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Abstract

 

Over the past 50 years, hundreds of studies have described those cells that are characterized by a brush of rigid

apical microvilli with long rootlets, and which are found in the digestive and respiratory apparatuses. These cells

have been given names such as brush cells, tuft cells, fibrillovesicular cells, multivesicular cells and caveolated cells.

More recently, it has been realized that all these elements may represent a single cell type, probably with a chem-

osensory role, even if other functions (e.g. secretory or absorptive) seem to be possible. Very recent developments

have permitted a partial definition of the chemical code characterizing these elements, revealing the presence of

molecules involved in chemoreceptorial cell signalling. A molecular cascade, similar to those characterizing the

gustatory epithelium, seems to be present in these elements. These new data suggest that these elements can be

considered solitary chemosensory cells with the presence of the apical ‘brush’ as an inconsistent feature. They seem

to comprise a diffuse chemosensory system that covers large areas (probably the whole digestive and respiratory

apparatuses) with analogies to chemosensory systems described in aquatic vertebrates.
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The concept of brush cells

 

‘A rose is a rose, but what is a brush cell?’ asked Thurlbeck

(1990) in a comment on a paper describing brush cells

(BCs) in human fetuses. Fourteen years later, the ques-

tion seems to have an answer. The history of the BCs

starts about 45 years ago, with the introduction of

electron microscopy, when several ‘new’ cell types were

described on the basis of typical ultrastructural fea-

tures. One of these was the BC. The first description of

BCs is generally attributed to Rhodin & Dalham (1956)

in the rat trachea. Since this first description, the pres-

ence of BCs has been confirmed in the airway of several

species, including humans (Rhodin, 1959). Eight years

after their discovery, it was realized that BCs are also

present in the lung (Meyrick & Reid, 1968) and in the

digestive apparatus (Luciano et al. 1968a,b). In particular,

it was discovered that BCs are particularly concentrated

in the gallbladder (Luciano & Reale, 1969).

For several years, the description of this enigmatic

cytotype was not substantially modified. The identifi-

cation of BCs was morphological and mainly based on

the presence of a brush of apical microvilli with long

rootlets. However, isolated cells with the ultrastructural

features of BCs had previously been identified in sev-

eral organs and indicated with different names, so that

a systematic review of the literature appears to be

difficult. Isolated non-endocrine cells with the typical

apical end have been indicated as brush, tuft, caveolated

or fibrillo-vesicular cells, or with other names, and reviews

of these cells in different apparatuses do not exist. In

addition, recent data suggest that the concept of BCs

must be changed, and that ultrastructure together

with neurochemistry and molecular biology could pro-

vide a more adequate definition of these elements. In

particular, the recent description of gustducin (Hofer &

Drenckhahn, 1998) and other bitter taste-related mole-

cules in these elements localized in the digestive and

respiratory apparatuses demonstrated a link between

these cells and elements of the taste buds. These results

strongly supported the idea that BCs may operate as
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solitary chemoreceptors, and show the need for a more

detailed analysis of what the BCs described in the last

five decades really are.

 

Synonyms

 

In the respiratory epithelia, all authors use the term BCs

(or type III pneumocytes as synonymous of alveolar BCs)

and these cells are largely assumed to be receptors.

In the various epithelia of the gastrointestinal tract, the

cells were given different names (e.g. fibrillovesicular,

multivesicular, caveolated, tuft cells) and secretory or

absorptive functions were proposed. Luciano & Reale

(1997) noted that this irregularity in nomenclature

did not contribute to our knowledge of BCs; rather it

served to spread the erroneous idea that BCs in the gas-

trointestinal and respiratory tracts represent different

cell types. Although morphological variation suggests

that all these cells may belong to a single family, minor

differences in the ultrastructure of the cells in the var-

ious locations are described. Therefore, in the present

review we report on the peculiarity of the subfamilies

described during the last 45 years of study.

