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Abstract

The lungfish, the closest fish to tetrapods, has two types of sensory epithelia in the olfactory organ: the

lamellar olfactory epithelium and the recess epithelium. The former resembles the olfactory epithelium of

ordinary teleosts and the latter resembles the vomeronasal organ of tetrapods with respect to the G-protein

expressions and the morphological properties of olfactory receptor cells. In contrast to the lamellar olfactory

epithelium covering the surface of olfactory lamella, the recess epithelium, together with the glandular

epithelium, lines the recesses at the base of olfactory lamellae and is separated from the surrounding tissues by

nonsensory epithelium. In the present study, we examined the distribution of these recesses and the

relationship between the recess epithelium and the associated gland in the nasal sac of lungfish. We found

that the posterior part of the nasal sac contained more recesses than the anterior one, and the medial one

contained more recesses than the lateral one. In addition, virtually all recesses consisted of both the recess

epithelium and the glandular epithelium. Furthermore, the glandular epithelium was invariably situated

proximal to the midline raphe of the nasal sac, and the recess epithelium distal to it. Possible roles of the recess

epithelium and the glandular epithelium are discussed.
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Introduction

Most vertebrates have two distinct olfactory systems: the

main olfactory system and the vomeronasal system. In the

main olfactory system, the receptor cells in the olfactory

epithelium (OE) project their axons to the main olfactory

bulb. In the vomeronasal system, on the other hand, the

receptor cells in the vomeronasal organ (VNO) project their

axons to the accessory olfactory bulb. The OE and the VNO

express different types of olfactory receptors, members of

the G-protein-coupled receptors responsible for the detec-

tion of odoriferous substances. The OE expresses odorant

receptors, and the VNO expresses vomeronasal receptors

(Buck & Axel, 1991; Dulac & Axel, 1995; Herrada & Dulac,

1997). Unlike the OE, which is present in all vertebrates, the

VNO is present in tetrapods but not in fish (Døving &

Trotier, 1998). However, several lines of evidence suggest

that the vomeronasal system is partly developed in some

fish (Hansen et al. 2003, 2004).

Phylogenetically and genetically, the lungfish is known to

be the closest fish to tetrapods (Takezaki et al. 2004; Diogo

& Abdala, 2007). We have previously reported, by analyzing

the expression of G-proteins and the ultrastructural proper-

ties of receptor cells, that the olfactory organ of African

lungfish Protopterus annectens possesses two types of sen-

sory epithelia (Nakamuta et al. 2012). These epithelia, des-

ignated as the lamellar OE and the recess epithelium,

correspond to the OE of general teleosts and the VNO of

tetrapods, and they cover the surface of olfactory lamellae

and line the recesses situated at the base of lamellae,

respectively. In general, the receptor cells in the VNO are

equipped with microvilli, in contrast to the olfactory recep-

tor cells, which show different types of ultrastructure

between animal species (Døving & Trotier, 1998). In the

olfactory organ of lungfish, the lamellar OE contains both

ciliated receptor cells and microvillous receptor cells,

whereas the recess epithelium contains only microvillous

receptor cells (Nakamuta et al. 2012). Furthermore, the

Correspondence

Kazuyuki Taniguchi, Laboratory of Veterinary Anatomy, Faculty of

Agriculture, Iwate University, 3-18-8 Ueda, Morioka, Iwate 020-8550,

Japan. T: +81 19 6216207; F: +81 19 6216209;

E: anatomia@iwate-u.ac.jp

Accepted for publication 4 January 2013

Article published online 31 January 2013

© 2013 The Authors
Journal of Anatomy © 2013 Anatomical Society

J. Anat. (2013) 222, pp481--485 doi: 10.1111/joa.12025

Journal of Anatomy



lectin histochemistry has suggested that axons from the

recess epithelium project to the ventrolateral part of the

olfactory bulb (Nakamuta et al. 2012). This correlates with

two published studies on the olfactory system of lungfish.

Franceschini et al. (2000) suggested, based on lectin histo-

chemical analysis, that the ventrolateral part of the olfac-

tory bulb in African lungfish P. annectens corresponds to

the accessory olfactory bulb of tetrapods. Gonz�alez et al.

(2010) revealed that the African lungfish Protopterus dolloi

possesses a vomeronasal system similar to that of tetrapods,

based on immunohistochemical analysis for a VNO specific

marker, calbindin-D28k, and tract-tracing experiments

using DiI.

