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Summary

Background: Orthodontic implant migration has been clinically observed in presence of continuous 
loading forces. Recent studies indicate that osteocytes play a crucial role in this phenomenon.
Objectives: Aim of this study was to investigate local osteocytic gene expression, protein 
expression, and bone micro-structure in peri-implant regions of pressure and tension.
Material and methods: The present work reports a complementary analysis to a previous micro-
computed tomography study. Two customized mini-implants were placed in one caudal rat 
vertebra and connected by a nickel–titanium contraction spring generating different forces (i.e. 0, 
0.5, 1.0, and 1.5 N). Either at 2 or 8 weeks, the vertebrae were harvested and utilized for 1. osteocytic 
gene expression using laser capture micro-dissection on frozen sections coupled with qPCR, 
2. haematoxylin–eosin staining for qualitative and quantitative analyses, 3. immunofluorescence 
staining and analysis, and 4. bone-to-implant contact on undecalcified samples.
Results: At the two time points for all the performed analyses no significant differences were 
observed with respect to the applied force magnitudes and cell harvesting localization. However, 
descriptive histological analysis revealed remarkable bone remodelling at 2 weeks of loading. At 
8 weeks the implants were osseointegrated and, especially in 1.0 and 1.5 N groups, newly formed 
bone presented a characteristic load bearing architecture with trabecula oriented in the direction 
of the loading.
Conclusions: The present study confirmed that stress-induced bone remodelling is the biological 
mechanism of orthodontic implant migration. Bone apposition was found at ‘tension’ and ‘pressure’ 
sites thus limiting implant migration over time.
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Introduction

Clinical observations suggested that orthodontic implants can migrate 
within the bone when subject to continuous loading (1–5). Recently, a 
preclinical study in the rat-tail model employing high-resolution in vivo 
micro-computed tomography (micro-CT) revealed an association be-
tween applied force magnitude and implant displacement. Additionally, 
the implant migration velocity within the bone decreased over time (6). 
Therefore, it is likely that implant migration is accompanied by bone 
remodelling, which, however, has not yet been verified.

Clinical trials are not eligible to assess the underlying molecular 
patterns of implant migration. In fact, information on bone remod-
elling is frequently derived from in vivo studies (7), which are often 
limited to end-point analyses (8, 9). Matching post-mortem mo-
lecular and histological analyses with the longitudinal data from 
repetitive non-destructive in vivo micro-CT can not only overcome 
this limitation but also provide a deeper understanding of the peri-
implant load-driven bone remodelling (10–12).

Analysis of load-driven mechanotransduction has emerged as a 
fundamental step to elucidate the impact of orthodontic loads on 
peri-implant tissues (13, 14). Osteocytes are recognized to be the 
principal sensory cells responding to mechanical stimuli that alter 
the interstitial fluid flow (12). They have been also demonstrated 
to propagate the sensed signals to other osteocytes through gap 
junctions (15). In reaction to the mechanical stimuli, the expression 
of sclerostin by osteocytes is downregulated, leading to an activa-
tion of the Wnt signalling pathway, which favours bone formation 
(16). Moreover, when a load of sufficient magnitude is applied to 
the bone, as in case of orthodontic implants, microcracks can affect 
the integrity of the canalicular network. As a consequence, dendritic 
processes are more likely to be interrupted, inducing osteocyte apop-
tosis, which has been shown to trigger osteoclast formation and thus 
bone resorption (17).

In recent years, harvesting of single cells from undecalcified cryo-
sections was achieved utilizing an advanced technology termed laser 
capture micro-dissection (LCM) (18). It allows analysis of gene ex-
pression in osteocyte subpopulations, which are directly or indir-
ectly affected by the mechanical stimuli from migrating implants. 
Based on time-lapsed in vivo micro-CT observations documenting 
implant migration direction, it is possible to selectively collect cells 
from areas subjected to different load qualities (12).

Previously, we investigated orthodontic implant migration using 
micro-CT (6). The data suggested that bone resorption took place 
mainly in areas at which pressure was suspected to occur, whereas 
newly formed bone was observed at the initial implant positions. At 
the end-point, the non-destructive method allowed the authors to 
utilize the retrieved samples for further molecular and histological 
examinations.

To elucidate the puzzling phenomenon of orthodontic implant 
migration, the present manuscript aimed to analyse osteocytes’ load-
dependent gene expression in cortical areas of compression and ten-
sion, as computed from previous longitudinal micro-CT data. The 
secondary aim consisted in investigating peri-implant bone micro-
structure and composition, as well as the production of proteins in-
volved in bone remodelling.