 

Tuft cells

 

The term ‘tuft cell’ is the one most commonly used in the

literature, together with ‘brush cell’. The discovery of tuft

cells is generally attributed to Jarvi & Keyrilainen (1955),

who described an unusual epithelial cell in the stomach

characterized by an apical tuft of long microvilli. The

term indicates the subfamily of BCs located in the

digestive apparatus (Sato et al. 2000) but it is generally

not used by authors studying the respiratory apparatus.

 

Caveolated cells

 

The discovery of caveolated cells in the gastrointestinal

system is generally attributed to Nabeyama & Leblond

(1974). The term refers to the caveolae present in the

apical cytoplasm of the cells. The term is considered

synonymous with tuft cells, to indicate a subfamily of

BCs of the digestive apparatus and in particular of the

gastric mucosa.

 

Fibrillovesicular cells

 

The BCs located at the distal wall of the groove

between the rat forestomach and glandular stomach

were called fibrillovesicular cells (Hammond & LaDeur,

1968). Further studies (Wattel et al. 1977a,b; Wattel &

Geuze 1978) demonstrated that the fibrillovesicular

cells are characterized by long microvilli, apical bundles

of microfilaments and a complex ‘tubulovesicular sys-

tem’, like BCs located in other districts.

 

Other names

 

In addition to those reported above, Sato & Miyoshi

(1997) cited a series of other terms used to indicate BCs:

multivesicular cells (Silva, 1966), undifferentiated cells

(Johnson & Young, 1968), s-cells (Ferguson, 1969) or

agranular light cells (Riches, 1972). We have not found

use of these terms in the recent literature.

 

The BCs of the respiratory apparatus

 

Airways

 

After their description by Rhodin & Dalhamn (1956) in

the rat trachea, the presence of BCs was confirmed in

the rabbit (Leeson, 1961). In the following years, several

studies provided a detailed description of airway BCs in

different mammalian species (Rhodin, 1966; Luciano

et al. 1968a,b; Jeffery & Reid, 1975; Ishida, 1977; Taira &

Shibasaki, 1978; Christensen et al. 1987).

In general, BCs represent a population of epithelial

cells scattered throughout the epithelial lining of the

respiratory system. These cells are reliably distinguished

from other epithelial cells only at the ultrastructural

level, by the presence of an apical tuft of stiff microvilli

and extremely long microvillar rootlets that may project

down to the perinuclear space. BCs can be identified in

tissue sections even at the light microscopic level by

immunostaining with antibodies against villin and fim-

brin, two proteins that crosslink actin filaments to form

bundles (Hofer & Drenckhahn, 1992). Not only are villin

and fimbrin in BCs present in the actin filament core

bundles of apical microvilli and their long rootlets but, in

addition, both proteins are also associated with micro-

villi extending from the basolateral cell surface of BCs.

 

Nasal cavity

 

In the respiratory epithelium of the rat nasal mucosa,

BCs were studied by Monteiro-Riviere & Popp (1984).

These cells are pear-shaped, with the broad base adja-

cent to the basement membrane and large microvilli on



 

Brush cells and related elements, A. Sbarbati and F. Osculati

© Anatomical Society of Great Britain and Ireland 2005

 

351

 

the surface. Microfilaments, microtubules, vesicles and

paired cisternae were found in the apical cytoplasm.

BCs occurred singly on the conchae and lateral wall but

were not identified in the respiratory epithelium of the

nasal septum.

 

Alveolar epithelium of the lung

 

After their description in the airways, BCs were also found

in the alveolar epithelium of the lung (Meyrick & Reid,

1968). Several studies confirmed this report (Luciano

et al. 1969; Hijiya et al. 1977; Allan, 1978; Filippenko, 1978;

Hijiya, 1978; Foliguet & Grignon, 1980; Chang et al. 1986).

