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Abstract

In spite of numerous investigations it has not been precisely determined whether lymphatic vessels are present

in the dental pulp of dogs. Therefore, this study attempted a specific immunohistochemical detection of lym-

phatic endothelium. The canine teeth of 19 healthy beagle dogs were dissected into three segments (apical,

intermediate and occlusal). After decalcification, specimens were embedded in paraffin wax and histologic

cross-sections were stained immunohistochemically using a reliable antibody (anti-Prox-1) against the homeobox

transcription factor Prox-1, which is located within the nucleus of lymphatic endothelium. Anti-Prox-1 reacted

positively with canine control tissues (lymph nodes, gingiva, nasal mucosa), but showed no staining in tissue

sections of the dental pulp. The dog dental pulp contained no vascular structures lined with lymphatic endothe-

lium. This suggests that drainage of interstitial fluid makes use of other routes, i.e. extravascular pathways.
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Introduction

Dogs are frequently used to investigate dental and peri-

odontal diseases. They are also used to test dental and peri-

odontal therapies intended to be performed in humans

(Yanpiset & Trope, 2000; da Cunha Pereira et al. 2007;

Thibodeau et al. 2007). The results from such studies are

transferred from dogs to humans with the implicit under-

standing that dogs and humans share a very similar dental

anatomy. However, especially with regard to the lymphatic

system of the dental pulp, the existing literature provides

inconsistent data. (The data-related literature is summarized

in Tables 1 and 2.) Nevertheless, despite numerous studies,

no unanimous opinion about either the presence or

absence of lymphatic vessels in the dental pulp of dogs has

been achieved (see Table 1).

The variety of the applied methods is plentiful, including

light microscopic, electron microscopic and indirect meth-

ods such as radioisotope scanning and calculations of tissue

fluid pressure (Table 1). Further efforts are needed, as long

as the applied methods do not appear specific enough, to

reliably detect lymphatic endothelium. However, immuno-

histochemical markers, which are exclusively present on

lymphatic endothelial cells, have recently become available.

Such positive markers are less open to the potential artifacts

associated with interpreting negative signals when using

negative markers, which are known to be absent from lym-

phatic endothelial cells (Sleeman et al. 2001). The homeo-

box gene Prox-1 is a transcription factor located in or

beneath the nucleus of lymphatic endothelial cells (Wilting

et al. 2002). It is the mammalian homolog of the Drosophila

melanogaster gene prospero (Sleeman et al. 2001). Prox-1 is

expressed by lymphatic endothelial cell nuclei in normal

adult and tumorous tissue (Wilting et al. 2002). An antibody

(anti-Prox-1) against this transcription factor has been pro-

ven to selectively detect lymphatic endothelial cells in dif-

ferent species including dogs (Wilting et al. 2002; Staszyk

et al. 2005; Saito et al. 2006). We hypothesize that the Prox-

1 antibody will reliably detect lymphatic endothelial cells in

the dental pulp of dogs if present.

Materials and methods

Specimens

The specimens were taken from the canine tooth of the right

upper jaw of 19 beagle dogs (aged 136–184 days; 10 females,

nine males). The animals were killed for other than dental medi-

cal reasons at the University of Veterinary Medicine Hannover.

Immediately after killing, the heads of 10 dogs were perfused

with Bouin’s solution and the remaining nine were perfused

with 10% formalin via the common carotid arteries. After perfu-

sion, the jaws were cut in a transverse plane caudal to the sec-

ond pre-molar tooth and were then separated in the median

plane with an oscillating saw. This yielded four divisions (left

and right, upper and lower jaw). For this study, specimens from

the right upper jaw were used. The tip of the canine tooth was
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cut off to open the dental cavity for a better post-fixation of

the dental pulp (24 h immersion fixation in either Bouin’s solu-

tion or 10% formalin according to the previous perfusion fixa-

tion). After post-fixation, the canine tooth and its surrounding

tissue (alveolar bone, periodontal ligament, gingiva and nasal

mucosa) were subdivided into three segments with a diamond

saw (Fig. 1). The so-called apical segment with the second pre-

molar as the orientation landmark contained the apical part of

the canine tooth, the so-called intermediate segment (orienta-

tion landmark: first pre-molar) contained an intermediate part

of the canine tooth, and finally the so-called occlusal segment

contained the crown of the canine tooth (Fig. 1A).