Materials and methods

Animals and study design
The protocol has been described in detail previously (6) and was ap-
proved by the appropriate local authority (Landesamt für Natur und 
Verbraucherschutz), Ref. no. 84-02.04.2016.A380, and conformed 

with the Animal Research: Reporting of In Vivo Experiments 
(ARRIVE) Guidelines (19). Briefly, two customized Ti–6Al–4V 
mini-implants, 0.8 in diameter and 3.0 mm in length (RISystem AG, 
Landquart, Switzerland), were inserted into the dorsal portion of 
a single tail vertebra in n = 61 female Wistar rats (age 15.4 ± 3.9 
weeks). The implants were connected with a nickel–titanium (Ni–Ti) 
contraction spring operating in the elastic range and randomly as-
signed to one of the following loading forces: 0 N (control), 0.5, 1.0, 
and 1.5 N. Half of the animals were sacrificed at 2 weeks and the 
remaining at 8 weeks after surgery. For the present investigation, 
a total of 54 animals were available. Vertebrae were retrieved im-
mediately after the sacrifice and subjected to different analyses, as 
presented in Figure 1.

Peri-implant regions of interest
Assessment of the local stresses and strains occurring around im-
plants is complex. To analyse the patterns of biological response in 
the peri-implant regions, it was decided to subdivide the peri-implant 
region into different sectors as detailed below. According to the pre-
vious micro-CT analyses, implants were tipping in the directions 
of load. Therefore, the traditional terminology from orthodontic 
tooth movements was adopted, defining the ‘lateral top’ and ‘medial 
bottom’ as ‘tension’ zones and the ‘medial top’ and ‘lateral bottom’ 
regions as zones of ‘pressure’. The authors are aware that this is a 
simplification and that no conventional ‘tension’ is possible due to 
the absence of a periodontal ligament. The terminology was chosen 
because orthodontists are familiar with this concept.

Gene-expression analysis

Sample preparation
After careful preparation of the vertebra and removal of the im-
plants, the samples were embedded in an optimal cutting tempera-
ture medium (NEG-50™, Thermo Fisher Scientific Inc., Waltham, 
Massachusetts, USA). To conserve the vertebra’s three-dimensional 
orientation, the upper right corner of each sample was marked, be-
fore freezing the samples at –80°C.

The samples were cut using a cryotome (Leica CM3050 S, Leica 
Mikrosysteme Vertrieb GmbH, Wetzlar, Germany) equipped with 
blades for undecalcified tissues (MX35 Premier, Thermo Fisher 
Scientific Inc.), to obtain slices of 3-µm thickness orthogonally to 
the longitudinal axis of the implants, as described in Figure 2. The 
temperature within the cryotome chamber was set at −25°C. A spe-
cial cryofilm was placed onto the samples’ longitudinal surface 

Figure 1. Flowchart of the performed analyses, indicating the number 
of samples used for each evaluation. *In total, 11/16 samples eligible for 
automated analysis.
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according to Kawamoto and Kawamoto (18) (LMD film type 2, 
SECTION-LAB Co. Ltd, Hiroshima, Japan), for preserving the 
sample integrity during the process of cryo-sectioning. The obtained 
slices were positioned onto glass slides (Starfrost®, Waldemar 
Knittel Glasbearbeitungs GmbH, Braunschweig, Germany) and 
stained with Cresyl violet after descending alcohol series (i.e. 100, 
90, and 75 per cent).

Laser capture micro-dissection
Up to a distance of 100  µm from each implant site, single osteo-
cytes were extracted from the slices using a LCM technique (PALM 
MicroBeam, Carl Zeiss AG, Oberkochen, Germany). Osteocyte 
collection was performed from the cortical bone around each im-
plant, on the ‘pressure’ (medial top) and ‘tension’ (distal top) sep-
arately (Figure 2). Osteocytes were collected within adhesive caps 
(AdhesiveCap opaque 500 µl, Carl Zeiss AG) and stored at −80°C 
until further processing.

Gene-expression analysis
Following the collection of osteocytes, total messenger RNA 
(mRNA) was extracted using the micro RNeasy kit (Qiagen, 
Hilden, Germany) as recommended by the manufacturer. Equal 
amounts of the extracted mRNA were converted to complementary 
DNA using the QuantiTect Reverse transcription kit (Qiagen). For 
reverse transcription, random Hexamers and poly T primers were 
used following the manufacturer’s recommendations. Quantitative 
analyses were performed with a subsequent polymerase chain re-
action (PCR) program (Applied Biosystems StepOne™ Real-Time 
PCR Systems, Thermo Fisher Scientific Inc.) according to the fol-
lowing parameters: 30 seconds denaturation at 95°C and 30 sec-
onds annealing at 60°C. This cycle was repeated 40 times. The 
amplification was performed using SYBR green reagents (KAPA 
SYBR® FAST quantitative PCR (qPCR) Kit master mix ABI 
Prism®, KAPA Biosystems, Cape Town, South Africa) and primers. 
The list of utilized primers and related sequences are presented in 

Table 1. H1-0 was used as housekeeping gene. Based on the average 
of the Ct values of the housekeeping gene, the relative expression 
levels of RUNX2, SP7, SOST, and CTSK were calculated (20).