In rats, alveolar BCs, also called type III pneumocytes,

are a normal component of alveolar lining cells. Based

on different studies, they have an incidence ranging

from 5–10% to 0.5–1% of the pneumocyte population

(Meyrick & Reid, 1968; Foliguet & Grignon, 1980). The

highest density is at the bifurcation of the first alveolar

duct (Chang et al. 1986). Alveolar BCs lack the lamellated

inclusion of type II pneumocytes. The BCs are largely

covered by type I pneumocytes. The cell apex shows

straight microvilli of variable length. Each microvillus con-

tains fine filaments that extend into the cytoplasm but

do not appear to integrate into a terminal web. Beneath

this elaborate microvillus border there are vesicles and

aggregates of glycogen. Desmosomes are rarely seen

except near the lumen as part of the junctional complex.

The BCs of the rat lung can be identified at the light

and electron microscope level by antibodies against

both cytokeratin 18 and the actin-crosslinking protein

villin (Kasper et al. 1994). At the ultrastructural level,

microvilli and their rootlets in the apical cytoplasm were

labelled by antivillin antibodies, whereas a monoclonal

antibody against cytokeratin 18 labelled bundles of

intermediate filaments.

It has been suggested that lung BCs are chemoreceptors.

An interesting hypothesis suggests that they are active

in regulating capillary resistance and perfusion during

hypoxia, acting by contracting structures located in the

interstitial space (Hijiya et al. 1977; Hijiya, 1978). It has

also been suggested that BCs are involved in regenera-

tive processes (Filippenko, 1981).

 

Vomeronasal organ epithelium

 

BCs are also localized in the nasal cavity and, in particular,

the non-sensory epithelium of the rat vomeronasal

organ contains BCs (Hofer et al. 2000).

 

Human respiratory apparatus

 

Several studies also confirmed the presence of BCs in

the human respiratory apparatus (Rhodin, 1959). Watson

& Brinkman (1964) studied the trachebronchial tree,

Rhodin (1966) the trachea and Basset et al. (1971) the

bronchioles.

 

The brush/tuft/caveolated/fibrillovesicular/
multivesicular cells of the digestive 
apparatus

 

Tuft cells in the salivary ducts

 

Cells with strong analogies to BCs are the tuft cells of

the salivary ducts, which are characterized by long

microvilli with prominent rootlets and by vesicular and

tubular profiles. Sato & Miyoshi (1996, 1997) and Sato

et al. (2000) studied the tuft cells in the main excretory

duct epithelia of rat salivary glands. These cells exhib-

ited similar fundamental characteristics in the salivary

glands and in other organs. Numerous membrane-bound

electron-dense granules were present among the

microvilli of the tuft cells in the submandibular gland,

but not in other organs. The apical cytoplasm contained

numerous vesicles with a filamentous substance that

reacts positively for glycoconjugates. The vesicles were

frequently close to the apical plasma membrane and

seemed to open into the lumen. Nerve endings with

synaptic vesicles were seen close to the basal portion of

the tuft cells. The functions of the tuft cells in the sali-

vary glands were suggested to be secretion, absorption

and reception.

 

Stomach

 

BCs were found in the epithelium of the fundic region

mucosa of the hind stomach in the 

 

Llama guanacoe

 

(Luciano et al. 1980) and of rodents. In the rat stomach,

BCs are mainly localized in a restricted region, the

limiting ridge separating the forestomach from the

glandular stomach (Luciano & Reale, 1992). In rats,

the forestomach is separated from the glandular stomach

by a fold of the forestomach mucosa, which generates

the ‘limiting ridge’ on the inner surface of the organ.

