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Abstract 

Stimulation of bone formation by PTH is related to mechanosensitivity. The response 

to PTH treatment in intact bone could therefore be blunted by unloading. We studied 

the effects of mechanical loading on the response to PTH treatment in bone healing. 

Most fractures occur in metaphyses, therefor we used a model for metaphyseal bone 

injury.  

One hind leg of 20 male SD rats was unloaded via intramuscular botulinum toxin 

injections. Two weeks later, the proximal unloaded tibia had lost 78 % of its trabecular 

contents. At this time-point, the rats received bilateral proximal tibiae screw implants. 

Ten of the 20 rats were given daily injections of 5µg/kg PTH(1-34). After two weeks 

of healing, screw fixation was measured by pull-out, and microCT of the distal femur 

cancellous compartment was performed. Pull-out force provided an estimate for 

cancellous bone formation after trauma. 

PTH more than doubled the pull-out force in the unloaded limbs (from 14 to 30 N), 

but increased it by less than half in the loaded ones (from 30 to 44 N). In relative 

terms, PTH had a stronger effect on pull-out force in unloaded bone than in loaded 

bone (p = 0.03).  

The results suggest that PTH treatment for stimulation of bone healing does not 

require simultaneous mechanical stimulation.  

Keywords 

Parathyroid Hormone, fracture healing, metaphyseal fracture, mechanical loading, 

Botulinum toxin  
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1. Introduction 

Both mechanical loading and parathyroid Hormone (PTH) are important for the 

maintenance of the structure of uninjured bone. Several studies suggest that the two 

interact synergistically: with increased levels of PTH, the response to mechanical 

loading is enhanced and can be induced with less loading [1-4]. In fact, the effects of 

both PTH and mechanical loading are dependent on L-type voltage-sensitive calcium 

channels [5]. 

Also in fracture healing, both mechanical loading and PTH can enhance or accelerate 

the process, at least in animal models [6]. It has been tempting to suppose that there is 

a similar synergistic interaction here, as in uninjured bone [7]. This has led to 

speculations that in human fracture trials, the weight-bearing lower extremity is more 

likely to respond to PTH treatment, compared to the upper extremity. However, 

recently Ellegaard et al. found positive effects of both loading and PTH on the healing 

of tibial shaft fractures in ovariectomized rats, but no synergy between the two. They 

used intramuscular Botox injections to reduce loading. This data suggests that PTH 

could be equally useful also under unloaded conditions [8].  

Most fractures in humans occur in corticocancellous, metaphyseal bone, and heal to a 

large extent by new bone formation within the marrow compartment [9]. It can be 

expected that the biology of shaft fractures and metaphyseal fractures is different, due 

to the relative abundance of mesenchymal stem cells or progenitors, as well as 

inflammatory and regulatory cells, in the metaphyseal marrow compartment. In shaft 

fractures, these cells often have to be recruited from distant sites [10, 11]. 

We therefore studied the interaction between mechanical loading and PTH treatment 

in the healing of trabecular bone injury in a rat model. We used male rats, in contrast 

to Ellegaard et al. who used ovariectomized female rats. Our trauma model has been 

used in many studies, and comprises insertion of a screw into the metaphysis [12, 13]. 

The trabecular fractures caused by the insertion trauma elicit a bone healing response 

that leads to new bone formation around the screw, gradually increasing fixation 

strength [14]. The pull-out force at a predetermined time point can therefore serve as a 

measure of the metaphyseal healing response.  
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In contrast to most other studies, we chose a low dose of PTH, estimated to correspond 

to human clinical use [15]. 

 

Our hypothesis was that there would be a significant positive interaction between 

loading and PTH treatment on the pull-out force in this metaphyseal trauma healing 

model.  

 

2. Material and methods 

2.1 Animals and surgery  

A total of 20 male, 8 weeks old Sprague Dawley rats with a mean weight of 325 ± 20 

grams were used. All rats were anesthetized with isoflurane gas (Forene, Abbot 

Scandinavia, Solna, Sweden). Antibiotics (oxytetracycline 25 mg/kg; Engemycin, 

Intervet, Boxmeer, Holland) were given preoperatively, and analgesics (buprenorphine 

0.045 mg/kg; Temgesic, Schering-Plough, Brussels, Belgium) were given both pre- 

and postoperatively every 12 hours for 48 hours. The surgery was performed under 

aseptic conditions. 

The rats were given intramuscular Botox injections to induce calf muscle paralysis 2 

weeks prior to screw insertion (Botox®, Allergan Inc., Irvine, CA). The rats were 

anesthetized with isoflurane gas and the right hind limb was shaved. Botox was 

injected into the quadriceps (proximal and distal part), gastrocnemius (lateral and 

medial) and soleus muscles. Each muscle received 1 U, diluted in 0.02 ml saline. The 

total injected amount per rat was 5 U and 0.1 ml.  