Histological analysis of decalcified samples

Specimen preparation and paraffin-sectioning
After careful preparation of the vertebra and removal of the mini-
implants, the samples were stored in 4 per cent formalin (LaboChem, 
neoLab Migge GmbH, Heidelberg, Germany). Subsequently, 
bone tissue was decalcified within a custom-made solution of 
Tris(hydroxymethyl)aminomethane (Merck KGaA, Darmstadt, 
Germany) dissolved in distilled water and containing ethyleneni-
trinoltetraacetic disodium-dihydrate (Tritriplex® III, Merck KGaA) 
for 3 weeks. The solution was changed once a week. After the sam-
ples were decalcified, each specimen was divided along its longitu-
dinal axis, so that both implant sites were exposed to the surface, 
and each half embedded in paraffin. The samples were then cut in a 
microtome (PFM Medical Slide 4004M, PFM Medical AG, Cologne, 
Germany) with special blades (MX35 Premier, Thermo Fisher 
Scientific Inc.) at a thickness of 3 µm and placed onto special sample 
slides (TOMO® Adhesion Microscope Slides, Matsunami Glass 
USA Inc., Bellingham, Washington, USA) for either haematoxylin 
and eosin (HE) staining or immunofluorescence analysis.

Haematoxylin eosin staining and analysis
For the staining process the samples needed to be deparaffinized with 
xylene and rehydrated by using a descending alcohol series (100, 95, 
and 90 per cent). The samples were washed with distilled water and 
stained with HE. Then, the samples were dehydrated using an as-
cending alcohol series (90, 95, and 100 per cent), rinsed with xylene, 
covered with a glass coverslip, and scanned with a camera (Basler 
AG, Ahrensburg, Germany) mounted on a microscope (Olympus BX 
51, Olympus Europa SE & Co. KG, Hamburg, Germany) at a mag-
nification of ×20.

Histomorphometric analyses were performed with ImageJ (FIJI 
distribution) (21). A grid (100 × 100 µm2) was positioned, and the 
number of empty lacunae (i.e. not occupied by osteocytes) per total 
lacunae (EL/TL) was counted manually at a distance of 200 µm from 
the implant surface.

For the analysis of the bone area per tissue area (BA/TA), a grid 
(120  × 120  µm2) was used, and each box up to at a distance of 
120  µm from the implant surface was classified as ‘bone’ if more 
than 50 per cent of its area was occupied by bone.

Immunofluorescence staining and analysis
For immunofluorescence staining, paraffin was removed using the 
following ingredients for dewaxing: ROTI®-Histol (Carl Roth 
GmbH + Co. KG, Karlsruhe, Germany) and an 18:1:1 alcohol mix-
ture of ethanol (100 per cent), methanol (100 per cent), and iso-
propanol (100 per cent). Slides were washed in a subsequent series 
of ROTI®-Histol for 10 minutes twice, following a descending 

Figure 2. Representative undecalcified fresh frozen sample stained with 
Cresyl violet showing the cortical bone areas (medial: violet, lateral: orange) 
for the collection of single cells, i.e. osteocytes, using laser capture micro-
dissection (LCM).

Table 1. Summary of utilized primers.

Gene symbol Forward primer (5′ → 3′) Reverse primer (5′ → 3′) Product length (bp) Encoding protein

H1-0 CCAAGAGAAGGAAGAACCGCA GTAGATGCGCGCCAGAGAC 113 Histone H1.0
RUNX2 ACAAATCCTCCCCAAGTGGC GGATGAGGAATGCGCCCTAA 152 Runx2
SP7 TTTCTGCGGCAAGAGGTTCA TTGCTCAAGTGGTCGCTTCT 126 Osterix
SOST AGTCGAGTTCAAGTGGGCTG TGTTCCATAGCCTCCTCCGA 156 Sclerostin
CTSK TACCCATATGTGGGCCAGGA TTCAGGGCTTTCTCGTTCCC 107 Cathepsin K
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alcohol series (100, 95, and 80 per cent). Slides were rinsed with 
distilled water.

Prior to an incubation at 37°C for 1 hour, slides were pre-
pared with a blocking buffer [5 per cent of goat serum, 1 per 
cent bovine serum albumin, 0.1 per cent Triton X-100, 0.05 per 
cent Tween 20, everything diluted in 1× phosphate-buffered saline 
(PBS)]. Subsequently, the slides were incubated with the primary 
antibodies for osteocalcin (Human/Rat Osteocalcin Antibody, 
Monoclonal Mouse IgG, R&D Systems Inc., Minneapolis, 
Minnesota, USA) and cathepsin K (Anti-Cathepsin K, Polyclonal 
Rabbit IgG, Abgent Inc., California, USA) and incubated at 37°C 
for 1 hour. Afterwards, the samples were rinsed in 1× PBS for 
5 minutes twice. For secondary antibodies (goat anti-Mouse for 
osteocalcin, Alexa Fluor® Plus 488, and goat anti-Rabbit for 
cathepsin K, Alexa Fluor® Plus 568, Thermo Fisher Scientific 
Inc.), the samples were incubated at 37°C for 30 minutes, and 
after that rinsed in 1× PBS for 5 minutes twice. For the stain-
ing of the nuclei, 4′,6-diamidino-2-phenylindole (DAPI) was used 
(DAPI solution, Thermo Fisher Scientific Inc.). After incubation, 
a mounting medium (Fluoromount-G®, Southern Biotech Inc., 
Birmingham, Alabama, USA) was applied prior to the coverslip 
onto the sample front.