After complete decalcification (taking 3–4 weeks in 25% EDTA

at pH 7.4 and 37 �C), specimens were embedded in paraffin wax

(Paraplast Plus, Sherwood Services AG, Schaffhausen, Switzer-

land), and 3 lm serial sections were prepared. Alternate sections

were grouped separately for staining by either Prox-1 immuno-

staining with toluidine blue counterstain or just toluidine blue.

Every 10th section was mounted onto slides (previously covered

with 3-aminopropyltriethoxysilane and glutardialdehyde, Merck,

Darmstadt, Germany) until 39 sections were available from each

of the three tooth segments of each of the 19 dogs (2145

sections in total; the sections of the apical segment of two dogs

could not be observed because of artifacts).

Immunohistochemical staining: Prox-1

Sections were dewaxed in xylene and rehydrated in graded eth-

anol. For antigen retrieval, sections were placed in a glass cuv-

ette containing citric buffer (pH 6.0). The cuvette was heated in

a water bath at 100 �C for 20 min. After cooling down to room

temperature (approx. 21�C) for 20 min, the sections were rinsed

in Tris-buffered saline and placed in pepsin solution (ProTaqs

Pepsin Digest, Biocyc, Luckenwalde, Germany) at 37 �C for

10 min. Endogenous peroxidase was quenched by incubation

for 10 min with 10% H2O2 in methanol at room temperature. In

order to prevent non-specific binding of antibodies, sections

were treated with normal goat serum (30 min, room tem-

perature, protein block ⁄ normal goat; Biogenex, Hamburg,

Germany). Primary antibodies (rabbit IgG, directed against the

recombinant human C-terminal part of the homeo domain and

prospero domain of Prox-1; ReliaTech, Braunschweig, Germany)

were applied at a dilution of 1 : 400 for 16–18 h at 4 �C. Primary

antibodies were linked to secondary antibodies (Super Sensitive

MultiLink, Biogenex), which were subsequently labeled with

streptavidin peroxidase (Super Sensitive Peroxidase Label, Bioge-

nex) and developed in a solution containing 0.05% diam-

inobenzidine tetrahydrochloride and 0.03% hydrogen peroxide

(Liquid DAB Substrate Pack, Biogenex) for 5 min at room tem-

perature. The sections were then counterstained with toluidine

blue, mounted and evaluated using a light microscope (Axio-

skop; Carl Zeiss, Jena, Germany) equipped with a digital imag-

ing system (DP 70, Olympus, Hamburg, Germany).

Sections from canine mandibular lymph nodes served as posi-

tive controls to confirm the specificity of staining for anti-

human Prox-1 in the canine tissue. Either gingiva or nasal

mucosa was present in each of the specimens, these tissues serv-

ing as intrasectional positive controls.

The control specimens from the mandibular lymph nodes

were either fixed in Bouin’s solution or in 10% formalin. All

control specimens underwent the immunostaining procedure

together with the dental samples. Decalcification with EDTA

was performed on some samples and omitted from others in

order to determine whether the EDTA influenced the immuno-

staining of the endothelial cell nuclei.

Negative controls were prepared by substituting the primary

antibody with Tris-buffered saline or by incubating the sections

Table 2 List of investigations that did or did not detect lymphatic

vessels in the human dental pulp.