Screw insertion was conducted 2 weeks after the Botox injections. The rats were again 

anesthetized with isoflurane. Both legs were shaved, the skin was cleaned, and a sterile 

draping applied. A hole was drilled in the anterio-medial surface of the proximal tibia 

of both hind legs, about 3 mm from the growth plate. A custom made stainless steel 

screw (thread: M1.7, length of threaded part 2.8 mm) was inserted in the metaphyseal 

bone close to the physis. After surgery, the animals were randomly allocated into two 

treatment groups (n=10) and subcutaneously administered either PBS vehicle 

(control), or Teriparatide (PTH) 5 µg/kg given daily. All injections started the day 
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after surgery. Two weeks after surgery the animals were euthanized with carbon 

dioxide. The tibiae and femora were harvested.  

2.2 Mechanical testing  

The mechanical testing protocol has been described in detail elsewhere [16]. Briefly, 

steel screws were tested for pull-out strength using a computerized materials testing 

machine at a cross head speed of 0.1 mm/s. The bone was fastened in a holder with a 3 

mm diameter hole in which the screw head is placed. The screw is then attached to the 

material testing machine, and pulled out through the hole. The peak pull-out force was 

considered the primary variable. During analyses the operator was blinded for 

treatment.  

2.3 microCT morphometry  

The distal femurs were scanned in a microCT (Skyscan 1174, v. 2, Skyscan, 

Aarteselar Belgium). An isotropic voxel size of 20 µm was used. The scan was 

performed at 50kV, in 180 degrees, with an aluminum filter of 0.5 mm, and a frame 

averaging of 3. The images were reconstructed using NRecon. Corrections for ring 

artifacts and beam hardening were applied. The volume of interest was defined as the 

medullary space of the distal femur, starting 1.5 mm proximal of the growth plate and 

continuing to 2.5 mm proximal of the growth plate. 

2.4 Temporal unloading study 

In the main experiment, we delayed implant insertions until 2 weeks after the Botox 

injection to avoid the phase with drastic changes in bone composition and density that 

follows the injections. In order to characterize the situation at the time of implant 

insertion, we performed an additional experiment with Botox injections without 

surgery or PTH. We unloaded 30 rats unilaterally as described above, and performed 

bilateral bone morphometry with microCT at baseline and after 2 or 4 weeks. Botox 

injections, harvest, and microCT measurements were performed as described above, 

but this time in the proximal tibia. 

2.4 Statistics 

We used the ratio for the pull-out force between the loaded and unloaded sides as 

predetermined primary effect variable. In order to preclude problems with the 
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distribution of these values, due to the use of a ratio, they were compared between 

PTH and vehicle groups by Mann-Whitney non-parametric test with 95 % CI for 

differences in group medians calculated according to Hodges-Lehman, using SPSS 

20.0. For the microCT analysis, we predetermined the bone volume per total volume 

(BV/TV) as the main variable, and used Student’s t-test after checking for equal 

variance (Levene’s test) and visual inspection of residual distribution.  

 

3. Results 

3.1 Exclusions 

One pull-out screw was malpositioned at harvest (Botox PTH), and excluded by the 

blinded evaluator. The distal femur of another rat (Loaded PTH) was lost at harvest. 

3.2 Mechanical findings 

Comparing the mean value for both legs in non-PTH treated control animals with both 

legs in PTH treated animals, PTH increased the pull-out force by more than two thirds 

(p < 0.0005; Table 1). However, the relation between loaded and unloaded legs was 

different in the two treatment groups. In the control animals, the pull-out force was 

more than double on the loaded side compared to the unloaded side. In PTH treated 

animals, the loaded side exhibited a pull-out force less than 50 % higher than the 

unloaded side (Figures 1 and 2, Table 2). The ratio for the pull-out force between the 

loaded and unloaded sides was median 2.25 in controls, and 1.41 with PTH 

(Difference 0.84; 95% CI 0.17 to 1.4; p = 0.03). In other words, loading decreased the 

relative effect of PTH. 

3.3 microCT findings in rats with implants  

In the loaded, uninjured cancellous bone of the distal femur, PTH demonstrated no 

significant gain of bone total volume (BV/TV). In the unloaded femurs of control rats, 

the BV/TV had decreased to about a quarter of that in the loaded legs (Table 3, Figure 

3). The BV/TV seemed to be slightly increased by PTH, but the difference was not 

significant (p = 0.07, for the effect of PTH on the Botox legs) and there was no 

significant effect on the loaded/unloaded ratios. Of the other primary morphometric 

variables, there was an effect on trabecular number: unloaded legs had fewer 



7 

 

trabeculae, but their number was increased by PTH (p = 0.005, for the effect of PTH 

on the Botox legs, Table 3). 