The whole slides were then scanned at a magnification of ×40 
using a fluorescence microscope (Operetta CLS™ high-content ana-
lysis system, PerkinElmer Inc., Waltham, Massachusetts, USA).

In order to assess the amount of expressed osteocalcin and 
cathepsin K, images were analysed with ImageJ (FIJI distribution). 
Four regions of interest (ROIs) were defined by subdividing the peri-
implant region (up to a distance of 500 µm to the former implant) 
into ‘tension’ zones (i.e. ‘lateral top’ and ‘medial bottom’) and ‘pres-
sure’ zones (i.e. ‘lateral bottom’ and ‘medial top’; Figure 3). In each 
ROI, the amount of osteocalcin and cathepsin K and the number of 
nuclei were calculated using an open-source software (CellProfiler®, 
BSD 3-clause, Broad Institute of MIT and Harvard, USA). For 
each signal, the quotient of the occupied area per tissue area was 
extracted.

Histological analysis of undecalcified samples

Specimen preparation
The samples were fixated in formalin 4 per cent (LaboChem, neo-
Lab Migge GmbH). They were dehydrated using ascending grades 
of alcohol (70, 80, 90, 96, and 99 per cent) and xylene, infiltrated 
and embedded in methylmethacrylate (Technovit® 9100; Kulzer 
GmbH, Wehrheim, Germany) for non-decalcified sectioning. During 

this standardized procedure, any negative influence of polymer-
ization heat was avoided due to a controlled polymerization in a 
cold atmosphere (4°C). After 20 hours, the sample were completely 
polymerized. Each vertebra was cut orthogonal to the long axis of 
the two parallel implants using a band saw (Exakt®; Apparatebau, 
Norderstedt, Germany); 300 µm in thickness were prepared, glued 
with acrylic cement (Technovit® 7210 VLC; Kulzer GmbH) to 
silanized glass slides (Super Frost; Menzel GmbH, Braunschweig, 
Germany), and ground to a final thickness of approximately 70 µm. 
Subsequently, all specimens were stained with toluidine blue.

Bone-to-implant contact
The whole slides were digitized using a camera (Basler) mounted on 
a microscope (Olympus BX 51) at a magnification of ×20. The rela-
tive amount of calcified tissue in direct contact with the implants, i.e. 
the bone-to-implant contact (BIC), was quantified using ImageJ and 
expressed as percentage (per cent).

Statistical analysis
The statistical analysis was performed using the open-source soft-
ware program R (22). For descriptive purposes, boxplots were cre-
ated. The R package lme4 (23) was used to perform a linear mixed 
effects analysis of the relationship between the respective outcome 
variables and applied force, and localization (‘tension’/‘pressure’ 
zone). As fixed effects, we entered the applied force (0, 0.5, 1.0, and 
1.5 N) and the localization. As random effects, we had intercepts for 
animals. Visual inspection of residual plots did not reveal any ob-
vious deviations from homoscedasticity or normality. P-values were 
obtained by likelihood ratio tests of the full model with the effect in 
question against the model without the effect in question. The results 
were found significant at P < 0.05.

Results

Gene-expression analysis
Osteocytes were harvested by single cell LCM from two cortical re-
gions around the implants to investigate expression of genes involved 
in bone remodelling in the cortical compartment at two time points 
(2 and 8 weeks), and particularly relevant for bone formation (Runx2, 
osterix) and resorption (sclerostin, cathepsin K). The main results are 
presented in Supplementary Figures S1–S4, showing data retrieved from 
the medial areas of ‘pressure’ in violet and in orange bars data from 
the lateral ‘tension’ areas. At both time points, for all the investigated 
genes, no significant differences were found for the effects localization 
(i.e. ‘tension’ and ‘pressure’) and force (i.e. 0.0, 0.5, 1.0, and 1.5 N).

Runx2
At two weeks, there was a tendency of higher expression of Runx2 
on the ‘tension’ site of the implants in the 1.5 N group, while the 
opposite was observed in the 0.5 and 1.0 N groups. At 8 weeks, 
expression of Runx2 was by trend higher at the ‘pressure’ sites in 
all test groups, and the difference was greater the higher the applied 
force was.

Osterix
At two weeks, there was a trend towards a higher relative expres-
sion of osterix at the lateral ‘tension’ site compared to the medial 
‘pressure’ zone in all groups except the 1.0 N group. At 8 weeks 
of loading, the opposite trend was observed in three groups out of 
four. Additionally, at both time points, the 0.5 N group reached the 
highest values.

