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Topographic study on nerve-associated lymphatic vessels in the murine cra-
niofacial region by immunohistochemistry and electron microscopy
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ABSTRACT
The distribution and fine structure of lymphatic vessels associated with nerves was studied by im-
munohistochemistry in the murine craniofacial region. The tissue sections and blocks were immu-
nostained for LYVE-1, protein gene product 9.5, CD34 and aquaporin-1 to demonstrate the 
lymphatic vessels, nerves, blood vessels and water channel protein, respectively. Transmission 
electron microscopic examination was also performed to investigate the relationship between the 
lymphatics and nerves. In the nasal area, the lymphatics were found in dura mater on the cribri-
form plate and beneath the nasal mucosa, this supposedly supplying the cerebrospinal fluid drain-
age route along the olfactory nerves. The proximal portions of the cranial nerves were equipped 
with the lymphatics in the epineurium. In the distal portions of the nerves, the lymphatics were 
distributed in close proximity of the perineural sheath, and thus might contribute to maintenance 
of microenvironment suitable for the nerves by an absorptive activity of the lymphatic endothelial 
cells. The present findings suggest that the lymphatic system associated with the cranial nerves 
provides the pathway for transport of cerebrospinal fluid, tissue fluid, and free cells involved in 
immune response and tumor metastasis in the craniofacial region.

The lymphatic system plays a critical role in the 
transport of tissue fluid and immune cells, and as a 
route of tumor metastasis in the head and neck re-
gion. Several reports have described the lymphatic 
vessels associated with optic and olfactory nerves in 
the viscerocranial region of some mammals. The 
studies using injections of a silastic material such as 
Mirofil® (MV-122; Flow Tech Inc., Carver, MA) 
and/or dyes into the subarachnoidal space have 
demonstrated the nasal lymphatic vessels, and this 
implies the cerebrospinal fluid drainage route along 
the olfactory nerves into the nasal lymphatics (9, 12, 
25, 27). Additionally in the optic nerve, the lym-

phatic vessels have been shown in the dura mater of 
the nerve sheath and thought to serve as drainage 
pathway of cerebrospinal fluid (5, 6, 11, 14). How-
ever, the distribution and structure of the lymphatic 
vessels in the cranial portion including the mandibu-
lar and maxillofacial region has not been fully clari-
fied.
　Meanwhile, in aspect of clinical medicine, senti-
nel lymph node navigation surgery, being contrived 
from the viewpoint of lymphatic metastasis route, 
has been recently established as an operative cure 
for malignant tumors in the head and neck region (1, 
17). However, a number of cases involving skip 
and/or distant tumor metastases not via the sentinel 
lymph node in the head and neck cancer have been 
reported (3, 13, 26), and the metastatic pathway has 
not been analyzed. Thus, the precise organization of 
the lymphatic vessels in the craniofacial region 
should be defined for understanding functional sig-
nificance of the lymphatic system and metastases of 
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quently with peroxidase (PO) or alkaline phospha-
tase (AP)-conjugated goat anti-rabbit IgG (Histofine 
Simple Stain; Nichirei Bioscience, Tokyo). The im-
munoreaction was detected by the diaminobenzidine 
(DAB; Dojindo, Kumamoto) or AP (Vector blue or 
red substrate kit; Vector Laboratories, CA, USA). 
For double immunostaining for LYVE-1 and CD34 
or protein gene product (PGP) 9.5, some LYVE-
1-immunostained sections were immersed in the ci-
trate buffer at 95–99°C for 10 min to remove the 
precipitated antibodies from the tissues. They were 
then incubated in rat antibody to CD34 (diluted 1: 
10; Abcam, Cambridge, UK) or PGP 9.5 (diluted 1: 
3000; Ultraclone, Cambridge, UK), followed by the 
AP or PO-conjugated streptoavidin-biotin method 
(Vectastain ABC-AP or PO kit; Vector Laborato-
ries). The site of immunoreaction was visualized by 
AP or DAB reaction. The immunostained sections 
were examined with a BX-60 light microscope 
(Olympus, Tokyo).
　For fluorescence microscopy, some tissue sections 
were treated with a mixture of goat antibody to 
LYVE-1 (10 μg/mL; R&D Systems, Minneapolis, 
MN, USA), together with rabbit antibody to PGP 9.5 
or aquaporin-1 (5 μg/mL; Chemicon International, 
Temecula, CA, USA), and then with a mixture of 
fluorescein isothiocyanate (FITC)-conjugated don-
key anti-goat IgG (Jackson ImmunoResearch, West 
Grove, PA, USA) and indocarbocyanine (Cy3)- 
conjugated donkey anti-rabbit IgG (Jackson Immuno
Research). The immunostained sections were examined 
by confocal laser scanning microscope (LSM5 PAS-
CAL; Carl Zeiss, Oberkoehen, Germany).
　Some residual tissue blocks were incubated in the 
antibody for LYVE-1, followed by AP-conjugated 
streptoavidin-biotin method, and the immunoreac-
tion was detected by lead-based AP staining (20). 
The immunostained tissues were processed for scan-
ning electron microscopy (SEM), and observed un-
der a S-800 scanning electron microscope (Hitachi, 
Tokyo), as previously described (19).