Investigation Method

Lymphatic

vessels

Magnus (1922) Dye tracking, LM Yes

Eifinger (1970) LM, EM Yes

Dahl & Majör (1973) LM, EM Yes

Bernick (1977a) LM Yes

Bernick (1977b) LM Yes

Frank et al. (1977) Dye tracking Yes

Gängler & Mönch (1980) LM No

Marchetti et al. (1991) LM, EM Yes

Matsumoto et al. (1997) Dye tracking, EHC*,

LM, EM

Yes

Sawa et al. (1998) IHC�, LM Yes

Marchetti & Poggi (2002) LM, EM Yes

Matsumoto et al. (2002) Dye tracking, EHC*,

LM, EM

Yes

Oehmke et al. (2003) Dye tracking, LM, EM Yes

Pimenta et al. (2003) IHC�, LM Yes

Rodd & Boissonade (2003) LM Yes

Gerli et al. (2010) IHC§, EM No

LM, light microscopy; EM, electron microscopy; IHC,

immunohistochemistry; EHC, enzyme histochemistry.

*5¢-nucleotidase-alkaline phosphatase double staining.
�Anti-human thoracic duct IgM, anti-human laminin antiserum.
�Anti-VEGFR-3, anti-a-smooth muscle actin, anti-CD 31.
§Anti-VEGFR-3, anti-LYVE-1, anti-D2-40, anti-Prox-1, anti-CD 31,

anti-CD 34, anti-vWF.

Table 1 List of investigations that did or did not detect lymphatic

vessels in the dental pulp of dogs.

Investigation Method

Lymphatic

vessels

Carreras (1894) Dye tracking No

Schweitzer (1907) Dye tracking, LM Yes

Fish (1927) Dye tracking, LM Yes

Noyes (1928) Dye tracking Yes

MacGregor (1936) Dye tracking, LM Yes

Zander & Smith (1945) Dye tracking, LM No

Sulzmann (1955) LM Yes

Isokawa (1960) Dye tracking, LM No

Brown et al. (1969) Calculation of tissue fluid Yes

Bernick & Patek (1969) LM Yes

Ruben et al. (1971) Dye tracking, LM Yes

Gängler & Mönch (1980) LM No

Watts & Paterson (1982) Dye tracking Probably

LM, Light microscopy.
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with non-immune rabbit IgG (Rabbit Super Sensitive Negative

Control, Biogenex).

Results

A dark brown or black nuclear stain was taken as an immu-

nopositive signal; such immunoreaction signals were regu-

larly found in the nasal mucosa and gingiva, as well as in

mandibular lymph nodes (i. e. in all positive control tissues)

(Fig. 1C–E). These cell nuclei had an oval, flattened shape

and projected into the lumen, which was wide open and

did not contain any erythrocytes. The outlines of these

lymphatic vessels were very thin, as their walls were

composed of just endothelial cells. Non-specific, light brown

background staining occurred in the basal layers of the

gingival epithelium, in epithelial cells of the nasal mucosa

and within the collagen fiber component of the dental

pulp. Immunostaining results for specimens fixed in Bouin’s

solution were the same as those for specimens fixed in 10%

formalin. Staining results for sections of lymph nodes

treated with EDTA were the same as those for sections

without EDTA treatment.

The blood vascular endothelial cell nuclei in all tissue

samples remained unstained (Fig. 1C–F) and additional cells

were sometimes apposed to them to contribute to a two-

layer vascular profile, which occasionally contained erythro-

cytes.

However, no positive nuclear immunoreactions for Prox-1

could be found in any of the 2145 serial sections of the den-

tal pulp from the three segments (apical, intermediate and

occlusal) of the canine tooth (Fig. 1F).

Discussion

The antibody anti-Prox-1 has been reported to specifically

stain lymphatic endothelial cell nuclei, but not blood vascu-

lar endothelial nuclei, in murine, human, equine and canine

tissue samples (Mouta Carreira et al. 2001; Staszyk et al.