Figure 3. Graphical representation of the regions of interest of ‘pressure’, i.e. 
‘lateral bottom’ (green), ‘medial top’ (violet) and of ‘tension’, i.e. ‘lateral top’ 
(orange) and ‘medial bottom’ (yellow).
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Sclerostin
At 2 weeks, at the ‘tension’ and ‘pressure’ sites the expression of 
Sclerostin decreased with increasing force magnitude in the three 
test groups. At 8 weeks of loading, the relative expression was by 
trend higher at the medial ‘pressure’ site in 0.5 and 1.0 N groups and 
increased in the ‘tension’ sites with increasing force magnitude in 
the test groups. There was also a tendency of overexpression at the 
lateral ‘tension’ compared to the medial ‘pressure’ site in the 1.5 N 
group where Sclerostin values.

Cathepsin K
At both time points, lateral ‘tension’ site values were by trend lower 
to the medial ‘pressure’ sites, except in the 1.5 N group at 2 weeks.

Decalcified histology and histomorphometry

Histological analysis
Histological HE stained sections from different loading groups at 2 
and 8 weeks are presented in Figure 4a–4d and 4e–4h, respectively. 
After 2 weeks of loading, bone formation and presence of mesen-
chymal stem cells and osteoclasts were observed mainly in the can-
cellous compartment. The presence of osteoid matrix combined with 
osteoclastic resorption lacunae testified the ongoing bone remodel-
ling around the implants. In the highest loading group (Figure 4d), 
the cortical compartment presented a denser and thicker woven bone 
layer on both ‘pressure’ and ‘tension’ sites. Whereas osteoclastic re-
sorption seemed to be more pronounced in the ‘pressure’ zones, no 
differences in bone formation were observed among the groups.

At 8 weeks a maturation and mineralization of peri-implant 
bone were observed in all samples, with no evident boundary be-
tween pristine and newly formed bone. Fibrous tissue could not be 
observed along implant contours. Interestingly, in the distal peri-
implant cortical compartment (‘tension’ site) of the sample subject 
to the highest load, bone remodelling and presence of osteoclasts and 
mesenchymal stem cells were still observed (Figure 4h). When a high 
force was applied (1.0 and 1.5 N), the thickening of the trabeculae 
was observed on the compression ‘medial top’ areas, suggesting an 
enhanced bone formation activity associated with a higher mechan-
ical strain (Figure 4d). Interestingly, trabecular orientation seemed 
to be influenced by the compression force. Additionally, thickening 
of bone apposition and thickening of the cortical compartment were 
observed and were most pronounced in the 1.5 N group.

Histomorphometric analyses
For histomorphometric analyses, data from peri-implant ‘medial 
top’ and ‘lateral bottom’ ‘pressure’ sites and ‘lateral top’ and ‘medial 
bottom’ ‘tension’ sites were assessed at both time points. At both 
time points, for both EL/TL and BA/TA, no significant differences 
were found for the effects localization (i.e. ‘tension’ and ‘pressure’) 
and force (i.e. 0.0, 0.5, 1.0, and 1.5 N).

Occupied lacunae
At 2 and 8 weeks of loading, the control group (0 N) exhibited a 
similar ratio of EL/TL on both sites. At 2 weeks in 0.5 and 1.0 N 
groups higher values were found on the pressure sites, whereas the 
opposite was observed in the 1.5 N group (Figure 5). At 8 weeks in 
all three test groups higher EL/TL values were recorded on the ‘pres-
sure’ sites as compared to the ‘tension’ sites. Regardless of the site, 
these values tended to increase with increasing applied force.

BA/TA
At 2 weeks similar values were registered on ‘pressure’ and ‘ten-
sion’ sites. However, in all groups except one (1.5 N) the BA/TA was 
slightly higher in the compression areas (Figure 6). At 8 weeks, this 

Figure 4. Representative histologic samples [haematoxylin and eosin (HE)] 
after two weeks (a–d) and 8 weeks (e–h) of loading with 0.0 N (a, e), 0.5 N (b, 
f), 1.0 N (c, g), and 1.5 N (d, h). The ‘medial top’ compression area is identified 
with an asterisk (*).

Figure 5. Analysis of empty lacunae per total lacunae (EL/TL) at 2 and 8 
weeks in the ‘medial top’ and ‘lateral bottom’ ‘pressure’ sites of the implants 
(in violet and green) and in the ‘lateral top’ and ‘medial bottom’ ‘tension’ 
ones (in orange and yellow).

Figure 6. Analysis of the bone area per tissue area (BA/TA) at 2 and 8 weeks 
in the ‘medial top’ and ‘lateral bottom’ ‘pressure’ sites of the implants (in 
violet and green) and in the ‘lateral top’ and ‘medial bottom’ ‘tension’ ones 
(in orange and yellow).
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tendency was maintained in the control, while in the 0.5 and 1.0 N 
groups lower values were observed in the ‘pressure’ sites.

