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Abstract—The ““typical” insect sensillum is formed by a fixed number of cells: one or several bipolar sensory neurons are
enveloped by the glia-like thecogen, the trichogen, and the tormogen cells. These cells arise via differential mitoses from an
epidermal sensillum mother cell, which is “‘singled out” in the epidermis by the action of proneural and neurogenic genes, and
then inhibits its neighbours from becoming sensillum mother cells themselves (““lateral inhibition™). Morphogenesis begins with
the formation of a primary ciliary dendrite (9 x 2+ 0) by the neuron that grows above the epidermal surface. The trichogen cell
then develops an apical sprout backed by a microtubular cytoskeleton, which will secrete the cuticle of the sensory hair, whereas
the tormogen cell forms the hair socket. After finishing cuticle formation, both cells retract and form the subcuticular sensillum
lymph cavity. In hemimetabolous insects preparing for molting, the dendrite leaves the new sensillum via an apical or a lateral
pore, remaining connected with the old sensillum. During adult development of holometabolous insects, the primary dendrites
also project from the newly forming hairs, being lost when cuticle secretion starts. The definite sensory dendrites grow into the
hair shaft, whereas the trichogen cell retracts from the latter in most species. © 1997 Elsevier Science Ltd. All rights reserved.

Index descriptors (in addition to those in the title): neurogenesis; differential mitoses; cytoskeleton; cell processes; molting.

INTRODUCTION

Despite their small size, insect sensilla are complex in
structure and function. They have been termed “‘Kle-
inorgane” by Henke (1953) and “‘organules™ by Lawr-
ence (1966), because they are small and consist of too few
cells to merit the status of a proper “organ”. Although
the physiological function of the different types of sensilla
is extremely variable, their cellular composition is sur-
prisingly uniform. The “typical” insect sensillum (Fig. 1)
is an oligocellular complex consisting of one or several
bipolar sensory neurons, which are tightly enveloped by
the glia-like “thecogen” cell. This, in turn, is partly
enclosed by the “trichogen™ and “‘tormogen” cells. The
uniformity can be understood by looking at the devel-
opment. Each sensillum has its origin in a single precursor
cell that arises in the epidermis and undergoes a series of
differential mitoses during embryogenesis or meta-
morphosis. Sensilla can, therefore, be considered as
monoclonal units. The earliest knowledge of the mor-
phogenetic events came from the schools of Alfred Kiihn
and Karl Henke in the late 1930s, beginning with the
investigation of moth scale development by Stossberg
(1938). In the following, I shall give a comparative
description of the events that lead from the undiffer-
entiated epidermis to a physiologically active sensory
organulum.

MORPHOGENESIS OF INSECT SENSILLA
The precursor cells

In the differentiating epidermis, 2 successive chains of
events lead to the precursor cell of a sensillum: “‘singling
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out” and ““lateral inhibition” (Fig. 2). In Drosophila mel-
anogaster , a number of genes have been identified whose
activity is required for these processes (reviewed by Heit-
zler and Simpson, 1991; Ghysen et al., 1993; Jan and Jan,
1990, 1995).

First, the “prepattern” genes (active in determining
the dorsal-ventral and anterior—posterior axes as well as
segmentation in the embryo) fix the region in the epi-
dermis where a sensillum will develop. In this region, a
group of cells forms a “proneural cluster” in which the
“proneural” genes (e.g., those of the achaete-scute com-
plex) become active. In the cells of this cluster, the *“‘sen-
sory precursor” or ‘‘sensory mother cell” (SMC) is
“singled out” by interaction of the ““neurogenic’” genes
(such as notch and delta). This cell then suppresses the
capacity of its neighbours to become SMCs; they become
normal epidermal cells instead: this is known as “lateral
inhibition”. The type of sensillum which the SMC will
produce is determined by activity of the “neuronal type
selector genes™ (such as cut or rhomboid). The “lineage
genes” (such as numb or oversensitive) direct the cell div-
isions that lead to the different cell types of a sensillum.

