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ABSTRACT

Objective: The periosteum plays an important role in bone

physiology, but observation of its microcirculation is greatly limited

by methodological constraints at certain anatomical locations. This

study was conducted to develop a microsurgical procedure which

provides access to the mandibular periosteum in rats.

Methods: Comparisons of the microcirculatory characteristics

with those of the tibial periosteum were performed to confirm the

functional integrity of the microvasculature. The mandibular

periosteum was reached between the facial muscles and the anterior

surface of the superficial masseter muscle at the external surface of

the mandibular corpus; the tibial periosteum was prepared by

dissecting the covering muscles at the anteromedial surface.

Intravital fluorescence microscopy was used to assess the leuko-

cyte–endothelial interactions and the RBCV in the tibial and

mandibular periosteum. Both structures were also visualized

through OPS and fluorescence CLSM.

Results: The microcirculatory variables in the mandibular perios-

teum proved similar to those in the tibia, indicating that no

microcirculatory failure resulted from the exposure technique.

Conclusion: This novel surgical approach provides simple access to

the mandibular periosteum of the rat, offering an excellent

opportunity for investigations of microcirculatory manifestations

of dentoalveolar and maxillofacial diseases.

KEY WORDS: mandibular periosteum, intravital microscopy, orthog-

onal polarization spectral imaging, confocal laser scanning micros-

copy, rat
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INTRODUCTION

The rich blood supply of the maxillofacial region ensures fast

healing of the tissues in the oral cavity. On the other hand,

these tissues, and the bones of the jaw in particular, are

strikingly prone to local inflammatory complications, rang-

ing from abscess formation to osteomyelitis and osteonecro-

sis [30]. It is reasonable to assume that functional and

morphological impairments of the periosteal microcircula-

tion are critically involved in these processes. This assump-

tion is supported by clinical observations where

osteonecrosis and defective angiogenesis of the mucoperio-

steal tissues were demonstrated in patients receiving chronic

bisphosphonate treatment [37]. In general, the role of the

periosteal integrity in bone physiology is well recognized, not

only as it concerns to the maintenance of the vascular supply

but also from the aspect of active regulation of the bone

metabolism and regeneration. It is similarly well known that

successful healing after fractures requires the regeneration of

the peri- and endosteal circulations [20]. It follows that

periosteal microvascular alterations can be of importance in

the pathomechanism of oral diseases associated with a

deterioration of tissue perfusion and with inflammatory

complications.

The vascular architecture of the intraoral region, including

the periosteum, can be examined by imaging methods such

as computer tomography, magnetic resonance imaging and

to some extent scintigraphy or histology [3,4,11,23]. Never-

theless, these tools are not relevant when dynamic changes or

functional aspects of the periosteal microcirculation are to be
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investigated. The methods utilized for examinations of the

functional characteristics of the microcirculation, such as

hemoglobin absorptiometry combined with laser-Doppler

flowmetry, may provide information on tissue oxygenation

and perfusion, but in this case the tissue mass is rather

robust, e.g., the gingiva [21]. If more accurate detection or

improved spatial resolution of the microcirculation is

needed, fluorescence IVM can provide an opportunity for

real-time examination of the microcirculation of superficial

layers of different organs. Conventional fluorescence IVM

has many advantages. It can visualize not only changes in the

efficacy of microvascular perfusion but also leukocyte–
endothelial interactions, metabolic variables, or signs of

apoptosis [1,17]. For observation of the microcirculation of

superficial tissue layers, nonfluorescence techniques such as

OPS [14] and sidestream dark-field imaging have also been

developed [22]. These methods have the advantage that the

use of fluorescence markers is not necessary and this allows a

possibility for human applications also in the oral cavity

[10,22]. Observation of the periosteal compartment would

still necessitate surgical exposure, but the imaging of

individual vessels and cells is possible without disturbing

their functional characteristics.

The calvarian periosteum can be visualized in experimen-

tal settings [32], but examination of the microcirculation of

the jaw bones runs into many technical difficulties. We

earlier developed methods suitable for visualization of the

tibial periosteum and the synovial membrane in the knee

joint in rats [15,34], but such approaches were not available

for the exposure and in vivo investigation of the mandibular

periosteum. We therefore considered it important to address

this issue, in part to solve the technical problems and in part

because the physiology or the pathophysiological reactions of

the jaw may differ from those in other bones of the skeleton.