This ridge overlaps a deep groove, which is flanked

proximally by the forestomach and distally by the glan-

dular stomach. Light microscopy and scanning electron

microscopy reveal that the keratinized squamous
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epithelium of the forestomach merges into the colum-

nar epithelium of the glandular stomach at the bottom

of the groove. Among the columnar cells of the distal

wall of the groove are numerous BCs. The peculiar archi-

tecture of the ‘limiting ridge’ and the presence of

numerous BCs in its distal wall suggest that the region

not only represents the transitional zone between

forestomach and glandular stomach but that it might

have a more specific function. Luciano et al. (1993)

demonstrated that isolated BCs of the rat stomach retain

their structural polarity after isolation and considered

this finding to be further confirmation of their recep-

torial differentiation.

Kugler et al. (1994) showed that BCs (also called

caveolated cells) of the rat gastric cardia and major

pancreatic duct display strong immunoreactivity for

nitric oxide synthase (NOS) and also exhibit high activity

of NADPH-diaphorase. This NADPH-oxidizing activity

was previously shown to be mediated by a specific

domain of the sequence of the NOS. NADPH, in turn,

appears to be delivered by glucose-6-phosphate dehy-

drogenase, which is expressed in BCs at particularly

high levels. The authors concluded that BCs of the

stomach and pancreas may represent a specialized

population of paracrine cells that use nitric oxide as a

messenger molecule to control certain gastrointestinal

functions.

Recently, Luciano et al. (2003) demonstrated that BCs

of rodent gallbladder and stomach epithelia express

neurofilaments. The results demonstrated that the BCs

of both organs express two types of intermediate fila-

ments, i.e. neurofilaments and cytokeratin 18 filaments,

and that these have a compartmentalized distribution

in the cytoplasm. BCs did not express peripherin. The

immunodetection of intermediate filaments distinctive

for mature neurons in BCs supported their putative

receptor function.

 

Lymphoid follicle-associated epithelium in the gastric 

mucosa

 

Lymphoid follicle-associated epithelium in the gastric

mucosa displayed BCs interposed between mucous epi-

thelial cells. These BCs were characterized by promi-

nent microfilament bundles and many apical vesicles or

caveola and specifically enveloped the clusters of intra-

epithelially invading lymphocytes and macrophage-like

cells through thin cytoplasmic sheets similar to M cells

in Peyer’s patches (Wada et al. 2000).

 

Gallbladder

 

The BCs of the gallbladder have been studied in a series

of works by Luciano & Reale (1969, 1979, 1990) and

Luciano et al. (1981). Their results were summarized in

a review Luciano & Reale (1997). These works demon-

strated that BCs are the second most frequent cellular

component of the epithelium of the mouse gallbladder

and that they are present in large numbers toward the

neck and in the fundic regions of the organ. In the gall-

bladder, BCs have a narrow apical portion, bulky body

and basal cytoplasmic projections. Their microvilli form

a prominent brush border and have more similarity

with stereocilia of sensory cells than with conventional

microvilli. Freeze-fracture replicas demonstrate that,

like stereocilia, the P face of the microvilli plasma mem-

brane of BCs is smoother than the E face, but several

intramembranous particles form small aggregates on

the microvillus tip of both P and E faces. In the apical

cytoplasm, the cytoskeleton consists of bundles of actin

filaments originating from the axis of the apical

microvilli and stretching continuously up to the

supranuclear region of the cell. Microtubules flank

the actin filaments in an alternating manner. Owing to

the strong parallel arrangement of both cytoskeletal

structures, the apical cytoplasm of the BCs assumes a

typical stiffness. Vesicles of different sizes are aligned

between the bundles of actin filaments and microtu-

bules. Intraluminal injection of horseradish peroxidase

demonstrates that these vesicles are not resorptive as

they are not filled by the tracer. The BCs possess a large

number of lateral microvilli appearing as rigid cytoplas-

mic protrusions. The bundle of actin filaments emanat-

ing from each lateral microvillus extends at different

angles into the cytoplasm. A conspicuous number of

bundles of 10-nm filaments are intertwined around the

nucleus and extend toward the desmosomes of the lat-

eral plasma membrane and into the basal cellular body.