3.4 Temporal unloading study  

In the rats without implants, the BV/TV of the cancellous bone of the proximal tibia 

was reduced by 78% (95% CI: 59 to 96%) 2 weeks after Botox injection. After 4 

weeks the reduction was 85% (95% CI 67 to 100%), (Table 4, Figure 4). On the 

loaded side, no increase was noted. Instead, the BV/TV was reduced by 38% (95% CI 

22 to 54%) after 2 weeks. There was no change from week 2 to week 4, at which time 

the reduction was 34% (95% CI 16 to 52%). 

 

4. Discussion 

We found that PTH more than doubled the pull-out force in unloaded limbs, but had 

relatively less effect in the loaded limbs. The pull-out forces in the loaded limbs were 

not limited by a ceiling effect inherent in the model: much higher forces are possible. 

With higher doses of PTH we have seen mean pull-out forces that were higher than in 

any specimen of this study [17, 18]. We made the present, unexpected findings about a 

year before by Ellegaard et al. published a study, where they saw no synergistic effects 

of loading and PTH in shaft fractures in ovariectomized rats [8]. Because our findings 

deviated from common belief, we temporarily set the project aside, but the article by 

Ellegaard et al. reinvigorated our efforts to publish these data. 

Because sclerostin is thought to be a main player in the response to mechanical load, 

and sclerostin antibodies appear to have a potent anabolic effect on bone [19], we 

compared PTH and sclerostin antibodies in the same model as in the current study 

[20]. That work again suggested that PTH has a specific effect on fracture healing, 

whereas the effect of the sclerostin antibodies was weak at uninjured sites. These 

findings, together with those of Ellegaard et al., as well as our current findings, all 

seem to fit with the possibility that PTH stimulates fracture healing regardless of 

mechanical loading and by signaling mechanisms independent of Sclerostin.  

The dose of PTH (teriparatide) in our study was small (5 µg/kg), and almost all 

previous rat studies with teriparatide have used several-fold higher doses. However, in 
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a dog study of implant integration, small but significant effects were seen with 5µg/kg 

[21]. We chose this dose because when we are close to the lowest efficacious dose, the 

effects of possible contributing factors, such as loading, are more likely to make a 

difference. Moreover, this dose appears to correspond to the approved human dose, as 

it has been shown to yield a systemic exposure in rats of about 1.6 to 3 times the 

clinical dose in humans, as estimated from the area under the curve of serum 

concentration over time [15]. 

We chose to give the Botox injections 2 weeks before surgery, to allow screw 

insertion into bone with reduced loading, rather than a situation with a recently 

perturbed loading status. The BV/TV measurements from the proximal tibiae in the 

temporal unloading study confirmed that most of the bone loss due to the Botox 

injections had already occurred after 2 weeks. We had expected a small increase in 

bone density on the contralateral side, due to increased, compensatory loading. Instead 

there was a decrease, probably due to generally decreased physical activity. 

Furthermore, in the uninjured bone of the femur in operated rats, with continued 

loading, PTH had no measurable effects. This is to expect, considering the low dose of 

PTH and the short period of treatment. The effects of unloading were similar to those 

of the temporal unloading study. 

The current results point at the differences between the effects of PTH on background 

bone remodeling, and on healing after bone trauma. The effects on healing after 

trauma are much stronger than the effects of on uninjured bone [22]. PTH appears to 

influence several parts of the fracture healing process, including early cartilage 

formation [23]. The currently used model, in metaphyseal bone, is dominated by 

intramembranous bone formation, as cartilage does not appear. Intramembranous bone 

formation appears to dominate also in human in fractures of cancellous bone [9]. 

A main limitation of our study, similar to that of Ellegaard et al., was that we studied 

the effects of reducing loading with Botox, rather than increasing loading by any other 

means. However, bone loss in response to reductions in mechanical loading is 

clinically relevant. Because the change in loading status in our model influences the 

whole proximal tibia and not only the localized injury, it could be argued that the 

general conditions for bone healing have been compromized by a generally altered 

mechanical environment in the whole proximal tibia. Another limitation is the use of 
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an implant for measuring the response to metaphyseal bone injury. The relevance for 

screw pull-out fixation as a proxy for cancellous bone healing might be questioned. 

