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Abstract 

With age, there is a progressive loss of body balance function. Yet, the potential influence of 
osteoporosis on body balance is largely unknown. Dentin matrix protein 1 (DMP1) is highly 
expressed in bone and required for phosphate homeostasis and mineralization. Dmp1 null 
mice display striking defects in bone structure. In this study we reported circling behavior and 
hyper reaction to touching in Dmp1 null mice. Our histology, tartrate resistant acid phos-
phatase (TRAP) staining and µCT data showed dramatic changes, such as an expansion of 
poorly mineralized matrices, in the Dmp1 null porous bony structure in the vestibular ap-
paratus. The targeted re-expression of DMP1 in the Dmp1 null bone fully rescued not only the 
bone phenotype, but also circling behavior and hyper reaction. Furthermore, X-gal stain and 
DMP1 immunohistochemistry assay showed that DMP1 was not expressed in neuron cells or 
balance related cells in the inner ear, suggesting that a defect in the bony labyrinth of the 
internal ear is indirectly responsible for the circling behavior and/or hyper reaction to 
touching. Finally, discovery of DMP1 lacZ signal in pericyte-like cells may suggest a new 
function of DMP1 in angiogenesis. 
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INTRODUCTION 
Body balance is a complex cognitive skill essen-

tial for daily life and vulnerable for the aging popula-
tion. Balance disorder is directly linked to losses of 
vision, vestibular sense, proprioception, muscle 
strength and reaction time (1-3). As a result, falls in 
the senior population occur more often and approx-
imately 10—15% of these falls are associated with 
serious injuries (1). Currently, most studies on these 
problems focus on the degenerative losses of neuronal 
functions. 

Osteoporosis is another common disease closely 
associated with aging (4-6). One in two women and 
one in four men, age 50 and above, will have fracture 

experience due to osteoporosis if no intervention is 
made. Ironically, little attention has been focused on 
defects in the vestibular function, which could lead to 
more frequent falls in the senior population. 

Body balance and motion are detected in the hair 
cells in the vestibular apparatus when position or 
gravity changes. The resulting distortion of the hair 
cells via fluid wave generates electrical signals, and 
finally transduces them to brain through nerve im-
pulses. The type of motion or attitude detected by a 
hair cell is based on its associated mechanical struc-
tures, such as the curved tube of a semicircular canal 
or the calcium carbonate crystals (otolith) of the sac-
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cule and utricle located in the vestibule. Morphologi-
cal changes in the vestibule or semicircular canal may 
induce balance problems. 

An intact vestibular apparatus is essential for 
rodents, as circling behavior is very common in mice 
when there is a defect in vestibular function. In con-
trast, in humans balance dysfunction is an isolated 
event. The difference between humans and mice is 
that visual and proprioceptive information cannot be 
compensated in mice but can be compensated in hu-
mans. Therefore, dysfunction problem in human ves-
tibular apparatus is unrecognized except that a ves-
tibular function test is performed (7). 

Dentin matrix protein 1 (DMP1) is highly ex-
pressed in bone and required for phosphate homeos-
tasis and mineralization (8-9), although DMP1 is also 
expressed in soft tissues (salivary gland, kidney, lung, 
brain) or tumors (10-15). Deletion of murine Dmp1 
causes striking defects in tooth and bone during 
postnatal development (16-17). Recently, we and oth-
ers have demonstrated that DMP1 mutations result in 
Autosomal Recessive Hypophosphatemic Rickets in 
humans similar to the phenotype of Dmp1-null mice. 
This condition is characterized by rickets and the 
presence of large amounts of osteoid in bone (osteo-
malacia) and is accompanied by elevated circulating 
fibroblast growth factor 23 (FGF23) (18-21). 