Specifically, bisphosphonates have been demonstrated to

cause osteonecrosis in the jaw after invasive dental proce-

dures, but such reactions do not occur in the bones of the

appendicular skeleton [5,31]. This observation suggests that

potentially different microcirculatory reactions may evolve in

the periosteum at different anatomical locations. For this

reason, we set out to compare the microcirculatory charac-

teristics of the mandibular and the tibial periosteum through

the use of a microsurgical approach and microscopic

methods that are suitable for in vivo visualization of

individual microvessels. Firstly, the functional integrity of

the mandibular microcirculation was ascertained by using

the OPS method, where the use of fluorescent markers is not

required (and sampling for biochemical and molecular

biological analyses is therefore possible). We used the “gold

standard” fluorescence IVM for the determination of perfu-

sion and leukocyte–endothelial interactions. Finally, CLSM
was chosen as it offers an opportunity for determination of

the in vivo histology of tissues (including microvessels)

without sectioning, fixation, and embedding artifacts. The

final aim of the study was to provide a comprehensive

methodological basis for future investigations targeting the

potential microcirculatory manifestations of oral diseases.

MATERIALS AND METHODS

The experiments were performed in full accordance with the

NIH Guidelines (Guide for the Care and Use of Laboratory

Animals) and approved by the Animal Welfare Committee of

the University of Szeged (V/1639/2013).

Animals
Ten male Sprague–Dawley rats were used (the average weight

at the time of the experiment was 320 � 10 g). The animals

were anaesthetized intraperitoneally with an initial dose of

sodium pentobarbital (45 mg/kg). After cannulation of the

trachea, the penile vein was cannulated to administer fluids

and drugs (supplementary dose of sodium pentobarbital;

5 mg/kg). During preparation and microcirculatory investi-

gations, the rats were placed in a supine position on a heating

pad to maintain the body temperature at 36–37°C.

Surgical Procedures
The fur of the animals in the mandibular region was shaved,

and a lateral incision parallel to the incisor tooth was made in

the facial skin and the underlying subcutaneous tissue using a

careful microsurgical approach under an operating micro-

scope (69 magnification; Carl Zeiss GmbH, Jena, Germany).

The masseter muscle consists of superficial and deep parts, the

latter being further divided into anterior and posterior

sections in rats [9]. The fascia between the anterior part of

the deepmasseter and the anterior superficial masseter was cut

with microscissors (Figure 1A). By this means, the periosteal

membrane covering the corpus of the mandible laterally to the

incisor tooth was reached and it was gently separated from the

covering thin connective tissue (Figure 1B). Stitches with 7.0

monofilament polypropylene microsurgical thread were

placed into the surrounding masseter muscles for retraction

and better exposure of the region of interest. We applied this

surgical approach on both sides of the lower jaw. With this

preparation technique, the periosteal microcirculation of the

mandible could be examined by in vivo microscopic methods

at the anterior margin of the molar region.

For comparison of the characteristics of the mandibular

microcirculation with those of the tibial periosteum, the

medial/anterior surface of the tibia was exposed by complete

transection of the anterior gracilis muscle with microscissors,

and careful atraumatic microsurgical removal of the con-

nective tissue covering the tibial periosteum (Figure 1C,D)

[34]. These dissections were performed on both sides to

permit parallel observations of intravascular and topically

applied fluorescence tracers (see later).
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Experimental Protocol
After surgical exposure of the mandibular and tibial perios-

teum on both sides, recordings were performed on the right

side with OPS, which does not require any fluorescence

labeling (see later) (Figure 2A,B). After this, the animals

received i.v. injections of FITC-labeled erythrocytes (0.2 mL;

Sigma Aldrich, St. Louis, MO, USA) (Figure 3A,B) [27] and

rhodamine-6G (0.2%, 0.1 mL; Sigma Aldrich) for the

staining of leukocytes (Figure 3C,D), and IVM recording

was performed at the previous locations. Subsequently,

50 lL of the nuclear dye acriflavin (1 mM) was applied

topically to the tibial periosteal surface on the left side and

was rinsed off with warm physiological saline solution after

an exposure time of one minute, and then CLSM recording

was performed (Figure 4B). The same staining procedure

was carried out for the mandible on the left side (Figure 4A).

This was followed by an i.v. injection of the plasma dye

FITC-dextran 150 kDa (i.v. 0.3 mL, 20 mg/mL solution

dissolved in saline; Sigma Aldrich), and CLSM (Figure 4C,D)

and IVM recordings (Figure 3E,F) were made on the tibia

and the mandible on the right side five minutes after

injection of the tracer.