The authors reported several arguments in support of

the view that interactions between the plasma mem-

brane with its differentiations, on the one hand, and

the cytoskeleton elements, on the other, play a key role

in the function of the BC as a receptor (sensory) cell.

 

Common bile duct

 

The BCs of the common bile duct of the rat were studied

by Luciano et al. (1981). Numerous BCs were seen in the

proximal and distal regions of the common bile duct. In
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these locations, they could be implicated in a registra-

tion and/or regulation of intraluminal pressure varia-

tions. Two different fixative procedures (immersion

and perfusion) and four different fixative solutions

were used in order to obtain the best preservation of

the BCs of the common bile duct of the rat. The results

indicated that only perfusion fixation through the

common bile duct is suitable, independent of the fixa-

tive solutions and their osmolarity.

In a more recent study, Iseki (1991) showed that the

BCs in the common bile duct of the rat continue to

develop postnatally and after 16 weeks they comprise

about 30% of the whole population. He also showed

that about one-quarter of the BCs are immunoreactive

for liver fatty acid binding protein (L-FABP).

 

Small and large bowel

 

Intestinal BCs were first described in the rat (Luciano

et al. 1968a,b). These cells have been the object of sev-

eral studies and represent a model for understanding

the structure of the whole family of BCs. At the light

microscopic level, intestinal BCs can be identified by

antibodies against the actin filament crosslinking pro-

teins villin and fimbrin, which not only stain the apical

tuft of microvilli and their rootlets, but also label pro-

jections emanating from the basolateral surface of

these cells (Hofer & Drenckhahn, 1996). BCs can be dis-

tinguished at the neighbouring simple epithelium of

the stomach, pancreatic duct and duodenum by particu-

larly strong immunoreactivity with antibodies specific

for cytokeratin 18. Tubulin antibodies reacted strongly

with the upper half of BCs in a pattern not observed

in the other epithelial cells of these tissues, including

enteroendocrine cells of the duodenum (Hofer &

Drenckhahn, 1996). Ankyrin, a protein that links the

spectrin-based membrane cytoskeleton to integral

proteins of the plasma membrane was revealed as a

third cytoskeleton-associated protein, prominently

expressed in BCs where ankyrin is restricted to the

basolateral membrane domain (Hofer & Drenckhahn,

1996). The apparently high concentration of cytokera-

tin 18, tubulin and ankyrin in BCs suggests that these

cytoskeletal proteins might play a role in the mechani-

cal stability and polarized organization of these puta-

tive receptor cells.

The glycocalyx of intestinal BCs was studied by

Gebhard & Gebert (1999). In this study the glycocalyx

contained significantly higher amounts of 

 

L

 

-fucose

residues as detected by the lectins UEA-I and LTA than

did enterocytes. In contrast, most of the other lectins

bound more avidly to the glycocalyx of enterocytes.

The cytoplasmic vesicles closely resembled the apical

membrane in their labelling pattern. Quantification of

the distribution of BCs revealed that the epithelia of

the Peyer’s patches contained ten-fold higher numbers

of BCs than the small intestinal mucosa distant from

lymphoid tissue. The authors concluded that BCs possess

a glycocalyx with a specialized composition and differ

significantly from enterocytes. Because similar peculi-

arities of the apical membrane have previously been

described for sensory cells of the olfactory and gustatory

organs, this study provides further evidence in favour

of a sensory function of BCs.

In a further study, Gebert et al. (2000) demonstrated

that the apical membrane of intestinal BCs possesses a

specialized, but species-specific, composition of glyco-

conjugates by use of on-section and 

 

in vivo

 

 lectin label-

ling in rats, guinea-pigs and mice. Lectin binding sites

were consistently located in the glycocalyx of the apical

membrane and in that of cytoplasmic vesicles. 