In this study, we attempted to address whether 
changes of bony surface in the vestibular apparatus 
could lead to dysfunction of balance and body motion 
in Dmp1 null mice. Second, we attempted to define 
expression of DMP1 in the brain. Our studies revealed 
that Dmp1 null mice developed circling and head 
shaking behavior, that the immunohistochemistry 
and X-gal stain assays showed no DMP1 signal in 
neuron cells, and that there are striking ‘dents’ on 
surfaces of Dmp1 null vestibular apparatus. These 
data seem support a concept that turbulence in fluid 
waves due to a rough surface is likely responsible for 
circling and head shaking behavior. This finding may 
have a potential relevance to osteoporosis patients 
whose defects in body balance may be caused in part 
by a change of the bony surface in degenerative ves-
tibular apparatus. Next, the unexpected finding of 
DMP1-lacZ signal in pericyte-like cells of blood ves-
sels may have a biological significance in angiogene-
sis.  

MATERIALS AND METHODS 
Mice 

Dmp1-lacZ knock-in null mice where the lacZ 
reporter gene was inserted to replace Dmp1 gene were 
described previously (22). The rationale for using this 

null mouse model were 1) studies of effects of loss of 
DMP1 on control of body balance; and 2) the hetero-
zygous (HET) mouse could be used for tracing an 
endogenous Dmp1 gene expression pattern via an 
x-gal stain assay which is very sensitive and easy to 
perform. These mice were initially generated in a 129 
strain and back-crossed into the C57/B6 background 
(22). Later, these null mice were also crossed into 
CD-1 background for 5 generations (16). In this study, 
Dmp1-lacZ knock-in null mice in both C57/B6 and 
CD-1 strains were used. 

Transgenic mice overexpressing a full-length 
Dmp1 under the control of a 3.6 kb Col 1 promoter, 
which is mainly expressed in osteoblast and odon-
toblast cells but not in brain, were generated as pre-
viously described (23). To determine the function of 
the full length DMP1 in bone, these transgenes were 
introduced into the Dmp1-null background, by 
breeding the transgenic mice with Dmp1-null mice. 
All mice were fed autoclaved Purina rodent chow 
(5010, Ralston Purina) containing calcium, 0.67% 
phosphorus and 4.4 international units (IU) of vitamin 
D/g. All animal protocols were approved by the In-
stitutional Animal Care and Use Committee.  

Microcomputed tomography (µCT)  

The inner ears from the control, Dmp1 null and 
the rescued mice were dissected and scanned in a 
micro-CT imaging system (35, Scanco Medical, Bas-
sersdorf, Switzerland) as previously described (16-17).  
 Histology 

For paraffin block preparations, specimens were 
fixed in freshly prepared 4% paraformaldehyde (PFA) 
in phosphate-buffered saline (pH 7.4), decalcified, and 
embedded in paraffin by standard histological pro-
cedures as previously described (24). Five µm sections 
were cut and dried. Sections were used for immuno-
histochemistry, and TRAP staining as previously de-
scribed (18). A polyclonal antibody against DMP1 was 
generated in our lab and described previously (25), 
and a polyclonal antibody against an α smooth mus-
cle actin was used (Abcam, Cambridge, UK). 

β-Galactosidase Expression Assay 

β-galactosidase staining was assessed from a 
3-week-old pup according to the method described 
previously (22, 26). A head with brain, bone, salivary 
glands and tongue plus a uterus was briefly fixed 
with ice-cold 4% PFA for 30 min, then stained over-
night in freshly made X-Gal solution (1 mg/mL) at 
37°C, followed by re-fixation, decalcification, wax 
embedding, sectioning, and counterstaining. 
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RESULTS AND DISCUSSION 
Dmp1 null mice developed circling and head 
shaking behavior 

Circling and head shaking behavior in Dmp1 
null (KO) mice was initially identified by accident (Fig 
1a). To investigate this balance problem, three age 
groups (10-days, 3-weeks and 4-months, although 
only 4-month-group was shown in this report) of 
CD-1 Dmp1 KO mice were either housed alone or with 
wild type (WT) mice for photographing. The KO mice 
first shook their heads to either left or right, and then 

repeated again for several times followed by circling. 
Circling behavior lasted for up to 5 minutes randomly 
without a specific pattern. There is no a fixed circling 
direction, as they circled in both directions with a cir-
cling speed between 20 and 30 circle/min. When 
tested in the Porsolt forced swim test (27), the WT 
control mice swam straightly (Fig 1b), whereas the KO 
mice were unable to swim straightly. The KO mouse 
kept circling in the water (Fig 1c, upper panels). Note 
that some of the KO mice had to be taken out after 
awhile to prevent drowning (Fig 1c, lower panels).  