OPS Technique
The exposed periosteum of the corpus of the mandible or the

tibial periosteum on the right side was horizontally posi-

tioned on an adjustable stage and superfused with 37°C
saline. The periosteal membranes were first visualized with

A B

DC

Figure 1. Exposure of the mandibular and

tibial periosteum for in vivo microscopic exam-

inations. Access to the mandibular periosteum

was achieved by making a lateral incision

parallel to the incisor tooth in the facial skin

and the underlying subcutaneous tissue, which

was followed by gentle separation of the fascia

between the anterior part of the deep masse-

ter (dm) and the anterior superficial masseter

(asm) muscles (A, B). Finally, the thin connec-

tive tissue covering the periosteum was gently

incised with microscissors. By this means, the

periosteal membrane covering the corpus of

the mandible laterally to the incisor tooth was

reached. The tibial periosteum was reached by

transecting the anterior gracilis (ag) muscle

completely in the middle (and a part of the

posterior gracilis muscle [pg] too) and gently

removing the thin connective tissue covering

the periosteum (C, D). The bar denotes

2500 lm.

A B

Figure 2. Micrographs showing the mandib-

ular (A) and tibial periosteum (B) made with

the OPS technique. The bar denotes 200 lm.
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an OPS device (CytoscanTM; Cytometrics, Philadelphia, PA,

USA), which provides optimal imaging of the microvascular

structures at a chosen focus level [penetration depth: approx.

200 lm; 11] (Figure 2A,B). This technique utilizes epi-

illumination with linearly polarized light at 548 nm (which is

the isobestic point of oxy- and deoxyhemoglobin) to

visualize hemoglobin-containing structures without the

additional use of a fluorochrome. Images were recorded on

a SVHS video recorder (Panasonic AG-MD 830; Matsushita

Electric Industrial Co., Tokyo, Japan) and a personal

computer.

Fluorescence IVM
The periosteal microcirculation was visualized by IVM

(penetration depth: approx. 250 lm; Zeiss Axiotech Vario

100HD microscope; 100-W HBO mercury lamp; Acroplan

209 /0.5 N.A. W; Carl Zeiss GmbH, Jena, Germany). Images

from three–four fields of the mandibular and the tibial

periosteum (Figure 3) were recorded with a charge-coupled

device video camera (Teli CS8320Bi; Toshiba Teli Corpora-

tion, Osaka, Japan) attached to an S-VHS video recorder

(Panasonic AG-MD 830; Matsushita Electric Industrial Co.)

and a personal computer (see labeling techniques above).

Fluorescence CLSM
Confocal imaging of the surface of the mandibular and tibial

periosteum was performed with a Five1 Optiscan device

(Optiscan Pty. Ltd., Melbourne, Vic., Australia) (Figure 4).

In vivo histology was employed by placing the Optiscan

probe on the surface of the periosteal membranes and by

changing the focus level through virtual sections of 7 lm
during the confocal imaging (penetration depth: 0–250 lm).

Cell nuclei were first stained with topically applied acriflavin

(see above) on the left side, and this was followed by

recordings on the contralateral side after i.v. injection of the

intravascular tracer FITC-dextran (see above). Images were

stored on a personal computer provided by the manufac-

turer.

Video Analysis
Quantitative evaluation of the microcirculatory parameters

was performed off-line by the frame-to-frame analysis of the

A B

C D

E F

Figure 3. Fluorescence intravital microscopic

images of the mandibular (A, C, E) and the

tibial periosteum (B, D, F), involving

FITC-labeled erythrocytes (A, B), rhodamine

6G-labeled neutrophil leukocytes (C, D), and

FITC-dextran-labeled plasma (E, F). The bar

denotes 200 lm.
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videotaped images taken for IVM and OPS (IVM Software;

Pictron Ltd, Budapest, Hungary). Leukocyte–endothelial cell
interactions were analyzed at least in four postcapillary

venules per rat. Rolling leukocytes were defined as cells

moving with a velocity less than 40% of that of the

erythrocytes in the centerline of the microvessel and passing

through the observed vessel segment within 30 seconds, and

are given as the number of cells per second per vessel

circumference. Adherent leukocytes were defined as cells that

did not move or detach from the endothelial lining within an

observation period of 30 seconds and are given as the

number of cells per mm2 of endothelial surface, calculated

from the diameter and length of the vessel segment. RBCV

(lm/s) was determined by frame-to-frame analysis of 5–6
consecutive video-captured images taken after labeling of the

erythrocytes (see above).