Lateral inhibition was investigated much earlier in
hemimetabolous insects (Rhodnius prolixus) by Wiggles-
worth in a now “classic” paper: Wigglesworth (1940).
With each molt, the cuticular surface increases, giving
more space between individual sensilla. This decreases
their inhibitory action on neighbouring epidermal cells,
which can now give rise to additional SMCs in inter-
mediate positions.

A number of mutants is known in which sensillum
development and determination are disturbed. For exam-
ple, all epidermal cells can assume a neurogenic fate
(shaggy: Bourouis et al., 1989), all sensilla might become
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Fig. 1. Schematic outline of a “typical” insect sensillum. Shown is a simplified mechanoreceptor (campaniform sensillum) with the

dendrite tip attached to the cuticle in the molting pore. ax, Axon; bl, basal lamina; cu, cuticle; ep, epidermis; gj, gap junction; gl, glia

cell; hi, hemolymph space; mp, molting pore; od, outer dendritic segment; sc, sensory cell; sj, septate junction; sl, sensillum lymph

cavity; th, thecogen cell; to, tormogen cell; tr, trichogen cell; za, zonula adhaerens. From Thurm and Kiippers (1980), with permission
of Academic Press.
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Fig. 2. “Singling out” of a sensillum mother cell within a proneural
cluster, based on Jan and Jan (1990).

scolopidia (cut: Blochlinger ez al., 1991), mono-innerv-
ated mechanoreceptors might be transformed into poly-
innervated taste receptors (pox-neuro: Dambly-Chau-
diére et al., 1992), all precursor cells might become sen-
sory neurons (Hartenstein and Posakony, 1990a).

Differential mitoses

The precursor or mother cell assumes a rounded shape
and undergoes a number of differential mitoses (Fig. 3(a),
Fig. 6(a)). The fates of the cells which arise are determined
by the selector genes, and probably their spatial position

is decisive (Volker Hartenstein, personal communi-
cation). The plane of the divisions and the spatial pos-
itioning of its products depend on the orientation of the
mitotic spindle. This has been found to differ in the spec-
ies investigated so far (Stossberg, 1938; Krumins, 1952;
Roénsch, 1954; Clever, 1958; Peters, 1965; Lawrence,
1966; Jagers-Rohr, 1968; reviewed by Bate, 1978). The
first mitosis takes place in a vertical direction in bristles
of Galleria (Krumins, 1952): the cell, which gets into the
basal position, gives rise to the neuron(s) and the thec-
ogen cell, and the cell, which gets into the apical position,
gives rise to the tormogen and trichogen cells in the next
division. In the non-innervated scales of Ephestia, the
basal cell soon degenerates, leaving only the trichogen
and tormogen cells (Stossberg, 1938).

In the caddisfly Limnophilus, R6nsch (1954) found that
the first division takes place in an oblique fashion, and the
second one in a vertical direction. In mechanoreceptors of
Drosophila, all cells get to lie in the plane of the epithelium
(Fig. 3(b)) and move into their final position afterwards
(Fig. 3(c); Cagan and Ready, 1989). This has been
described in a similar way for taste bristles of Calliphora
(Peters, 1965), chordotonal organs of Periplaneta (Blochl
and Selzer, 1988) and olfactory sensilla of Antheraea (Keil
and Steiner, 1990). In different types of bristles and sen-
silla of Oncopeltus, Lawrence (1966) showed that the first
division is horizontal, and in the following, one of the
arising cells (giving rise to tormogen and trichogen cells)
also divides in a horizontal direction, whereas the other
(giving rise to the neurons) divides vertically. In
summary, the earlier investigators tended to find vertical
divisions, whereas in more recent papers mainly hori-
zontal divisions have been described. It is still impossible
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Fig. 3. Early development of a mechanoreceptor of Drosophila melanogaster (Diptera, Drosophilidae). Based on Cagan and Ready
(1989); Hartenstein and Posakony (1989). From Keil (1997), with permission of Wiley—Liss Inc. (a) Differential mitoses. This course
of events has also been found, even if modified or hidden, in other sensilla (cf. Lawrence, 1966; Keil and Steiner, 1990). bmc, Bristle
mother cell; smc, mother cell of sensory (sc) and thecogen (th) cell; tme, mother cell of trichogen (tr) and tormogen (to) cell. (b) Creation
of the early side-by-side arrangement of cells. (c) The prospective neuron sinks beneath the plane of the epithelium. It develops a basal
process (axon) which becomes enveloped by a glial cell and an apical process (primary dendrite) which grows through the thecogen
cell. Trichogen and tormogen cells grow concentrically around the thecogen cell, and the trichogen cell develops an apical sprout.
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to explain these contradictions, as little comparative work
has been done. It must be pointed out here that in lep-
idopterans, vertical (Krumins, 1952) as well as horizontal
or oblique (Keil and Steiner, 1990) divisions have been
described.