Transmission electron microscopy (TEM). The cra-
nia fixed with Karnovsky’s fixative was decalcified 
with 10% EDTA solution and then cut into small 
tissue pieces. The tissues were processed according 
to the method described in our previous reports (19, 
22), and examined under a 1200EX transmission 
electron microscope (JEOL, Tokyo, Japan).

RESULTS

Immunohistochemistry for LYVE-1 exclusively dem

malignant tumors.
　Recent studies have provided novel molecules be-
ing specific to the lymphatic endothelial cells (2, 10, 
15, 16), and an application of the molecular markers 
is useful for identifying the lymphatics in a variety 
of organs (22). The present study, therefore, demon-
strates the lymphatic vessels associated with the cra-
nial nerves as topography of lymphatic system in 
the murine craniofacial region by immunohisto-
chemistry for the lymphatic hyaluronan receptor 
LYVE-1, being one of the recently identified lym-
phatic endothelium-specific markers.

MATERIALS AND METHODS

Animals. Adult BALB/cN Sea mice of both genders 
weighing 30–50 g were used in this study. They 
were kept under standard laboratory animal chow 
and water ad libitum under routine laboratory condi-
tions. All experiments were adhered to the Guide-
lines for Animal experimentation of Oita University.

Tissue preparation. After the mice were sacrificed 
under deep anesthesia with an injection of sodium 
pentobarbital (50 mg/kg), the craniofacial regions 
were collected and placed in 4% paraformaldehyde 
in 0.1 M phosphate buffer (pH 7.4) for 20 h at 4°C. 
For transmission electron microscopic examination, 
some animals were perfused through cardiac left 
ventricle with physiological saline under deep anes-
thesia, followed by Karnovsky’s fixative, and then 
the crania were dissected and immersed in the same 
fixative for longer than one day at 4°C.

Immunohistochemistry. The tissues fixed in a 4% 
paraformaldehyde solution were rinsed in the phos-
phate buffer and decalcified in 10% ethylene di-
amine tetra-acetic acid (EDTA; pH 7.4) for 2 weeks 
at 4°C. The decalcified specimens were dehydrated 
in graded ethanol series, embedded in paraffin, and 
cut into 5 μm thick sections. The deparaffinized sec-
tions were incubated in a 0.01 M citrate buffer 
(pH 6.0) at 121°C for 15 min to retrieve antigenicity 
of the objective proteins before immunostaining.
　Immunostaining was performed as previously de-
scribed (21, 23). Some tissue sections for light mi-
croscopy were immersed in 0.3% H2O2 in 1/15 M 
phosphate buffered saline (PBS; pH 7.4) containing 
0.1% sodium azide (Wako Pure Chemical Industries, 
Osaka) at room temperature for 20 min to block the 
endogenous peroxidase activity. They were then 
treated with rabbit antibody against LYVE-1 (10 μg/
mL; AngioBio, Del Mar, CA, USA), and subse-
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Fig. 1　SEM views of a frontal section (a-d) and fluorescence micrograph of a tissue section (e) from the murine cranio-na-
sal region immunostained for LYVE-1. a: Secondary emission image. The LYVE-1-immunopositive lymphatics colored yellow 
are seen beneath the cribriform plate (CP), nasal septum (NS), turbinates (T) and lateral walls of the nasal cavity (NC). 
ACF, anterior cranial fossa; OM, olfactory mucosa; RM, respiratory mucosa. b: Backscatter image of (a). The lymphatic en-
dothelial cells are highlighted due to their LYVE-1 immunoreaction. c, d: Higher magnification of upper (c) and lower (d) 
boxed areas in a. The lymphatics (yellow) are close to the olfactory (OE) and respiratory (RE) epithelia. e: Nomarski differ-
ential interference-contrast images merged with fluorescence images. Double immunostaining for LYVE-1 (green) and PGP 
9.5 (red). The LYVE-1-immunopositive lymphatics are shown in the dura mater on cribriform plate (CP) and Crista gali. The 
cerebrum (C), olfactory nerves (ON) and mucosae (OM) are immunostained for PGP 9.5. FC, Falx cerebri; SaS, subarach-
noidal space. Scale bars 150 μm (a, b), 20 μm (c, d), 100 μm (e).
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Lymphatics in the nasal region
In the nasal region, the nasal mucosa beneath the 
cribriform plate, nasal septum and lateral walls in-
cluding turbinates were richly supplied with the 
lymphatic vessels (Fig. 1a–d). The lymphatic capil-
laries, consisting only of attenuated endothelial 
cells, were disposed beneath the epithelium of both 
the olfactory mucosa (Fig. 1c) and the respiratory 
mucosa (Fig. 1d). The olfactory nerves themselves 
were not endowed with the lymphatics, but the dura 
mater on the cribriform plate and Crista gali in-
volved the lymphatic capillaries in the internal cra-
nial base of mice (Fig. 1e).