2005; Saito et al. 2006). The homeobox transcription factor

Prox-1 has been identified to play a key role in initiating

A

C D

E F

B

Fig. 1 (A) Schematic presentation of the three investigated segments of the right upper jaw of a dog. Blue, apical segment (as); green,

intermediate segment (is); yellow, occlusal segment (os). The outline of the canine tooth is indicated by the dashed lines. (B) Sectioned surfaces of

the segments. (C) Histomicrograph of Prox-1 [rabbit, anti-human; diaminobenzidine tetrahydrochloride (DAB) immunostaining, toluidine blue

counterstain] stained canine lymph node (Ln. mandibularis, hilus region). A lymphatic vessel is lined by positively stained lymphatic endothelial cells

(black arrows). Blood vascular endothelium remains unstained (blue arrows). Histomicrographs of Prox-1 (rabbit, anti-human; DAB immunostaining,

toluidine blue counterstain) stained sections from the occlusal segment showing positively stained lymphatic endothelial cells (black arrows) in a

subgingival position (D) and beneath the nasal epithelium (E). The dental pulp contained an abundant blood vascular system (blue arrows) but

never contained Prox-1-positive lymphatic endothelial cells (F). ge, gingival epithelium; ne, nasal epithelium; de, dentin; ol, odontoblast layer.
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lymph vascular development and also in maintaining the

lymphatic endothelial phenotype (Kim et al. 2010). There-

fore, Prox-1 has been regarded as a highly reliable marker

for lymph vascular endothelial cells in fetal and adult tissues

(Wilting et al. 2002). Accordingly, the absence of Prox-1

suggests the absence of lymph vascular endothelium in the

investigated specimens. However, heterogeneity in lymph

vascular endothelium, in terms of phenotypic appearance

and gene expression profiles, should be considered for fur-

ther investigations.

In this study, special care was taken to perform all immu-

noreactions on separate positive-control sections, i.e. speci-

mens of canine lymph nodes, and attention was paid to the

intrasectional control tissues, i.e. gingiva and nasal mucosa,

to verify the immunostaining. In the controls, positive endo-

thelial cell nuclei of lymphatic capillaries could be clearly

distinguished from blood vascular endothelium by means

of immunohistochemical and histomorphologic criteria. In

none of the sections of the dental pulp (canine tooth), how-

ever, were any cell nuclei stained with the antibody anti-

Prox-1, even though the number of sections and the chosen

topographic heterogeneity were very large (19 dogs, 19

teeth; three segments of each tooth; 39 sections of each

segment at 30 lm intervals; 2145 sections in total, the sec-

tions of the apical segment of two dogs could not be

observed because of artifacts).

With regard to these experimental parameters, the

absence of anti-Prox-1 immunoreaction strongly suggests

that the dental pulp of the dog’s canine tooth is devoid of

lymphatic vessels. The dog possesses a heterodont dentition

comprising four different functional types of teeth (incisors,

canines, pre-molars and molars). The different types of

teeth vary in size and shape but follow the same principles

of dentinogenesis, share a limited growth characteristic

(brachyodont teeth) and show similar histological features

of the dental hard substances and dental pulp. Accordingly,

it is assumed that the absence of lymphatics in the canine

teeth is a general feature of the dog’s dentition. In previous

studies, different types of brachyodont teeth from one spe-

cies were used to investigate the pulpal lymph vascular sys-

tem. Hitherto, no differences with respect to the type of

the teeth had been reported (e.g. Bernick & Patek, 1969;

Matsumoto et al. 1997; Gerli et al. 2010).

The demonstrated absence of lymphatics in the dental

pulp of dogs is in contrast to previous investigations

where the existence of lymphatics was documented (see

Table 1). However, it agrees with the results of other

investigations that denied or questioned the existence of

lymphatic vessels in the dental pulp of dogs (see Table 1).

It is noteworthy that none of the previous studies in the

dog used specific methods, e. g. electron microscopy,

enzyme-histochemical procedures or application of immu-

nohistochemical markers, which are accepted as proving

the existence of lymphatic vessels (Oehmke et al. 2003).

Only recently, immunohistochemical markers for lymphatic

endothelial cells (Lyve-1, VEGFR-3, D2-40 and Prox-1) were

utilized to investigate the lymph vascular system in the

dental pulp of rats and humans (Berggreen et al. 2009;

Gerli et al. 2010). Lymphatics had been demonstrated in

the rat dental pulp (Berggreen et al. 2009) but no lym-

phatics were detected in the human dental pulp (Gerli

et al. 2010). These findings suggest that the dental pulp of

dog and man is equipped with lymph drainage routes

other than lymphatics.