 

In vivo

 

lectin labelling revealed that the glycoconjugates of

the apical membrane are accessible under physiological

conditions, that BCs do not endocytose and that they

probably possess a high membrane turnover rate. The

results showed that specializations exist in the compo-

sition of glycoconjugates forming the glycocalyx of BCs

in all species investigated. The presence of BC-specific

glycoconjugates would be in accordance with the

current hypothesis of a receptive function of BCs. Dif-

ferences in the specific glycosylation patterns among

rats, guinea-pigs and mice indicate that species-specific

adaptations exist.

In the mucous membrane of the large intestine of the

ox, sheep and goat, BCs were found in the epithelium

and were characterized by electron-lucid spheroids

(45 

 

×

 

 35 nm in diameter), in the supranuclearly located

osmiophilic granules (Wille, 2001).

 

Pancreas

 

The major pancreatic excretory ducts have been shown

to contain a large number of BCs. These are usually

studied together with gastric and intestinal BCs. Infor-

mation on these cells has been provided by Kugler

et al. (1994), who showed that the BCs of the major

pancreatic duct display strong immunoreactivity for NOS

and also exhibit high activity of NADPH-diaphorase.
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In addition, pancreatic BCs have been described by

Hofer & Drenckhahn (1996, 1998) in studies that

showed that BCs are concentrated in the terminal por-

tions of extralobular ducts and in the major pancreatic

duct, where they comprise up to 22% of the ductal

epithelium.

 

BCs in amphibians and fishes

 

The term BC has been mainly used for mammals. In

other vertebrate species, similar elements are usually

given different names such as solitary chemosensory

cells or oligovillous cells. However, Whitear (1992) noted

that the BCs of the bile duct (Luciano et al. 1981) and

tracheal epithelium (Luciano et al. 1968a,b) of the rat

have a fine structure strikingly similar to that of the

chemosensory cells in fish, especially lampreys, with

apical microvilli and microtubules and vesicles in the

subapex. The term BC was used to describe elements

located in the gastric mucosa of tadpoles (Sugimoto

et al. 1985).

In the intestine of catfish 

 

Corydoras aeneus

 

 the thin-

walled posterior intestine is adapted to air breathing.

In this region, the mucosa is lined with respiratory

epithelium and solitary BCs with several long and thick

microvilli present (Podkowa et al. 2002).

 

BCs in the human fetus

 

DiMaio et al. (1990) performed a morphological exam-

ination of human fetal lung tissue, using scanning and

transmission electron microscopy. BCs characterized

by a border of regular straight microvilli containing a

filamentous core were observed within the tracheal

epithelium of a fetus of 19–20 weeks gestational age.

These cells constituted 0.5% of the total epithelial cell

population. BCs were not seen within the bronchial,

bronchiolar or developing acinar epithelium. The study

showed that BCs occur infrequently but normally in

the developing tracheal epithelium of the second tri-

mester fetus.

 

BCs in disease

 

Despite their widespread presence in several organs

only a few works investigated the question of a possi-

ble involvement of BCs in pathological processes. In the

past, some studies demonstrated an involvement of the

BCs in diseases. In the respiratory apparatus, BCs have

been claimed to be involved in bronchitis (Watson &

Brinkman, 1964) and immotile cilia syndrome (Gordon

& Kattan, 1984). A spontaneous pathology with involve-

ment of BCs was also reported by DiMaio et al. (1988).

They studied a full-term infant which developed bilat-

eral pneumothoraces and respiratory distress shortly

after birth. The biopsy revealed desquamative intersti-

tial pneumonitis with the unique ultrastructural dem-

onstration of numerous alveolar BCs.

The possible role of BCs in airway pathology was con-

firmed by studies on laboratory animals.

An experimental rat model used bleomycin to pro-

duce interstitial pneumonitis and a marked increase in

alveolar BCs (Hijiya et al. 1977; Hijiya, 1978). Inflamma-

tory thickening of the alveolar septum was followed by

accumulation of macrophages and type II pneumocytes

in the alveolar space. The prominence of the BCs seemed

to be a regenerative response to bleomycin injury.

