dkk1-ab treatment increased the thickness of 

the cortex both in the unloaded (h, t-test, p = 0.035) and loaded (i, t-test, p = 0.012) bone. Botox reduced the 

cortical thickness (paired t-test p = 0.01). 



 20 

loading was not pronounced around the screws, where the loaded/unloaded ratio for BV/TV 

was not changed by Dkk1-ab treatment. Dkk1-ab had an effect on bone formation in the 

cortical surrounding of the screws (Figure 8) and in the other parts of the tibia, treatment 

increased cortical thickness both in loaded and unloaded bone to the same degree (Figure 9F).  

 

Table 1: Ratio between BV/TV from µCT measurements on the loaded and unloaded 
sides. S1 and S2 refers to regions of interest shown in figure 1. P-values are based on log 
values, to avoid problems with different variation.  

        Region of 
interest 

BV/TV Ratio  Control Dkk1-ab P-value 

   
Tibia   Loaded/Unloaded 5.4 (1.7) 2.3 (0.73) < 0.001 

   

   Entire screw 
surrounding 

(S1)  
Loaded/Unloaded 1.4 (0.36) 1.4 (0.55) 0.9 

   Cortical 
screw 

surrounding 
(S2)  

Loaded/Unloaded  1.2 (0.31) 1.4 (0.49) 0.3    
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Discussion 

 

Our first hypothesis was that Dkk1 inhibition increases the response to trauma and improves 

screw fixation. We found that one single systemic dose of Dkk1 antibody was sufficient to 

improve the fixation of steel screws in cancellous bone. After 28 days and two doses, the pull-

out force was almost doubled compared to controls. We also found an increase in bone 

volume fraction in the vicinity of the screws. The increase in pull-out force was similar to 

previous observations in this model with bisphosphonates [25], parathyroid hormone (PTH) 

[26] and sclerostin antibodies [21].  

 

The pull-out testing of the untraumatized bone (where the screws were inserted after 

euthanasia) exclude that the antibodies had a dramatic effect on the untraumatized bone. Thus, 

it appears that we had a specific response in traumatized bone. This could bedue to either that 

Dkk1 protein is more expressed during trauma or that it plays a different role in traumatized 

bone, influencing the availability of suitable progenitors. This would reflect on the differences 

in biology between traumatized and untraumatized bone. However, this finding is contrary to 

our previous results with a sclerostin-inhibiting antibody in a similar model [21] 

 

Our second hypothesis was that Dkk1-ab would increase bone formation in untraumatized 

bone, both in the chamber and in the contra-lateral leg. This hypothesis was confirmed by 

histological and µCT data, showing an increased bone content and bone volume fraction in 

the chamber and in the trabecular bone of the tibia. The increase in BV/TV appeared to be 

caused by an increased number of trabeculae, and there was no corresponding increase in 

trabecular thickness. This is strikingly different from our previous experiment with sclerostin 

antibodies, where there was a dramatic increase in trabecular thickness [21]. Moreover, with 
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the sclerostin antibody there was an increase in proximal tibial BMD, whereas there was a 

slight decrease in this study. This finding points at different roles for sclerostin and Dickkopf 

signalling in cancellous bone. An explanation for this may be that Dkk1 and Sclerostin have 

different binding sites on LRP5 and 6 [27-28].  

 

Dkk1 inhibition increased both bone volume fraction and bone ingrowth distance into the 

bone chamber by µCT data. With histology, we saw an increase in ingrowth distance but this 

was not statistically significant. This may be due to lack of power, or the difference in follow-

up time. In previous studies using the chamber, PTH increased bone density but not ingrowth 

distance [24], whereas BMPs increased the ingrowth distance but not density [29]. This might 

reflect that PTH stimulates relatively differentiated cells, whereas BMPs stimulate stem cells 

and progenitors. The increased ingrowth into the chamber in the present experiment suggests 

that Dkk1 inhibition could have a positive effect on fracture callus growth.  