 
 
 

 

Figure 1. Circling behavior in Dmp1 null (KO) mice. (a) Dmp1-KO mouse (right) kept circling while the wild type 
(WT) littermate remained quiet most of the time (left). (b) In the forced swim test, the WT mouse swam straightly without 
circling. (c) The Dmp1-KO mouse swam circling (upper panels) but sank after a short period of time (lower panels). 
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The Dmp1 null mice in C57/B6 background were 

also tested, and showed an identical phenotype, al-
though with a much lower incidence rate (<10%) in 
comparison with the Dmp1 null mice in CD-1 back-
ground (100%). This result is not expected, as we pre-
viously showed no difference in Dmp1 null bone and 
tooth phenotypes in both CD-1 and C57/B6 back-
grounds (16-17, 28). Interestingly, Dmp1 null mice in 
both strains display a hyper reaction to touching or 
any physical stimulation. 

Taken together, this behavior study showed 
clearly that Dmp1 null mice have a defect in body 
balance likely due to either a vestibular defect itself or 
a defect in neurons which are responsible for balanc-
ing behavior. However, our previous report on DMP1 
mutation patients revealed no sign of balancing de-
fects (18). This difference could be due to 1) the DMP1 
mutant molecule retaining partial function whereas 
the Dmp1 null mice lost the whole gene; and 2) visual 
and proprioceptive information can be compensated 
in humans but less compensatory in mice for the ba-
lancing deficit (7). This result could be beneficial for 
DMP1 mutation patients for identifying this vestibu-
lar dysfunction through a vestibular test (29). 
Dmp1 lacZ knock-in signal was detected in peri-
cyte-like cells in blood vessels but not in neural 
cells 

It was reported that DMP1 was expressed in the 
brain (11), suggesting that DMP1 may have a function 

in neurons. Likewise, the circling behavior and hyper 
reaction to physical stimulation might be linked to a 
possible defect in the brain of the Dmp1 KO mice. 
However, our DMP1 immunohistochemistry assay 
showed no signal in brain tissue, while it was detected 
in osteocytes, which accounts for over 95% of bone 
cells (Fig 2a). This failure to detect DMP1 in the brain 
could be due to a low expression level of this protein 
in neurons.  

Previously, we showed that an X-gal stain assay 
is a very sensitive approach for detection of DMP1 
lacZ signal in the Dmp1-lacZ knock-in null mouse 
where the lacZ reporter gene, containing a nuclear 
signal peptide which leads to nucleus expression, was 
inserted for reflecting the endogenous Dmp1 signal 
(18). We first showed that both lacZ and DMP1 signals 
could be detected in the osteocytes where DMP1 is 
highly expressed (30). Specifically, a frozen section of 
a heterozygous (HET) Dmp1 lacZ alveolar bone was 
first stained with X-gal assay for an hour and then 
followed by a standard immunohistochemistry using 
the anti-DMP1 antibody. Fig 2b showed a very strong 
lacZ signal (blue in color) in osteocyte nuclei and a 
relative high DMP1 expression (brown in color) in the 
matrixes surrounding osteocytes, demonstrating that 
the lacZ stain assay is more sensitive than DMP1 
immunostaining assay. 
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Figure 2. Dmp1 lacZ knock-in transgene is expressed in blood vessels. (a) Immunohistochemistry using a polyc-
lonal antibody against DMP1 N-terminal showed DMP signal in bone only. (b) Dmp1 exon 6, containing 80% of most coding 
region, is replaced by a lacZ reporter gene whose expression reflects endogenous DMP1 expression pattern. A decalcified 
frozen section of alveolar bone was stained with X-gal followed by DMP1 antibody immunostaining, showing a blue stain in 
nuclei of osteocytes (lacZ expression) and brown stain in matrix (DMP1 expression). (c) Whole mount X-gal staining of a 
heterozygous Dmp1-lacZ knock-in brain overnight showed blue stain in blood vessels (3-wk old, left panel), and the signal 
appears in a particular group of muscle cells (right panel, the enlarged area in the left panel). (d) A frozen section of brain 
tissue was stained with X-gal, showing the blue stained cells which are similar to pericytes. (e) Whole mount X-gal stain of 
brain overnight was followed by paraffin section with an H&E count stain, showing blue stained cells in blood vessels but not 
in the neural cells. (f) A double stained image with an X-gal stain followed by an anti-muscle actin antibody stain showed that 
all muscle cells in the blood vessels were immunoreactive to the antibody but the blue-stained cells were limited in a certain 
type of cells.  
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Next, a heterozygous (HET) Dmp1 lacZ knock-in 
brain was isolated and stained in X-gal solution over-
night. Unexpectedly, ‘blue’ blood vessels noticeably 
displayed a discontinuous pattern in some muscle 
cells (Fig 2c). To confirm whether this expression 
pattern in the blood vessel is ubiquitous, a tongue and 
uterus were also stained and photographed, both 
showing a similar pattern as that in brain (Fig 2d). 
Note that the lacZ signal is much stronger in bone and 
incisor pulp. This could explain in part why the DMP1 
immunohistochemistry assay only detected DMP1 
signals in the cranial bone but not in brain.  