Immunofluorescence analysis
Fluorescence imaging was applied to investigate the distribution of two 
proteins involved in bone remodelling at two time points (i.e. 2 and 8 
weeks) in peri-implant areas of ‘pressure’ and ‘tension’. Overall, both 
osteocalcin and cathepsin K were highly expressed in the early phase of 
healing (Figure 7), while their levels were dramatically reduced after 8 
weeks regardless of the loading. At 2 and 8 weeks of loading, for both 
osteocalcin and cathepsin K, no statistical differences were observed 
for the factors localization and group (Figure 8a and 8b).

Osteocalcin
At 2 weeks, in the group subject to load (1.0 N) the expression of 
osteocalcin was higher by trend in the ‘tension’ sites, as compared to 
the ‘pressure’ ones. This is also visible in Figure 7, where the green 
signal for the expression of osteocalcin was detected to a higher ex-
tend in the ‘tension’, i.e. ‘lateral top’ and ‘medial bottom’ (Figure 7a 
and 7d) sites than in the ‘pressure’ sites (Figure 7b and 7c). By con-
trast, in both loading groups osteocalcin was detectable to a lower 
extend at 8 weeks as compared to 2 weeks.

Cathepsin K
Cathepsin K, which is an important marker to identify bone resorp-
tion, was present in both groups at 2 weeks, while it was hardly 
detectable in the late phases of healing in the test as well as in the 
control group.

Undecalcified histology and bone-to-
implant contact

Histological analysis
To investigate the osseointegration of the implants, undecalcified 
histology was performed, demonstrating the bone architecture along 
the implants. At 8 weeks, they were found to be osseointegrated, 
with close apposition of newly formed bone up to the neck of the 
implants, as revealed by toluidine blue staining the older bone as 
violet blue and the newly formed bone as intense blue (Figure 9a). At 

higher magnification, the bone facing the implant surface still pre-
sented areas of woven bone and layers of lamellar bone at 8 weeks, 
indicating a recent and persisting high bone remodelling (Figure 9b).

Bone-to-implant contact
After 2 weeks of loading, the BIC was lower under an applied force 
(0.5, 1.0, and 1.5 N) compared to the control group (Figure 10). 
Force resulted to have no significant effect on BIC values after a 
healing period of 2 weeks. In all test groups, BIC trended to increase 
overtime, with greater values recorded after 8 weeks than after 2 
weeks. In addition, in the late phase of healing, the force magnitude 
did not have any significant impact on BIC, although it tended to 
increase with rising forces (0.5 N > 1.0 N > 1.5 N).

Discussion

Recent studies revealed that orthodontic implants can migrate within 
bone when subjected to orthodontic loading. To investigate whether 
implants can migrate within bone, in vivo micro-CT analyses are a 
useful tool as multiple high-resolution scans can be obtained from 
the same animal. Registration of volumetric images from the same 
animal taken at different time points allows investigating the move-
ment patterns of the implants and the related changes in bone micro-
structure. Recently, the authors performed a longitudinal in vivo 

Figure 7. Representative immunofluorescence images after 2 weeks of 
loading (1.0  N) showing the expressions of osteocalcin (in green) and 
cathepsin K (in red) in the following regions of interest: (a) lateral top, (b) 
medial top, (c) lateral bottom, and (d) medial bottom. Nuclei shown by DAPI 
staining (in blue).

Figure 8. (a) Expression of osteocalcin at 2 and 8 weeks in the ‘medial top’ 
and ‘lateral bottom’ ‘pressure’ sites of the implants (in violet and green) 
and in the ‘lateral top’ and ‘medial bottom’ ‘tension’ ones (in orange and 
yellow). (b) Expression of cathepsin K at 2 and 8 weeks in the ‘medial top’ 
and ‘lateral bottom’ ‘pressure’ sites of the implants (in violet and green) and 
in the ‘lateral top’ and ‘medial bottom’ ‘tension’ ones (in orange and yellow). 
OA/TA, occupied area per tissue area.
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micro-CT study in the rat-tail model and loaded two customized 
mini-implants per animal by means of flat nickel–titanium spring 
applying constant forces of 0.0 (control), 0.5, 1.0, and 1.5  N for 
either 2 or 8 weeks (6). A significant association between implant 
tip displacement and loading magnitude, as well as significant de-
crease in migration velocity over time, was observed. Additionally, 
implant migration was accompanied by bone thickening, especially 
in the direction of load. The authors suspected that this bone thick-
ening limited implant migration in the late phases of the experiment. 
Interestingly, characteristic movements of the implants were seen 

with respect to the different force magnitudes. In the 0.5 N group, 
movement was almost restricted to the tip, whereas in higher force 
groups, movements were also noted in the cortical compartment as 
the centre of resistance shifted downwards.

Although it was demonstrated that implants did not remain sta-
tionary stable, a major limitation of micro-CT is that it does not 
enable investigation of the underlying biological mechanisms. Due 
to the non-destructive nature of micro-CT, complementary analyses 
including histology and gene-expression analyses can be performed 
after sacrificing the animals. Therefore, the present study aimed at 
providing complementary information at a molecular and cellular 
level by means of gene and protein expression analyses as well as 
histomorphometry.