 

Our third hypothesis was that the response to Dkk1 inhibition would depend on mechanical 

loading. This was apparently the case. For BV/TV in the cancellous tibial bone far away from 

the screw, there was a significant effect of the Dkk1 antibody on the ratio between the loaded 

and unloaded sides in the same animal. Without antibody, BV/TV was lowered by Botox 

treatment to about a fifth of the loaded bone. With antibody treatment, BV/TV was only 

lowered by half of the loaded bone. This suggests that antibody treatment can reduce bone 

loss due to unloading in untraumatized bone. The relatively larger effect of the antibody on 

unloaded bone implies that Dkk1 production is either up-regulated or plays a different role 

during unloading and that this change plays an important role. In contrast, loading had less 

influence on the effects of the antibody for screw fixation. These results suggest that trauma-

induced Dkk1 signalling prevails over loading-dependent Dkk1 signalling.  
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The administration of Wnt ligand [30] or an antibody which blocks sclerostin leads to an 

increase in bone mass and strength in rodents [21, 31-33] and monkeys [33-34]. Both bone 

formation in response to trauma and in animals with induced osteoporosis was increased. 

Likewise, the administration of lithium chloride, a GSK3β inhibitor, leads to improved bone 

healing [12]. Similar results as those reported for sclerostin antibodies have also been reported 

with blocking or down regulation of Dkk1 expression. Dkk1 antibodies enhance endochondral 

bone healing in LRP5 deficient mice [16]. Inhibition of Dkk1 can counter some of the effects 

of oestrogen deficiency in rats, restoring bone mineral content and density [35]. Blocking of 

other Wnt-inhibitors could also influence bone formation: mice deficient in secreted frizzled 

related protein 1 (sFRP1) have higher bone mass and faster healing of diaphyseal fractures 

[36]. 

 

Several limitations of this study need to be addressed. We did not look at long term effects of 

antibody treatment. We studied effects of unloading, rather than effects of increased loading. 

Furthermore, we did not do any measurements to shed light on how Dkk1 is involved in the 

bone response to shifting mechanical load. Thus, we cannot offer any mechanistic explanation 

to the findings, although it is likely that the observed effects were due to changes in Wnt-

signalling [19]. Further studies using histology and gene expression may contribute more data 

towards an understanding of the mechanisms involved.  

 

There are several ways to unload bone in rodents, such as tail suspension, casting, and nerve 

severing. We chose to use Botox to paralyze the hind limb muscles. Being minimally 

invasive, this method leads to significant bone loss [37-38]. Primarily, we were interested in 

the direct bone formation following trauma, since this is the primary healing response in 
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cancellous bone. Bone formation in the screw and chamber models occur under different 

premises. In the screw model, a trauma in cancellous bone leads to direct bone formation 

around the screw, influencing the degree of fixation. In the chamber model, the ingrowth 

distance can serve as a measurement of the regenerative potential of the bone. The bone 

volume fraction in the chamber is also influenced by resorption and the tendency to form a 

marrow cavity.  

 

In previous experiments, we have repeatedly seen an increase in screw pull-out force over 

time in control animals [21, 39], whereas this time there was a slight decrease in spite of the 

fact the procedures were identical, and the surgeon the same (FA). This hampers comparison 

with previous experiments with the pull-out screws.  The decrease in pull-out force could be 

due to the fact that we were forced to change rat breeder. For the same reason, the seemingly 

different effects of sclerostin and Dkk1 on trabecular thickness and number might possibly be 

due to differences between Sprague-Dawley rat strains from different breeders (Taconic Lille 

Skensved, Denmark and BK-universal, Stockholm, Sweden).  

 

We have previously used PTH and bisphosphonates to increase bone formation and improve 

implant fixation in rodents [20, 25-26]. Improved implant fixation by bisphosphonates has 

also been shown in patients [40], and PTH appears to accelerate human fracture healing [41-

42]. However, none of these drugs appears ideal. There are concerns regarding the long term 

effect of bisphosphonates on bone quality, and the effects of PTH on human fracture healing 

appear weak. Bone morphogenetic proteins (BMPs) are used to improve bone healing, but 

local side effects and the need for treatment to be given locally impairs their use. Modulation 

of Wnt signaling appears especially beneficial for intramembranous bone formation [30]. If 
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side effects can be avoided – which might be quite possible – Dkk1 antibodies could be used 

for orthopaedic applications to modulate the healing process.  

 

In conclusion, antibodies inhibiting Dkk1 could improve the fixation of implants in rat 

cancellous bone and partly counter the effects of unloading in untraumatized bone. Apart 

from that this makes inhibition of Dkk1 signalling interesting for orthopaedic surgery, this 

information might also pertain to bone physiology. The results suggest that Dkk1 signalling in 

an important part of cancellous bone healing after trauma, and that Dkk1 is involved in 

mechano-transduction.  
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