As the dental pulp is enclosed in a rigid wall (dentin), it

has insufficient space to extend. Without a sufficient route

by which lymph-dependent fluids and substances could be

removed, the tissue fluid pressure would increase until it

exceeded the vascular pressure, causing ischemia, with the

risk of necrosis of the pulpal tissue (Heyeraas, 1989). Consid-

ering the absence of lymphatic vessels, one may suppose that

other pathways for the discharge of fluids and macromole-

cules from the pulp should be present. It has been hypothe-

sized that pulpal tissue drainage might be provided by

either venous blood vessels (Gängler & Merte, 1979) or blood

capillaries (Tonder, 1983; Heyeraas et al. 1994; Matthews &

Andrew, 1995; Heyeraas & Berggreen, 1999). The absorbance

of pulpal tissue fluid by venous blood vessels has been sug-

gested, after transmission electron microscopy provided evi-

dence for the absence of lymphatic vessels in the dental pulp

of rat and human teeth (Gängler & Merte, 1979). Blood capil-

lary absorption of interstitial fluid has been proposed to con-

tribute to the equilibration of interstitial fluid pressure in cat

dental pulp after an experimental rise in tissue fluid pressure

(Heyeraas et al. 1994). It has also been shown that excessive

interstitial tissue fluid, which has been filtered into inflamed

areas, becomes reabsorbed into nearby capillaries in non-

inflamed areas (Tonder, 1983; Matthews & Andrew, 1995;

Heyeraas & Berggreen, 1999). In this way, the increased

interstitial fluid pressure caused by local inflammation

remains restricted to a small tissue area and a generalized

rise in tissue fluid pressure with the risk of ischemia and pul-

pal necrosis is prevented (Heyeraas & Berggreen, 1999).

It must be emphasized that blood capillary absorbance

has only been regarded as supplementary and additional to

increased lymph flow in the inflamed pulpal areas (Tonder,

1983; Matthews & Andrew, 1995; Heyeraas & Berggreen,

1999). The question of whether the increased lymph flow is

facilitated by lymphatic vessels or extravascular fluid path-

ways remained unsolved. Recently, evidence has been pre-

sented for the occurrence of lymphangiogenesis in

response to inflammatory stimuli in the pulp of rat molars

(Berggreen et al. 2009). As lymphangiogenesis is defined as

the sprouting of new lymphatic vessels from pre-existing

ones, this mechanism is only applicable to pulp tissue origi-

nally containing a lymphatic system (Bruyere & Noel, 2010).

This has in fact been demonstrated for the examined dental

pulp in the rat molars (Heyeraas & Berggreen, 1999). It has

not been clarified whether de-novo formation of lymphatic

vessels might occur in the dental pulp, a phenomenon that
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has already been reported for the inflamed cornea of adult

mice (Maruyama et al. 2005).

However, pulpal tissue drainage via blood vessels or

lymph capillaries, which are temporarily formed in response

to inflammatory stimuli, has been regarded as a possible

but physiologically unfavorable option of normal tissue

clearance (Oehmke et al. 2003). Instead, a lymph drainage

model for human teeth has been supposed, consisting of

two different constituents of the lymphatic pathway, i.e. tis-

sue clefts that collect interstitial fluid and macromolecules

in the coronal part of the pulp and lymphatic vessels that

receive the lymph fluid in the apical area of the pulp

(Oehmke et al. 2003). However, as the so-called tissue clefts

were lined by flat endothelial-like cells, it remains unclear

whether these tissue clefts should be addressed as vascular

or extravascular constituents of the lymphatic pathway in

the pulp. Further evidence for extravascular pathways for

fluid and macromolecule drainage was obtained in experi-

ments using 125I-labeled albumin in feline teeth. The

recorded tracer distribution strongly suggested extravascu-

lar fluid transport (Heyeraas, 1989).