In the developing complex eye, the cells of the indi-
vidual ommatidia are non-clonal (Tomlinson, 1988;
Cagan and Ready, 1989): cone cells recruit the pigment
cells from their neighborhood via direct contacts. Ray
and Rodrigues (1995) claim that in Drosophila, the anla-
gen of olfactory sensilla are created in a similar way, a
“founder cell” recruiting neighbouring cells to form a
“presensillum cluster”, which then replicate to form the
cells of a sensillum. However, the proposed chain of
events is difficult to understand from their Fig. 7. It must
be pointed out that this mode of early development con-
tradicts the results of Keil and Steiner (1990) on the
olfactory sensilla of Antheraea. Unfortunately, none of
the the classic investigations on sensillum development

cited above considered olfactory sensilla, so more inves-
tigations are needed to clarify this issue.

Cell determination can be disturbed and cell fates chan-
ged in several mutants of Drosophila. Examples are numb
(Uemura et al., 1989; Rhyu et al., 1994), musashi (Nak-
amura et al., 1994), hairless (Bang et al., 1991; Bang and
Posakony, 1992), suppressor of hairless (Schweisguth and
Posakony, 1992), but also notch (Hartenstein and
Posakony, 1990b).

Different types of sensilla arise during different stages
of development. Sometimes those arising first might act
as “guidepost” or “pioneer” cells for the outgrowing
axons of those arising at a later time (for example in
the grasshopper leg: Bentley and Keshishian, 1982; and
Drosophila wing: Blair and Palka, 1985; Palka, 1993).
In the silkmoth Antheraea polyphemus, the peripheral
sensilla chaetica (taste) are present well in advance of the
olfactory sensilla (Steiner and Keil, 1995). In both species,
the anlagen of the olfactory sensilla arise almost syn-



154 T. A. Keil

chronuously within a very short time window (a few
hours at the most). Carlson et al. (1997) showed that the
chordotonal organs in the Drosophila embryo arise within
3h.

Ciliogenesis

The prospective neuron elongates, and the centriole
pair moves into a position in the upper half of the cell
several micrometers beneath the apical surface. As has
been described for primary cilia in mammals (Sorokin,
1968; Wilsman, 1978), a membrane vesicle arises distal
of the centrioles. A cilium without a central microtubule
pair grows into this vesicle (Fig. 4), and elongates until it
reaches the apical membrane (Seidl, 1991). This cilium
grows above the epidermal surface and forms the “pri-
mary dendrite”” (Ernst, 1969, 1972; Keil and Steiner,
1991). The thecogen cell, which envelops the neuron,
secretes a thin, electron-dense sheath around this process.

Outgrowth of the trichogen sprout

When the cilium has grown above the epidermis, the
trichogen cell develops a massive apical process (““tricho-
gen sprout”; Figs 3(c), 5 and 6) which partly encloses the
primary dendrite, forming a mesaxon (Fig. 5). This
sprout is backed by a massive cytoskeleton made up of
numerous microtubules (Figs 6(c) and 8) (Lawrence,
1966; De Kramer and Van der Molen, 1984; Kuhbandner,
1984; Keil and Steiner, 1991). In several sensilla, distinct
bundles of microfilaments have also been observed (Over-
ton, 1967; Perry, 1968; De Kramer and Van der Molen,
1984; Seidl, 1991), which have been shown to consist of
actin (Cant et al., 1994; Tilney et al., 1995): defective
actin bundles lead to completely wrinkled hair shafts in
mechanoreceptors of Drosophila. It is not known whether
microfilaments are generally present in trichogen sprouts,
but it seems very probable. The dendrite projects from
the trichogen sprout through the “molting pore” (Figs 5
and 6(b), in both the embryo (Ameismeier, 1987; Seidl,
1991) and the pupa (Ernst, 1969, 1972; Keil and Steiner,
1991).