Based on the previous micro-CT data, it was hypothesized that 
resorption in areas of pressure facilitated implant displacement 
and that the simultaneous thickening of the bone in the direction 
of loading further limited implant displacement. Moreover, bone 
apposition at the original implant position in the ‘tension’ zones 
seemed to occur. To validate these hypotheses, additional molecular 
and histological techniques were required.

The present study revealed no significant differences in osteocytic 
gene expression with respect to the applied force magnitudes and cell 
harvesting localization. The difference in relative gene expression of 
Runx2, sclerostin, and cathepsin K between ‘pressure’ and ‘tension’ 
sites was found to be inverted in the 1.5 N group compared to the 
remaining groups. Indeed, when high forces were applied (1.5 N), 
sclerostin levels were higher at the ‘tension’ compared to the ‘pres-
sure’ site at 8 weeks of loading, which is in accordance with previous 
findings reporting decrease of sclerostin levels in the presence of 
loading (24–27). By contrast, cathepsin K was in general expressed 
to a higher extent in regions of ‘pressure’, as also found in previous 
investigations where it was released from osteocytes in case of mech-
anical compression (28, 29). The expression of osterix, which is 
known to be an essential transcription factor for bone formation 
and mineralization (30, 31), was more pronounced at 2 compared 
to 8 weeks of loading, with slightly higher values at the ‘tension’ 
sites at two weeks of loading. In contrast, at eight weeks, expression 
was in general more pronounced in the ‘pressure’ sites. This finding 
underlines the ongoing bone formation at the original implant posi-
tions, which mainly occurred in the early loading phase and the for-
mation of new bone in loading direction limiting bone formation in 
the later healing phase. Overall, the present data indicated that the 
local stresses had an impact on the local gene expression, which is 
in agreement with previous finite element studies on the predicted 
effects of orthodontic mini-implants on the surrounding bone tissue 
(32, 33). Although solid scientific data do exist on the role of Runx2 
and osterix expression in pre-osteobalsts and osteoblasts (34, 35), 
there is scarce information on their role in osteocytes. This might 
be owed to the difficulties encountered so far for the collection of 
primary osteocyte cultures from mineralized tissue (36). However, 
studies in mice indicated that Runx2 and osterix regulate osteocytic 
sclerostin expression through interaction with the promotor of the 
SOST gene (37, 38).

Analysis of the decalcified histological HE samples revealed an 
ongoing highly dynamic bone remodelling at 2 weeks of loading in 
all groups, with a comparable bone architecture in the ‘pressure’ 
and ‘tension’ zones. Only in the 1.5 N group, a pronounced bone 
thickening accompanied by a reduction of bone marrow spaces was 
observed in the lateral top (‘tension’) site. By contrast, numerous 
mesenchymal stem cells, osteoclasts, and osteoblasts were observed 
in the lateral bottom (‘pressure’) site, testifying a different response 

Figure 9. Representative undecalcified histology after 8 weeks of loading 
(1.0 N) staining with toluidine blue at (a) low and (b) high magnification.

Figure 10. Analysis of the bone-to-implant contact (BIC) at 2 and 8 weeks.
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of the bone to the higher loading. In this region, the high number of 
small vessels was likely to be related to intense angiogenesis.

The 0.0 and 0.5  N groups exhibited a similar bone micro-
structure at 8 weeks of loading. In the 1.0 and 1.5 N groups, newly 
formed bone presented a characteristic load bearing architecture 
with trabecula oriented in the direction of the loading. This is in line 
with a mathematical model simulating the effect of uniaxial bone 
loading, showing that bone trabeculae were oriented along the direc-
tion of loading and in increasing diameter (39). Similar results were 
also reported in a previous study combining in vivo micro-CT and 
finite elements investigations (40).

The presence of bone remodelling in the cortical compartment 
in the 1.5 N group at the lateral top (‘tension’) site might be related 
to the high level of sclerostin, suggesting a still ongoing implant dis-
placement also confirmed by the in vivo micro-CT data.

At 2 weeks, within a distance of 100–200 µm around the implant 
surface, only a few viable osteocytes were detected in the HE stained 
samples of the 1.0 and 1.5 N groups. Therefore, special attention 
was dedicated to cortical bone area inspection as very few osteocytes 
could be harvested in this region for single cell gene-expression ana-
lysis. At high magnification, several lacunae seemed to be empty in 
this region, which might be related to apoptosis (41), which is also 
known to induce osteoclastogenesis (42). It would be interesting to 
further investigate this aspect, such as by means of a terminal deoxy-
nucleotidyl transferase dUTP nick end labeling staining, to better 
understand viability of osteocytes in the peri-implant tissue (43) and 
to identify additional extended compartments for cell harvesting in 
future experiments.