Increased numbers of BCs have been found in rat

lung undergoing compensatory hypertrophy after

unilateral pneumonectomy (Filippenko, 1981). It has

also been reported that in rat trachea exposed to low-

frequency noise the BCs fuse their microvilli (Branco

et al. 2004).

In the literature, we have found only a single descrip-

tion of a spontaneous pathology with involvement of

BCs in the digestive apparatus. A fibrillo-caveolated

carcinoma has been described (Carstens et al. 1976) in

which the tumour cells showed morphological similar-

ities to the caveolar cells of the digestive apparatus.

However, some 

 

in vitro

 

 data seem to confirm the role

of BCs in digestive neoplasm. The presence of ‘tuft’

(caveolated) cells in two human colon carcinoma cell

lines (LIM 1863 and LIM 2211) was reported (Barkla

et al. 1988). The presence of caveolated cells in LIM

1863 colon carcinoma cell line was then confirmed by a

further study. In this cell line, characteristic morpho-

logical features of tuft cells included a wide base,

narrow apex and a tuft of long microvilli projecting

from the apical surface. The microvilli were attached by

a core of long microfilaments passing deep into the

apical cytoplasm. Between the microvilli were parallel

arrays of vesicles (caveoli) containing flocculent mate-

rial. Two different explanations for the presence of

tuft cells were proposed. The first explanation is that

tuft cells originated from the resected tumour and had

survived by mitotic division during subsequent pas-

sages. The second explanation suggests that tuft cells

are the progeny of undifferentiated tumour cells. The
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morphology of tuft cells was consistent with that of a

highly differentiated cell specialized for absorption.

 

Gustducin in BCs

 

The alpha-subunit of the trimeric G-protein complex

specific for taste receptor cells of the tongue, alpha-

gustducin, was described in the stomach and intestine

(Hofer et al. 1996). The alpha-gustducin-containing cells

were identified as BCs that are scattered throughout

the surface epithelium of the gut and share structural

features of taste receptor cells of the tongue. These

findings provided clues to the long-sought molecular

and cellular basis for chemoreception in the gut. In a

further study, Hofer & Drenckhahn (1998) provided

further data on the identification of the taste cell G-

protein, alpha-gustducin, in BCs of the rat pancreatic

duct system. Because of some structural similarities to

taste receptor cells of the tongue, the authors addressed

the question of whether pancreatic BCs contain the

taste cell-specific GTP-binding protein, alpha-gustducin,

and hence might be considered to be involved in intra-

ductal chemoreception. By immunostaining, the work

showed that ductal BCs of the rat pancreatic duct sys-

tem contain alpha-gustducin, which is concentrated in

the apical tuft of microvilli and is also found along the

basolateral cell surface. Immunoblotting of the major

pancreatic duct revealed a 42-kDa band that co-migrated

with alpha-gustducin of the rat tongue. Considering

that ductal BCs are particularly rich in NOS-I, the authors

assumed that these cells might play a role in certain

aspects of chemoreceptive signalling and that chemo-

sensory control of pancreatic secretion might occur at

two independent sites, the intestine and the terminal

portions of the excretory duct system.

In a review, Hofer et al. (1998) concluded that in the

gut epithelium, scattered epithelial cells sharing apical

cytoskeletal features of gustatory receptor cells were

identified as BCs (tufted cells). These cells are rich in

NOS and contain in their apical brush border the gus-

tatory trimeric G-protein, alpha-gustducin, indicating

that BCs are involved in chemoreceptive signalling.

 

BCs non-immunoreactive for 

  

αααα

 

-gustducin

 

Despite the presence of gustducin in BCs of the diges-

tive and respiratory apparatuses, it has been clearly

demonstrated not all BCs display 

 

α

 

-gustducin. BCs of the

vomeronasal brush border do not contain 

 

α

 

-gustducin

(Hofer et al. 2000). Further studies appear to be necessary

to assess if these elements contain G-proteins structur-

ally different from gustducin.