Most terrestrial vertebrates have associated glands in

their olfactory organs. For example, rodents possess Bow-

man’s gland in the OE, Jacobson’s gland in the VNO, and an

unnamed gland in the septal organ of Masera (Taniguchi

et al. 1993). On the other hand, aquatic vertebrates, includ-

ing fish, usually possess no associated glands in their olfac-

tory organs. However, lungfish have been suggested to

possess an associated gland in their olfactory organ

(Derivot, 1984). In fact, the recess at the base of olfactory

lamella in the nasal sac of lungfish is lined with two types

of epithelia, the recess epithelium and the glandular epithe-

lium. The former consists of several layers of cells, whereas

the latter consists of cylindrical cells with eosinophilic cyto-

plasm and round nuclei (Nakamuta et al. 2012). However,

little is known about the nature of the associated gland in

the olfactory organ of lungfish. In this study, we addressed

the distribution of recesses and the relationship between

the recess epithelium and the glandular epithelium.

Materials and methods

Animals

Five juvenile or adult African lungfish, P. annectens (three males

and two females), ranging in length from 28 to 40 cm, were pur-

chased from commercial suppliers. All of the experiments were per-

formed in accordance with the Principles for Animal Experiments of

Iwate University. In all cases, the fish were anesthetized with ice

and euthanized by decapitation.

Morphological examination

The nasal sac was dissected out from four of the fish and fixed in

Bouin’s solution at 4 °C for 24 h. Specimens were routinely embed-

ded in paraffin and cut sagittally at 6–8 m in thickness. Some sec-

tions were stained with periodic acid-Schiff (PAS), some with alcian

blue (pH 2.5), and the others with hematoxylin-eosin (HE). Since

three nasal sacs were partially damaged during processing, they

were excluded from statistical analyses. The localization and struc-

ture of all recesses were determined by examining serial sections of

whole nasal sacs (n = 5: right and left nasal sacs of a 28-cm female,

right nasal sac of a 29-cm male, left nasal sac of a 30-cm male, and

right nasal sac of a 30-cm male, see Supporting Information Tables

S1–S5).

Immunohistochemistry

The nasal sac was dissected out from the fish of 40 cm in length,

and fixed in 4% paraformaldehyde in 0.1 M phosphate buffer (pH

7.4) overnight at 4 °C. Specimens were cryoprotected and embed-

ded in O.C.T. Compound (Sakura Finetek) and cut sagittally at

10–15 μm in thickness with a cryostat. After washing in phosphate-

buffered saline (PBS) and again in 0.1% Triton X-100 in PBS, the

sections were treated with 2% normal donkey serum in PBS for

30 min at room temperature to block non-specific binding, then

incubated with a primary antibody, rabbit anti-Gαo antibody

(1 : 500, MBL, 551), at 4 °C overnight. After washing in PBS and

0.1% Triton X-100 in PBS, the sections were incubated for 2 h at

room temperature with a fluorescent-labeled secondary antibody,

Tetramethyl Rhodamine Isothiocyanate-donkey anti-rabbit IgG

(1 : 500, Jackson ImmunoResearch, 711-026-152). The antibodies

were diluted in PBS containing 1% bovine serum albumin.

Statistical analyses

Recesses were counted in the distinct parts of the nasal sac: anterior

half vs. posterior half, and lateral side vs. medial side. Anterior and

posterior halves consisted of lamellae 1–8 and lamellae 9–16 in the

case of nasal sacs with 16 lamellae (Tables S1–S4), and lamellae 1–9

and lamellae 10–18 in the case of a nasal sac with 18 lamellae (Table

S5). Data are shown as mean � standard error (SE). Statistical analy-

ses were performed with a paired t-test.

Results

Structure of the lungfish olfactory organ

The gross anatomy of the lungfish olfactory organ is shown

in Fig. 1. A pair of nasal sacs was situated anterior to the

eyes. The nasal sacs were connected to the external environ-

ment with the anterior nostrils and to the oral cavity with

the posterior nostrils (Fig. 1A,B). The olfactory lamellae

were suspended from the dorsal, medial and lateral walls of

the nasal sac and aligned on each side of the dorsal midline

raphe (Fig. 1C). The numbers of lamellae were not different

between the medial and lateral sides. On both sides,

approximately 15–20 rows of lamellae were aligned perpen-

dicular to the dorsal midline raphe (Fig. 1D).