onstrated lymphatic vessels with significant immu-
noreactivity in all preparations as reported in our 
previous studies (21–23). SEM examination of the 
LYVE-1-immunostained tissues further allowed a 
precise analysis of distribution and structure of the 
lymphatics. Since the lymphatic endothelial cells 
were highlighted by backscattered electron imaging 
(BEI) due to the immunoreaction, the lymphatics 
could be easily identified even in secondary electron 
imaging (SEI) by contrasting the BEI with the SEI. 
On the other hand, immunostaining for PGP 9.5 and 
CD34 defined neuronal components and small blood 
vessels, respectively.

Fig. 2　Light micrographs of double immunostaining (a) for LYVE-1 (blue) and CD34 (red) and immunostaining (b) for 
LYVE-1 (brown) on tissue sections from the murine craniofacial region. a: The LYVE-1-immunopositive lymphatics (arrows) 
are seen in the neural sheath (NS) of the optic nerve and the fascia (F) of the ocular muscles. The blood vessels (BV) are 
immunostained for CD34. OA, ophthalmic artery. b: The LYVE-1-immunopositive lymphatics are seen in the epineurium (En) 
of the facial nerve (FN) and epimysium (Em) of the facial muscles (FM). The epimysium is continuous with the epineurium 
(arrows). Scale bars 200 μm (a), 100 μm (b).
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Fig. 3　SEM views of a frontal section and a light micrograph of a tissue section from the murine mandibular region immu-
nostained for LYVE-1. a: Secondary emission image. The LYVE-1-immunopositive lymphatics colored yellow are seen in the 
neural sheath of the inferior alveolar nerve (IAN) running through the mandibular canal (MC). M, mandible. b: Backscatter 
image of a. The lymphatic endothelial cells are highlighted due to their LYVE-1 immunoreaction. c: Higher magnification of 
the boxed area in a. The lymphatics (yellow) are close to the perineurium (Pn) of the nerves (N). d: Double immunostaining 
for LYVE-1 (red) and PGP 9.5 (brown). In the proximal portion of the mandibular nerve (MN), the LYVE-1-immunopositive 
lymphatics (arrows) are seen only in the epineurium (En). BV, blood vessels; OG, otic ganglion. Scale bars 55 μm (a, b), 
5 μm (c), 100 μm (d).
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close proximity to the perineurium of the nerves 
(Fig. 3c). Under TEM, the lymphatic capillaries, be-
ing composed only of attenuated endothelial cells, 
were often in close location to perineural epitheli-
um, leaving a narrow space measuring 50–300 nm 
(Fig. 4). The lymphatics, being concomitant with the 
alveolar nerves, further displayed many gaps be-
tween the endothelial cells in some parts at the 
opposite side of the perineurium consisting of multi-
layered perineural cells (Fig. 4b). In our SEM 
examination has not so far shown cytoplasmic fen-
estration in the endothelial cells of the perineural 
lymphatic vessels.
　To inspect the ability of water transfer of the 
nerve-associated lymphatics, double immunostaining 
for aquaporin-1 and LYVE-1 was performed. Aqua-
porin-1 was principally immunolocalized in the 
LYVE-1-immunopositive lymphatics in the neural 
sheaths (Fig. 5).

DISCUSSION

The present study is first to delineate the structural 
organization of the lymphatic vessels associated 
with the cranial nerves by immunohistochemical 

Lymphatics in the orbit and facial muscular region
In the orbit, the lymphatic vessels were abundantly 
distributed in the dural sheath of the optic nerve and 
the fascia (epimysium) of the ocular muscles (Fig. 2a). 
The facial nerves and muscles also exhibited the 
lymphatics in the epineurium and the epimysium, 
respectively (Fig. 2b). The epineural sheaths were 
often continuous with the epimysium of the neigh-
boring muscles, and many lymphatics were arranged 
in the connective tissue layers (Fig. 2).