In searching for the specific cells which ex-
pressed a Dmp1 lacZ signal, the above tissues were 
briefly fixed in 4% PFA on ice, followed by sucrose 
precipitation and frozen section preparations. The 
X-gal stain was performed with either H&E counter 
staining or an immunohistochemistry assay using a 
polyclonal antibody against an α smooth muscle ac-
tin. Interestingly, the X-gal stain positive blue cells 
were directly linked to the blood vessel in both the 
early and the late stages of angiogenesis (Fig 2e). Im-
portantly, there were no neurons stained positive in 
the Dmp1-lacZ-knock-in mice (Fig 2f). Furthermore, in 
the brain blood vessel, all muscle cells were ubiquit-
ously stained with an α smooth muscle actin antibo-
dy, whereas a lacZ signal was only detected in some 
of these muscle cells in a discontinuous pattern, sug-
gesting that DMP1 is expressed in a subgroup of 
muscle cells (Fig 2g). This data seems supporting a 

ubiquitous expression pattern of the Dmp1 lacZ in a 
subgroup of muscle cells in the blood vessel, likely 
pericytes. Note that blood vessels are formed from 
endothelial cells and pericytes. The endothelial cells 
are well characterized but pericytes are not but now 
coming into focus as important regulators of angi-
ogenesis and blood vessel function, and as potential 
drug targets. However, there is no good marker for 
pericytes. Dmp1-reporter mice might be developed to 
be used for cell sorting to isolate pure pericyte cells for 
angiogenesis in a future study. 

Although previous studies showed that DMP1 is 
present in the brain (11), the immunohistochemistry 
and X-gal stain assay performed in this current study 
failed to display DMP1 signals in neuron cells. Based 
on these results, a brain defect is an unlikely origin for 
the observed, abnormal balance behavior. Likewise, 
DMP1 null mice failed to show change in brain 
structure, which would have been linked to a change 
in body balance (see Fig. S1). Furthermore, DMP1 was 
only detected in bone cells (osteocytes) but not in any 
other cells of the vestibular apparatus (Fig 3). Finally, 
based on the data obtained, DMP1 was shown to be 
expressed in a subgroup of blood vessel muscle cells, 
including those found in the brain. It is still uncertain 
as to which specific muscle cells are positively stained 
with X-gal due to a lack of specific pericyte markers. 
The goal of future studies is to identify this unknown 
muscle group and understand its significance. 

 

 

Fig 3. DMP1 was only expressed in bone cells (osteocytes, brown color) but not in other cells of the vesti-
bular apparatus. A polyclonal antibody against DMP1 was used for immunohistochemistry. DMP1 could not be detected 
in the vestibular hair or supporting cell (a) or the neuron cell (b). 
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Fig S1. There were no apparent changes in Dmp1 KO brain structures. H&E stained images showed no apparent 
difference in brain structure that is responsible for body balance in the WT control (left panel), KO (right panel) and Res 
group (right panel). 