Statistical Analysis
The statistical analysis was performed with a statistical

software package (SigmaStat for Windows, Jandel Scientific,

Erkrath, Germany). Within the IVM data, RBCV values in

the capillaries and the extents of rolling and adherence of

leukocytes in the postcapillary venules of the mandibular and

tibial periosteum were compared by using the Student’s

t-test. Comparisons within the RBCV values measured with

IVM and OPS were also made with the Student’s t-test. p

values <0.05 were considered significant.

RESULTS

With the reported preparation technique, the anterior

surface of the tibial periosteum provides a larger observation

field (ranging between 8.89 and 9.88 mm2) (Figure 1D) than

that of the exposed mandibular region (ranging between 8.03

and 9.18 mm2) (Figure 1B). Furthermore, the entire exposed

tibial periosteal surface can be examined by different in vivo

microscopic methods, whereas only approximately one third

of the mandibular periosteum (i.e., its anterior part) can

easily be reached by the relatively robust objectives. The

vascular density reached 0.0182 � 0.0011/lm in case of the

tibia and was 0.0193 � 0.0008/lm in the mandibular

periosteum. The arterioles, capillaries, and venules can be

distinguished on the basis of vessel diameters and the

direction of flow of moving elements (plasma or red blood

cells) within them. Within the mandibular periosteum, the

vascular network consisted mainly of arterioles and venules,

but a few capillaries and mostly venules were present in the

tibial periosteum (as depicted in Figures 2–4).
IVM demonstrated that the RBCV values were similar in

the two capillary beds (827.5 � 30.1 lm/s in the mandibular

A B

C D

Figure 4. Confocal laser scanning microscopic

images of the mandibular (A, C) and tibial

periosteum (B, D). Cell nuclei were labeled by

the topical application of acriflavin (left side)

(A, B). Images were also taken at both struc-

tures on the right sides after the i.v. injection of

FITC-dextran (C, D). The bar denotes 200 lm.
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and 739.0 � 37.7 lm/s in the tibial periosteum) (Table 1).

The OPS technique revealed similar RBCV values (data not

shown). The IVM data did not indicate any significant

differences in the magnitude of the leukocyte–endothelial cell
interactions between the two locations (Table 1).

The CLSM method was applied to stain the cell nuclei of

the vascular compartment (Figure 4A,B). The vascular

organization was also visualized when intravascular dye

(FITC-dextran) was employed (Figure 4C,D).

At the end of the experiments, tissue specimens were

harvested for histology. The tibial periosteum appeared to be

more strongly attached to the underlying bone than that in

the mandible.

DISCUSSION

Studies of the microcirculation in the oral region gained

considerable attention when the predictive value of mucosal

perfusion deficits was demonstrated in septic shock patients

[33,35]. Another intraoral manifestation of a systemic

menace was revealed during cardiac surgery [2] and the

intraoral microcirculation was demonstrated to correlate well

with the gastrointestinal perfusion changes [35]. The perio-

steal microcirculatory aspects of systemic and intraoral

diseases, however, have been far less well clarified. These

above human observations became possible by the develop-

ment of methods which provide quantitative information on

individual vessels without the need for the use of fluorescent

tracers (i.e., OPS or sidestream dark-field methods). High

spatial resolution is an advantage of intravital microscopic

methods in general, but the relatively low penetration depth

restricts the examination to the superficial layers such as the

mucosal or gingival/mucosal surfaces in the oral cavity.

As a major source of osteoprogenitor cells, the periosteum

of the jaw bones has a high impact in the pathogenesis of

various orofacial diseases, but specific, real-time examination

of its microcirculation can be performed only after surgical

exposure of this structure. As a result, the periosteal

microcirculation has been examined in only a relatively

limited number of studies of the tibia [26,28,34,38] or the

calvaria [32], and we are aware of only one study in the

maxilla–mandibular region, in rabbits [25]. All these latter

studies involved the use of conventional fluorescence IVM

which (as opposed to OPS) also makes possible the

investigation of microcirculatory perfusion, permeability,

and leukocyte–endothelial interactions. In this study, we

developed a surgical approach to the mandibular periosteum.

When a rodent model is to be established, similarities to the

human anatomy should first be ascertained. The most

accessible region, where the periosteum is situated most

superficially, is the area medial to the parotideomasseteric

region [9]. This region, between the superficial masseter

muscles and the mentum, just laterally to the ever-growing

incisor tooth of the rat, can be approached by incising the

skin and subcutaneous tissue. We gained access to the

periosteum next to the anterior part of the superficial

masseter muscle in the area where this muscle adheres to the

ventral margin of the mandible. It was considered important

to proceed laterally to the continuously growing incisor teeth

so as to avoid any potential functional dissimilarities to the

human characteristics.