 

BCs and solitary chemosensory cells

 

The solitary chemosensory cells (SCCs) are elements

present in aquatic vertebrates (Kotrschal, 1991, 1996;

Whitear, 1992). In fish, SCCs form a system of differen-

tiated sensory epithelial cells, which are not organized

into discrete end organs and may occur in the epithelia

of oropharynx, gills and skin (Whitear, 1992). SCCs have

recently been discovered in mammals (Sbarbati et al.

1998, 1999, 2004; Finger et al. 2003; Merigo et al. 2004)

but they are not BCs (i.e. they do not possess the apical

brush of rigid microvilli with long rootlets). However,

 

α

 

-gustducin-immunoreactive SCCs showing the ultra-

structural features of BCs were found in the larynx

(Sbarbati et al. 2004). These elements co-localize other

molecules of the taste transductory cascade, including

phospholipase C of the beta 2 subtype and IP

 

3

 

R3

(Sbarbati et al. 2004). This finding suggests that a

chemosensory role can also be maintained by BCs in the

respiratory apparatus, probably in driving reflexes against

airborne substances.

 

General considerations about BCs and related 
elements

 

Recent data confirm the hypothesis of Luciano & Reale

(1969) that the BCs of the respiratory and digestive

apparatus and the tuft/caveolated/fibrillovesicular cells

of the digestive apparatus are the same cytotype, or at

least belong to the same family, sharing a common

phenotype with minor organ-related differences. The

ultrastructural morphology of these cell types is quite

similar and a large majority of authors today use the

two terms as synonymous.

The extensive use of light and ultrastructural cyto-

chemistry has allowed recent studies to acquire num-

erous data about these cells. In particular, it appears

interesting that a large majority of them contain the

G-protein gustducin, which is a strong marker of chem-

oreceptive cells. This strongly supports the hypothesis

that these elements have a chemoreceptorial role, as

suggested by several authors on the basis of morpho-

logical features. This does not mean that the other

proposed roles (mechanoceptive, paracrine, exocrine,

endocrine, absorptive, regenerative) are invalid, but
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rather that they could coexist in elements that have

chemoreceptive capability. This is in accordance with

the differentiated apical pole of the cell, which is its

most characteristic ultrastructural feature. These cells

represent true unicellular ‘organs’ and this explains

their multiple faces. In general, they seem to configure

a diffuse chemosensory system that covers large areas

(if not the whole digestive and respiratory apparatuses),

having analogies with the chemosensory systems

described in aquatic vertebrates.

However, the data in the literature must be analysed

with caution because in some cases a single cell type

has been given different names whereas, in other cases,

cells with different characteristics have been named

BCs. In addition, the term ‘brush cell’ is also used for a

population of neurons. Recent data demonstrate that

the apical brush of microvilli must be considered an

organelle (or better, a specialization of the apical

membrane) and it is evident that to classify the cells on

the basis of the presence of a single organelle can be

misleading, because it can be present in different cell

types. To date, a better way to identify a cell type seems

to be a chemical coding of the most characteristic

molecules that it contains. Using this approach, mor-

phological data are also more easily correlated with a

specific function. The chemical coding of BCs has provided

important information, demonstrating the presence of

molecules involved in chemoreception. These new data

suggest that the term SCCs is more correct for these

elements, as the presence of the apical ‘brush’ is not a

constant feature. Therefore, the apical brush of microvilli

seems to be a differentiation present in a subfamily of

SCCs probably localized in specific microenvironments.

The richness of cytoplasmic vesicles that is visible in

some of these elements seems also to suggest a secretory

role. In these cells, the coexistence of chemoreceptive

and secretory mechanisms could allow secretory reflexes

in response to modifications of the microenvironment.
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