The results presented in this study also suggest extravas-

cular pathways for lymphatic drainage from the pulpal tis-

sue. It is supposed that the lymph fluid from the pulp is

further transported via lymphatic vessels in the apical

region of the periodontal ligament. Although detailed

information concerning the lymphatic system in the peri-

odontium of dogs is not yet available, results from studies

in various other species with brachyodont dentition demon-

strated numerous lymphatic vessels in the root region of

the periodontal ligament, which were connected with lym-

phatic vessels coming from the dental pulp (Matsumoto

et al. 2002; Berggreen et al. 2009).

Due to the enclosing of the pulp between rigid dentin

walls, the pulpal tissue possesses a very low compliance

(Heyeraas, 1989). Even small variations of the interstitial

fluid volume cause relatively large changes in the intersti-

tial fluid pressure (Heyeraas, 1989; Bishop & Malhotra,

1990). Overall, the pulpal tissue fluid pressure is relatively

high compared with other organs and body tissues (Tonder

& Kvinnsland, 1983; Matthews & Andrew, 1995). These

conditions are reflected by morphologic and functional

modifications in the fibrillar component surrounding pro-

posed lymphatic vessels in the dental pulp of human teeth

(Marchetti et al. 1992; Matsumoto et al. 2002). In contrast

to lymphatic vessels in other tissues, lymphatic vessels in

the dental pulp lack elastic fibers in the surrounding con-

nective tissue and anchoring fibers are present only in

small numbers (Marchetti et al. 1992). For that reason, pul-

pal lymphatic vessels are directly connected to the sur-

rounding collagen fibers, ensuring that the lymphatic

vessels withstand interstitial pressure and remain open

(Marchetti et al. 1992; Oehmke et al. 2003). Accordingly,

the existence and proper function of pulpal lymphatic ves-

sels seems to be dependent on the arrangement of the

local connective tissue. Distinct connective tissue configura-

tions may either favor the occurrence of lymphatic vessels

or the formation of extravascular lymphatic drainage path-

ways such as tissue clefts. This assumption is supported by

the observation that tissue clefts were exclusively found in

the loosely structured coronal pulp of human pre-molars

and molars, whereas lymphatic vessels were present in the

apical region (Oehmke et al. 2003). Other studies that

identified lymphatic vessels in the dental pulp also demon-

strated heterogeneous distribution patterns with distinct

pulpal areas that were devoid of lymphatic vessels (Bishop

& Malhotra, 1990; Sawa et al. 1998; Berggreen et al. 2009).

To our knowledge, up until now no studies have been

undertaken to analyze the existence and distribution of

pulpal lymphatic vessels with regard to connective tissue

characteristics.

The specimens for this study were taken from dogs aged

between 136 and 184 days. Such a developmental stage

may be seen as relatively immature with respect to chrono-

biologic phenomena, presuming that a lymphatic system

was not fully developed before the tooth completely

erupted. However, the maturation of a tooth is – apart

from several other features – characterized by a continuous

reduction in dental cavity size due to apposition of second-

ary dentin. Thus, in 21-month-old dogs, the volume of the

dental pulp of all teeth reduced to only 12–5% of the initial

volume (Schmidt, 1984). When regarding a hypothesized

lymph vascular system in the dental pulp, it appears func-

tionally inappropriate if such a system should initially

develop while the volume of its surrounding tissue is reduc-

ing more and more.

Conclusion

The presented results provide evidence for the absence of

distinct lymphatic vessels in dog dental pulp and suggest

extravascular pathways for tissue drainage. Further studies

are intended to address open questions concerning the his-

tologic structure of the drainage pathways, age-related

changes and lymphatic drainage in the periodontal tissues

of dogs.

Recent findings also demonstrated the absence of lym-

phatic vessels in the human dental pulp (Gerli et al. 2010),

thus suggesting fundamental similarities in dog and human

endodontic biology.
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