The fluorescence IVM data revealed that the mandibular

microcirculatory variables are similar to those seen in the

tibia. It should be added that the preparation was stable for

approximately four hours in preliminary experiments, when

only IVM was employed (data not shown). In the case of

CLSM, the potential toxic effects of topically applied nuclear

dyes would probably influence the microcirculation in the

long run, and examination may be therefore preferably be

restricted to one time point only. As regards the periosteal

microcirculation, examination of the effects of surgical

trauma of the tibia [38] and the maxilla [25] is a possible

target for IVM methods. Such questions can also be answered

by using the present exposure technique. Moreover, the

consequences of tooth extraction (particularly of first

molars) and the subsequent osteogenesis on the periosteal

microcirculatory reactions may also be examined. In previ-

ous studies, osteogenesis-related capillary density changes (by

OPS) [19] and leukocyte–endothelial interactions in exper-

imental peridontitis (by IVM) [7] were examined in the

Table 1. Microcirculatory parameters: RBCV in the capillaries, and leukocyte rolling, and sticking in the postcapillary venules of the mandibular and

tibial periosteum in rats as determined by the OPS technique and fluorescence IVM

Method OPS
IVM

Parameter RBCV (lm/s) RBCV (lm/s) Rolling (/mm/s) Sticking (/mm2)

Mandible 736.6 � 26.7 827.5 � 30.1 46.6 � 5.8 13.4 � 4.4

Tibia 723.7 � 39.2 739.0 � 37.7 56.9 � 11.5 18.5 � 3.9

Mean values � SEM are presented.
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mucosa, but never in the periosteum. Furthermore, the

present model appears suitable for CLSM; the penetration of

intranuclear dyes for the examination of angiogenesis and

apoptosis is also possible. CLSM has previously been

employed in the oral mucosa to visualize intraoral mucosal

lesions, tumors [12], borders of malignancies, and resection

margins [6,16,29].

The jaws are particularly prone to inflammatory complica-

tions (e.g., periodontitis or abscess), as they can be sensitively

exposed to the external environment in the immediate vicinity

of the teeth. The IVM approach can be a particularly valuable

tool for the examination of oral inflammatory processes. In

consequence of the relatively high penetration depth of laser

light, laser-Doppler flowmetry has been used for the detection

of mucosal/gingival inflammatory processes. As examples, the

consequences of periodontal access flap surgery and inflam-

mation have been detected in the gingiva [18,24] and in the

pulpar blood flow [36]. With use of the proposed method,

such inflammatory complications could also be examined

using the mandibular periosteum.

This study demonstrated certain differences in architec-

ture in the mandibular and the tibial periosteum. Speci-

fically, the venules are proved to be the predominant

structures in the examined anteromedial surface of the tibia,

whereas arterioles were also detected in the mandible.

Differences within the skeletal system were reported by

Chanavaz, who found that the jaw microcirculation has a

higher number of anastomoses and a greater impact on the

centromedullar circulation as opposed to the long bones of

the skeleton [8]. A corrosion cast study similarly revealed

lower numbers of capillaries and arterioles in the periosteal

compartment than in the gingival compartment, which is

characterized by a rich capillary network [23]. At the

present stage, the impact of our observations cannot be

fully assessed and the potential regional differences should

also be taken into account: We earlier demonstrated [13]

that the anterolateral side of the tibia (which was used for a

myocutaneous flap model by R€ucker et al. [26]) has more

capillaries than on the anteromedial side. We consider that

the higher density of venules may predispose to microcir-

culatory inflammatory complications, e.g., the transmigra-

tion of neutrophil leukocytes through the postcapillary

venules.

In summary, the new microsurgical approach presented

provides access to the periosteal microcirculation in the rat

mandible. We compared the mandibular microcirculatory

variables with those of a standard and stable tibial model by

using fluorescence IVM to ascertain that this new technique

does not cause microcirculatory disturbances or inflamma-

tory complications. It was demonstrated that this exposure

procedure makes the mandibular periosteum accessible for

OPS and CLSM examinations. It is anticipated that this

model and the investigation of mandibular microcirculatory

alterations may contribute to a better understanding of

maxillofacial or dentoalveolar diseases.

PERSPECTIVE

The maxillofacial region is particularly prone to inflamma-

tory reactions. The present rat model using IVM techniques

should be useful in further studies exploring the periosteal

microcirculation, pathophysiological mechanisms of bone

regeneration, dentoalveolar diseases, and drug-related com-

plications such as mandibular osteonecrosis.
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