Distribution and structure of the recesses

Serial sections stained with HE were examined to clarify the

distribution and histological property of the recesses in the

nasal sac of lungfish. The number of recesses was counted

in relation to the individual lamellae and recesses were clas-

sified according to their epithelial types (Tables S1–S5). The

roof in the posterior part of the nasal sac was higher than

in the anterior part (Fig. 2). The glandular epithelium and

the recess epithelium were observed only in the recesses

(Fig. 3A–K). The recess epithelium consisted of several layers

of epithelial cells (Fig. 3H–K) and was positive for Gαo, a

vomeronasal receptor cell marker used in our previous study
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(Nakamuta et al. 2012) (Fig. 3L). The glandular epithelium

consisted of cylindrical cells with basally situated round

nuclei (Fig. 3A–G) and was negative for Gαo (Fig. 3L). The

glandular epithelial cells showed punctate staining for PAS

in the cytoplasm (Fig. 3M), and were not stained with alcian

blue (pH 2.5) (Fig. 3N). The nasal sacs contained a total of

71, 68, 84, 96 and 89 recesses, respectively (Table 1). Of the

408 recesses examined, 371 (90.9%) were of mixed type,

where both the glandular epithelium and the recess epithe-

lium could be distinguished, and 37 (9.1%) were of uniden-

tified types where cellular organization was not well

preserved (Table 1). No recesses containing only the glandu-

lar epithelium or the recess epithelium were found. In all

recesses, the glandular epithelium was situated proximally

and the recess epithelium was situated distal to the midline

raphe of the nasal sac (Fig. 3A–K). Significantly more

recesses were contained in the posterior half (68.8 � 6.5) of

the nasal sac than in the anterior half (12.8 � 1.7) (Fig. 4A).

In addition, significantly more recesses were contained on

the medial side (59 � 3.7) than on the lateral side

(22.6 � 4.3) (Fig. 4B).

Discussion

Generally, fish lack the associated glands in their olfactory

organ, whereas most terrestrial vertebrates are equipped

with them (Getchell & Getchell, 1992). However, since lung-

fish depend almost entirely on the lung for respiration,

sticking their heads out of water to breathe, they might

have exceptionally developed an associated gland in their

olfactory organ. Histological examination of the recesses in

serial sections demonstrated that the glandular epithelium

was situated proximally and the recess epithelium distally in

relation to the midline raphe in each recess. Since this topo-

graphical relationship between the two epithelia was true

for all recesses, it seems to have a significant importance for

their interaction. In addition, this glandular epithelium is

considered to be the associated gland of the recess epithe-

lium and not that of the lamellar OE, because virtually all

recesses were composed of both the recess epithelium and

the glandular epithelium, and together these two epithelia

were observed only in the recesses.

The glandular epithelial cells were positive for PAS and

negative for alcian blue. They are suggested to contain neu-

tral mucopolysaccharide as secretory granules because of

punctate staining for PAS in their cytoplasm. Secretory

products from the associated gland in the olfactory organ

are known to contain some proteins which can interact

with chemical substances and regulate their binding to the

olfactory receptors. For example, vomeromodulin is pro-

duced by the associated gland of the VNO in rodents

(Khew-Goodall et al. 1991) and odorant binding proteins

are produced in the associated gland of the OE in newts

(Iwasa et al. 2008). Apparently, further investigations are

required to confirm whether the secretory products from

the glandular epithelium in lungfish can bind some chemi-

cal substances and regulate chemoreception in the recess

epithelium.

A C

B

D

Fig. 1 The olfactory organ of the lungfish. (A) Schematic drawing of

the head viewed obliquely from the left. The anterior nostril (An) is sit-

uated ventrally near the rostral end of the upper jaw and connects

the nasal sac to the external environment. The posterior nostril (Pn)

opens into the oral cavity. (B) The ventral view of the upper jaw after

removal of the lower jaw. (C) Close-up view of the area enclosed by

the dotted line in (B). The ventral wall of the nasal sac has been dis-

sected between the nostrils to expose the inside of the nasal sac.

Arrowheads indicate the dorsal midline raphe. (D) Medial half of the

nasal sac. Approximately 15–20 rows of lamella are aligned perpendic-

ular to the dorsal midline raphe (arrowheads). Anterior is on the left,

dorsal is on top. Scale bars: 2 mm (C,D).

Fig. 2 A representative section of the nasal sac stained with HE. Dor-

sal is on top and anterior is on the left. Each lamella is numbered from

rostral to caudal. Arrows indicate recesses at the base of lamellae.

More recesses are contained in the posterior part of the nasal sac than

in the anterior one. The roof is higher in the posterior part of the

nasal sac than in the anterior part. Scale bar: 1 mm.
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The nasal sacs of lungfish contained significantly more

recesses on their medial side than on the lateral side,

although there were the same number of lamellae on both

sides. However, there were more sections from the medial

half of the nasal sac than from the lateral side, indicating

that the medial half of the nasal sac was larger than the

lateral side. This might be why the medial side of the nasal

sac contained more recesses than the lateral side. In addi-

tion, significantly more recesses were distributed in the pos-

terior half of the nasal sac than in the anterior half. This

uneven distribution of recesses might have a functional

significance.