In the present analysis, histomorphometric analyses revealed no 
significant differences regarding the ratio of EL/TL as well as the 
BA/TA at both time points of loading, regardless of the localization 
(‘pressure’/‘tension’) and the applied force. Nonetheless, at 8 weeks 
of loading, in the test groups (i.e. 0.5, 1, and 1.5 N) higher EL/TL 
values were registered in areas of ‘pressure’, and on both ‘pressure’ 
and ‘tension’ sites the values tended to increase with increasing 
force magnitude. Whether this is related to dying osteocytes in ‘pres-
sure’ zones, as reported previously (41), has to be studied in future 
investigations.

Interestingly, one study correlating finite elements investigations 
for continuously loaded implants with the biological response in the 
mice model demonstrated wider calcified distance in the area with 
highest strain intensity (14). They therefore suggested that bone for-
mation activity, particularly the calcification ability of osteoblasts, 
was locally activated in the highest strain area, which was also re-
flected in the present histological analysis.

Immunofluorescence analysis confirmed a highly dynamic bone 
remodelling in the early phase of healing, reflected by the high 
expression of osteocalcin and cathepsin K at 2 weeks of loading, 
whereas at 8 weeks their values were almost undetectable. This high-
lights the almost stable state achieved after 8 weeks of loading.

Undecalcified histology demonstrated bone formation around 
the implants up to the neck, which is in line with the previous 
clinical observations reporting stability of migrating implants. 
Interestingly, the BIC values raised over time and with increasing 
applied loads. At the time being, there is scarce information on the 
impact of loading magnitude on BIC values at orthodontic mini-
screws. However, it has been demonstrated that early loading did 
not compromise BIC values at palatal implants, which, however, 
exhibit rough surfaces (44, 45). Nevertheless, the present data dem-
onstrate that implant migration is not a consequence of bone loss, 
as suggested previously (46).

Limitations of the present study are related to the limited number 
of animals available for the respective evaluations. This was due to 
the fact that the sample size calculation was based on the in vivo 
micro-CT analysis, which had been previously published (6). The 
aim of the present study was to utilize samples from the previous 
non-destructive method to enable further investigation of the under-
lying bone remodelling process at molecular and cell levels. Another 
limitation is related to the fact that only few genes were examined in 
the present study, deriving from cells harvested from the cortical com-
partment in proximity to the implant surface. Histology showed the 
presence of a limited number of osteocytes up to 300 μm away from 
the implants, while other cells such as osteoblast-like cells and osteo-
clasts were populating the areas adjacent to the implants. Therefore, 
in future studies the authors suggest extending the collection area 
and including additional types of cells. As bone remodelling is strictly 
related to angiogenesis (47), also gene-expression assessment of genes 
involved in new blood vessel formation could be of interest.

The authors are aware that the animal model can affect the re-
modelling process and migrating level of implants. The rat-tail 
model was preferred to the rats’ jaws, which contain a huge amount 
of cortical bone tissue, and results would hardly be translatable 
to humans.

The authors are aware that splitting the peri-implant areas into 
‘tension’ and ‘pressure’ zones is a simplification and that no con-
ventional ‘tension’ is possible due to the absence of a periodontal 
ligament. Indeed, contrary to teeth, the implants are in direct contact 
with the bone, and forces are directly transmitted to the bone tissue 
without the interposition of the periodontal ligament.

Additionally, a more accurate assessment of the local stresses 
and strains would incorporate 3D-micro-finite element models. 
However, this technique is not applicable to histology, and mapping 
of non-decalcified histology into the micro-CT volumes is challen-
ging. Nonetheless, the present subdivisions into sectors are in line 
with the patterns seen with the in vivo micro-CT (6). Hence, the 
simplification of ‘pressure’ and ‘tension’ zones, whose definition is 
familiar to orthodontists, has been adopted.

Finally, another limitation of the study design was the fact that 
all implants were subjected to immediate loading and that only im-
plants with machined surface were investigated. Hence, future stud-
ies might also investigate the impact of different loading time points 
and surface micro-structures on implant migration at histological 
and molecular levels (48–50).

Future analyses may include the correlation of micro-CT data 
with data obtained with emerging technologies like optical coher-
ence tomography, which allows to study the complex three-dimen-
sional cell dynamics in real time.

In conclusion, and within the limitations of the study including 
lack of statistical significance, the present study underlined that im-
plant migration is associated with extensive bone remodelling in 
the early loading phase. At this time point, most of the investigated 
genes were expressed, and also immunoflourescence confirmed ex-
pression of proteins related to bone remodelling, i.e. osteocalcin and 
cathepsin K. Histology revealed marked zones of dynamic bone re-
modelling with the presence of mesenchymal stem cells, osteoclasts, 
and osteoblast-like cells. In contrast, at 8 weeks, the bone trabeculae 
were oriented in the direction of load. At this time point, only in the 
highest loading group the osteocytic sclerostin levels were reduced 
at the ‘pressure’ compared to the ‘tension’ site, potentially indicating 
ongoing implant migration. The BIC values increased with respect 
to the applied force magnitude and timing, thus confirming stable 
state of the migrating implants.
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