Lymphatics in the maxillary and mandibular region
The proximal portions of the maxillary and mandib-
ular nerves predominantly showed the lymphatic 
vessels in their epineurium, but neither in the peri-
neurium and endoneurium (Fig. 3d). The superior 
and inferior alveolar nerves, which ran through the 
mandibular canal as branches of the maxillary and 
mandibular nerves, were equipped with many lym-
phatics in the epineurium even within the bone 
(Fig. 3a, b). The superior alveolar nerves also re-
vealed a similar organization of the lymphatics to 
that related to the inferior alveolar nerves as men-
tioned above. SEM examination further demonstrat-
ed that some of the lymphatic capillaries were in 

Fig. 4　TEM views of the murine mandibular canal. a: A lymphatic vessel (L) is seen just beneath the perineurium (Pn) of 
the inferior alveolar nerve (IAN). b: Higher magnification of the boxed area in a. The lymphatic endothelial cells are in close 
proximity to the perineural epithelium (PE). Arrows indicate gaps between the endothelial cells. L, lymphatic. Scale bars 
5 μm (a), 500 nm (b).
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method. Application of immunohistochemistry for 
LYVE-1 to such specimens as tissue sections and 
blocks is useful for demonstrating the cranial lym-
phatic system in the murine cranium.
　The present histochemical findings in the nasal 
region indicate a possible drainage route for cere-
brospinal fluid along the olfactory nerves in the 
mouse, as reported in the other mammals including 
sheep (9), pig (12), lamb (27) and rat (12, 25). Our 
immunohistochemical examination further disclosed 
the lymphatic vessels in the dura mater on the crib-
riform plate within the murine neurocranium, thus 
implying that the cerebrospinal fluid drainage from 
the subarachnoidal space to the nasal lymphatics 
might—at least partly—commence with the intracra-
nial dural lymphatics. Meanwhile, a recent research 
indicated that the perineurium in itself was exten-
sion of arachnoid, drainage road of cerebrospinal 
fluid, and it was assumed that this was equal with 
“Keiraku” in Oriental medicine (8). It seems that 
more studies are necessary about cerebrospinal fluid 
circulation.
　The murine optic nerves were equipped with the 
lymphatics in their epineurium, as previously de-
scribed in the other mammals (5, 6, 11, 14), and the 
ocular muscles disposed the lymphatics in the epi-
mysium continuous with the epineural sheath. Since 
the proximal portions of the other cranial nerves ex-
cept for the olfactory one and the surrounding mus-
cles also displayed a similar distribution of the 
lymphatics, it appeared to be characteristic of the 
lymphatic vessels in the cranial area to run in the 
connective tissue layer ranging between epineurium 
and epimysium.
　The peripheral portions of the cranial nerves, in 
contrast, exhibited the lymphatic capillaries closely 
associated with the perineurium; interestingly, the 
alveolar nerves were, even within the bone, supplied 
with the lymphatics by their perineural sheath. The 
perineurium comprises blood-nerve barrier by tight 
junctions of the multilayered perineural cells (18, 
24), but such low weight molecules as ions and 
glucose are known to transfer across the barrier  
via specific transporters and channels (4, 7). The 
existence of many gaps between the lymphatic en-
dothelial cells and of aquaporin-1, which is a repre-
sentative water channel protein, on the endothelial 
cell membrane of the lymphatic vessels adjacent to 
the perineurium, indicates a high absorptive poten-
tial of the lymphatics. These findings imply that the 
lymphatics drain the tissue fluid involving water and 
some molecules, and free cells to coordinate micro-
environment outside the barrier for proper neuro-

Fig. 5　Fluorescence micrographs of double immunostain-
ing for aquaporin-1 (a, red) and LYVE-1 (b, green) on a tis-
sue section of the murine mandibular canal. Figure c shows 
a merged image. The immunoreaction products for aquapo-
rin-1 are predominantly localized in the LYVE-1-immu-
nopositive lymphatics (yellow in c) distributed in the sheaths 
of the nerves (N). A, arteriole. Scale bar 100 μm.
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transmission. However, in this study, the gaps were 
seen in only the other side of perineurium. A further 
study seems to be needed about accurate distribution 
of the gaps.
　In conclusion, the present results suggest that the 
lymphatic vascular system associated with the crani-
al nerves contributes not only milieu beneficial to 
neuronal activity, but also the pathway to transport 
of cerebrospinal fluid, tissue fluid and free cells in 
the craniofacial region. Furthermore, the present 
data on the cranial lymphatic pathway provide a 
morphological basis for routes of immune cell trans-
fer and tumor metastasis, although further studies 
are needed to understand the pathological role of the 
lymphatic system.
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