However, it must be noted that the screw is not osseointegrated, as it is made of steel, 

not titanium. Therefore, the pull-out force is not dependent on any form of bond 

between the implant and the bone, but on the quality and quantity of the bone in and 

around the screw threads. The pull-out force immediately after insertion is low, and 

then increases gradually, when the healing response to the injury of insertion leads to 

new bone formation [14]. For the screw to be pulled out, this new bone has to be 

broken, and the pull-out force therefore provides a measure of its strength. Three-point 

bending studies or mechanical compression tests of cancellous biopsies in future 

experiments may provide additional information. However, in our opinion, this is the 

best currently available model to test cancellous bone trauma healing in an animal 

model.  

Another limitation is that we used rats that were only a little more than 2 months old 

and still growing rather fast. Tibial growth at this age is about 0.5 mm per week (own 

unpublished data). The site of implantation was therefore probably undergoing more 

intense remodeling than in the adult skeleton, and our results can’t be generalized to 

skeletally mature individuals. However, male rats grow continuously, and this 

limitation might be relevant for all bone experiments using rats.  

The use of botulinum toxin for mechanical unloading has become increasingly popular 

[24]. Botulinum toxin selectively blocks peripheral cholinergic signaling, i.e. in this 

context the neuromuscular junctions [25]. It is unlikely that any intraosseous structures 

would have been directly influence by the injections even if there had been leakage 

from the injected muscles.   

In osteoporosis treatment, PTH appears to have somewhat different effects at different 

skeletal regions, possibly in part due to different loading status [26]. It has therefore 

been thought that if studies are designed to show the efficacy of PTH for stimulation 

of fracture healing, the lower extremities should be preferred. However, the current 

results suggest that the effects of PTH on healing after metaphyseal bone trauma do 

not require mechanical loading and can even compensate for lack of mechanical 

stimulation.  
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  Mean (SD) 

Vehicle 

n = 10 

Unload 13.7 (3.4) 

Load 29.8 (10) 

PTH 

n = 10 

Unload 30.3 (6.4) 

Load 44.3 (12) 

Table 1. Pull-out force (N) for metaphyseal stainless steel screws 2 weeks after 

insertion. Note that unloaded and loaded implants were paired. 

 

 n Median Min Max 

Vehicle 10 2.25 .92 3.58 

PTH 9 1.41 .94 2.23 

Table 2. Pull-out force: Ratio Loaded/Unloaded. Data from table 1. 

 

 

 

 

 

BV/TV 

Mean (SD) 

TbN 

Mean (SD) 

TbTh 

Mean (SD) 

Vehicle 

n = 10 

Unload 9.2 (4) 0.92 (0.4) 0.10 (0.005) 

Load 35 (5) 2.9 (0.4) 0.12 (0.003) 

PTH 

n = 10 

Unload 13 (4) 1.2 (0.4) 0.11 (0.004) 

Load 37 (4) 3.0 (0.3) 0.12 (0.002) 

Table 3. microCT measurement of cancellous bone architecture in the distal femur . 

Note that unloaded and loaded sides were paired. 
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 Unload Load 

 BV/TV 

Mean (SD) 

BMD 

Mean (SD) 

TbTh 

Mean (SD) 

BV/TV 

Mean (SD) 

BMD 

Mean (SD) 

TbTh 

Mean (SD) 

Week 0 18 (5) 0.24(0.04) 0.046(0.001) 19 (4) 0.24(0.03) 0.047(0.001) 

Week 2 4.1(2) 0.11(0.02) 0.047(0.002) 12(2) 0.18(0.02) 0.051(0.001) 

Week 4 2.7 (1) 0.084(0.02) 0.050(0.003) 13 (3) 0.18(0.03) 0.052(0.003) 

Table 4. microCT measurements of cancellous bone of the proximal tibia. Unloaded 

and loaded sides were paired, n = 10 for each group. 

 

 

Fig 1. Pull-out force (N) for metaphyseal stainless steel screws 2 weeks after 

insertion. Loaded and unloaded implants in the same animal connected with lines. 
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Fig 2. Pull-out force diagrams. Each curve represents the specimen with the median 

value for peak force in the 4 groups. The curves do not show the characteristic shape 

of most tension tests, partly because of some motion in the fixation device, partly 

because of small fractures occurring before the final failure. Therefore, peak force is 

used as the main variable.  
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Fig 3. microCT pictures showing a distal femur from each treatment group. The 

specimens are the ones with the median BV/TV in each group. 

 

Fig 4. microCT of untraumatized proximal tibia with or without Botox and harvested 

at 0, 2, and 4 weeks. The specimens are the ones with the median BV/TV in each 

group, sectioned at the same distance from epiphysis 
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