The properties of chemicals perceived by the sensory epi-

thelium are closely related to the localization of sensory epi-

thelium in the nasal cavity. For example, the olfactory

epithelium and the middle chamber epithelium of semi-

aquatic African clawed frog are suggested to detect air-

borne odorants and water-soluble odorants, respectively.

The former lines the dorsally located principal chamber of

the nasal cavity, and the latter the laterally located middle

chamber (Hofmann & Meyer, 1991; Freitag et al. 1995;

Oikawa et al. 1998). The recesses were distributed dorsally

and caudally in the nasal sac of lungfish. It is not known

what kinds of odorants are perceived by the recess epithe-

lium at present. However, considering the localization of

the recess epithelium in the nasal sac, it can be speculated

that the lungfish detects airborne odorants by the recess

epithelium. If air enters the nasal sac when they breathe, it
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Fig. 3 The recess epithelium and the

glandular epithelium. (A–K) HE-stained

representative sections (at 18-μm intervals) of

a single recess serially sectioned: the most

proximal side (A) and the most distal side (K)

to the midline raphe of the nasal sac. The

recess epithelium consists of several layers of

epithelial cells, whereas the glandular

epithelium consists of cylindrical cells with

basally situated, round to oval nuclei. These

sections demonstrate that the single recess

contains both the glandular epithelium (A–G)

and the recess epithelium (H–K). (L)

Immunohistochemistry for Gαo in the

recesses. In the upper recess, the recess

epithelium (RecE) is positive for Gαo, whereas

the glandular epithelium (GE) is negative. In

the lower recess, only the RecE (Gαo-positive)

is observed. (M,N) PAS or alcian blue-stained

glandular epithelium. Punctate staining for

PAS is observed in the cytoplasm of the

glandular epithelial cells (M). The glandular

epithelium is negative for alcian blue (N).

Scale bars: 50 μm.

Table 1 Total number and the cellular organization of recesses in the

nasal sacs of lungfish.

Nasal sac

no.*

Total no. of

recesses

Epithelial type

Mixed type

Unidentified

type

1 71 65 6

2 68 68 0

3 84 77 7

4 96 83 13

5 89 78 11

Total 408 371 (90.9%) 37 (9.1%)

Mean � SE 81.6 � 5.3 74.2 � 3.3 7.4 � 2.2

*1: Female, 28 cm in body length, right nasal sac; 2: Female,

28 cm in body length, left nasal sac; 3: Male, 29 cm in body

length, right nasal sac; 4: Male, 30 cm in body length, left nasal

sac; 5: Male, 30 cm in body length, right nasal sac.

© 2013 The Authors
Journal of Anatomy © 2013 Anatomical Society

Primordial vomeronasal organ and associated gland, S. Nakamuta et al.484



is reasonable to conclude that the dorsal wall of the nasal

sac is exposed to air. Furthermore, the posterior part of the

nasal sac seems to be most suitable to detect airborne odor-

ants because its roof is higher than the anterior part. It

remains to be electrophysiologically verified whether the

olfactory organ of lungfish responds to airborne odorants.
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Supporting Information

Additional Supporting Information may be found in the online

version of this article:

Table S1 Distribution and cellular organization of the recesses in

the nasal sac (female, body length 28 cm, right nasal sac). The

medial and lateral sides of the nasal sac were examined to

determine whether the recesses in each lamella consist of the

glandular epithelium, the recess epithelium, or both.

Table S2 Distribution and cellular organization of the recesses in

the nasal sac (female, body length 28 cm, left nasal sac).

Table S3 Distribution and cellular organization of the recesses in

the nasal sac (male, body length 29 cm, right nasal sac).

Table S4 Distribution and cellular organization of the recesses in

the nasal sac (male, body length 30 cm, left nasal sac).

Table S5 Distribution and cellular organization of the recesses in

the nasal sac (male, body length 30 cm, right nasal sac).

A B

Fig. 4 Quantitative assessment of the number of recesses in the dis-

tinct parts of nasal sac. Data are shown as mean � SE (n = 5). (A)

The number of recesses distributed in the anterior and posterior halves

of the nasal sac. The anterior and posterior halves contain 12.8 � 1.7

and 68.8 � 6.5 recesses, respectively. **Significant difference

between anterior and posterior half (P < 0.01). (B) The number of

recesses distributed on the lateral and medial sides of the nasal sac.

The lateral and medial sides contain 22.6 � 4.3 and 59 � 3.7

recesses, respectively. **Significant difference between lateral and

medial sides (P < 0.01).
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