 
 

Targeted expression of DMP1 fully rescued the 
defective balance behavior 

The components responsible for conscious per-
ception of the body’s position are situated within the 
bony vestibule. This fluid-filled, vestibular apparatus 
contains sensory cells, the hair cells, that detect body 
movement. These cells, responding to changes of 
rapid linear accelerations and deceleration via an al-
teration of a fluid flow wave, create electrical action 
potentials. The signals are then transmitted to the 
brain for perception of the body’s position. Dmp1-null 
mice displayed a striking change in both the bone 
morphology and bone mineralization (16, 18, 20). 
Thus, we hypothesize that the surface of the bony wall 
of the Dmp1-null vestibular apparatus is porous and 
rough, which may cause turbulent fluid movement 
when the body position is changed. As a result, the 
turbulent fluid wave affects the hair cells, and their 
transmission of motion signals to the brain, leading to 
circling behavior and hyper reaction.  

To test this hypothesis, we compared the bony 
structures of the 4-month-old Dmp1 null, the WT and 
the rescued Dmp1 null mice where the full length 
DMP1 is mainly re-expressed in the Dmp1 null bone 
under control of a 3.6 kb Col 1 promoter which is not 
active in brain (31) (data not shown).  

In the semicircular canal bones, DMP1 was ex-
pressed in the control and the rescued mice while no 
signal was detected in the pure Dmp1 null bone (Fig 
4a). Second, the entire bony labyrinth, including se-

micircular canal and vestibule, was porous in the pure 
Dmp1 null group (Fig 4b-e, middle panels). The Dmp1 
null bone was full of woven bone with few osteoclasts 
(Fig 4b, middle panel) compared to the age-matched 
control and the rescued mice where the semicircular 
canal is composed of both the lamella bone and wo-
ven bone. Particularly, this malformed bony labyrinth 
(Fig 4e, middle panel) was partly due to a defect in 
mineralization (16, 20) and bone remodeling (Zhang 
et al., manuscript in preparation), resulting in the 
rough expanded surface on the vestibular apparatus. 
Third, the rescued mice, like the WT control, swam 
straightly and showed no circling (data not shown). 

In summary, the Dmp1 null mice displayed cir-
cling behavior and hyper reaction to touching. His-
tology, TRAP staining and µCT data showed a dra-
matic change in the Dmp1 null bony structure in the 
vestibular apparatus. The targeted re-expression of 
DMP1 in the Dmp1 null bone fully rescued not only 
the bone phenotype, but also circling behavior and 
hyper reaction. Furthermore, X-gal stain and DMP1 
immunohistochemistry assay showed that DMP1 is 
not expressed in neuron cells. Thus, we speculate that 
a rough and expanded bony surface in the Dmp1 null 
vestibular apparatus results in circling behavior or 
hyper reaction to touching via a change of the vesti-
bular fluid flow, although more evidence is needed to 
confirm this hypothesis in future studies. Finally, 
discovery of DMP1 lacZ signal in pericyte-like cells 
may suggest a new function of DMP1 in angiogenesis. 
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Fig 4. Targeted expression of DMP1 rescued malformed inner ear bone in Dmp1-null mice. (a) Immunohis-
tochemistry assay showed that DMP1 was highly expressed in 3-wk-old WT (left panel, brown color) and rescued (Res, 
targeted-reexpression of DMP1 in Dmp1 KO background, right panel) semicircular canal bones with no signal in KO bone 
(middle panel). (b) TRAP stained images showed few osteoclasts (OC) and a reduction of lamella bone volume in the KO 
semicircular canal (middle panel), and these pathological changes were restored in the Res canal (right panel) compared to 
the WT group (left panel). (c-d) µCT images showed porous bone in the KO semicircular canal (c), and vestibular organ 
(d)(middle panels); and this change was restored in all Res bones (right panels) compared to the WT control (left panels). (e) 
H&E stained images showed expanded bony mass in the KO vestibular apparatus, and this change was fully restored in the 
Res bone (right panel) compared to the WT control (left panel). 
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