Coeloconic sensilla consist of a peg, whose wall is com-

Fig. 4. Development of a primary cilium. It grows first into a vesicle

and elongates until it breaks through to the surface of the cell which then

retracts. From Keil and Steiner (1991), with permission of Churchill
Livingstone.

posed of numerous parallel running “fingers”. During
morphogenesis, each of these fingers is formed by an
individual apical projection of the trichogen cell, whereas
the dendrites run within the *““cage” formed by these pro-
cesses (Ameismeier, 1985; Kuhbandner, 1985).

The length and shape of the hair shaft is determined
by the trichogen sprout. Depending on the size of the
hair it has to form, the synthesizing apparatus of the
trichogen cell has to be elaborated (Fig. 7(a)). The nuclei
of the trichogen and tormogen cells become polyploid
(Lipp, 1953). In the very large macrochaetae of flies such
as Calliphora and Sarcophaga, the nucleus of the tricho-
gen cell even becomes polytene (Ribbert, 1972; Trepte, 1977).

The base and socket of a sensillum are formed by the
tormogen cell, which, in olfactory sensilla, does not become
as large as the trichogen cell (Figs 5(a) and 6(d)), whereas
the opposite can be true in mechanoreceptors (Fig. 1). In
several olfactory sensilla, a fourth enveloping cell might
occur (see discussion by Keil and Steiner, 1991). In pore
plate organs of hymenopterans, the number of trichogen
and/or tormogen cells can be doubled (Stepper e al., 1983;
Martini and Schmidt, 1984; Martini, 1986). Degeneration
of enveloping cells during or after morphogenesis has been
described (trichogen: Keil, 1978; tormogen: Sanes and Hil-
debrand, 1976; Kuhbandner, 1984; Keil and Steiner, 1991).

Degeneration of sensory cells in the anlagen of chemo-
sensilla in the labial palp-pit organs of Pieris has been
described by Lee and Altner (1985). Clever (1960) could
show that the presence of sensory cells is necessary for the
induction of endomitoses in the tormogen and trichogen
cells in developing bristles of Galleria. If all sensory cells of
a sensillum are selectively eliminated, the enveloping cells
do not differentiate. This explains why in the developing
moth scales a “basal cell” (potential neuron) is necessary
early in development, but can degenerate later (Stossberg,
1938).

Secretion of the cuticle

The process of the trichogen cell does not usually contain
the equipment for protein synthesis. Therefore, the pre-
cursor material of the cuticle is synthesized in the cell body,
packed into electron-dense vesicles (Locke, 1976), and
transported along the microtubular cytoskeleton into the
trichogen sprout, where it is released to the surface (Gnatzy,
1978; Gnatzy and Romer, 1980; Keil and Steiner, 1991;
Fig. 8(a)). Pore tubules in olfactory sensilla (Ernst, 1969;
Steinbrecht, 1997; this volume) arise from shallow pits of
the cell membrane (Ernst, 1972; Kuhbandner, 1984; Keil
and Steiner, 1991). After finishing cuticle deposition, the
trichogen sprout is degraded by the incorporation of mem-
brane material via coated pits, and vesicle transport along
microtubules into the cell body (Keil and Steiner, 1991; Fig.
8(b)). Afterwards, the sensillum lymph cavity develops; first,
by invagination of the apical membranes of trichogen and
tormogen cells (Keil and Steiner, 1991; Zimmermann, 1991)
and second, by formation of microvilli (Figs 7(b) and 9),
which are then transformed into microfolds (Keil, 1978).
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Fig. 5. (a) Anlage of an olfactory sensillum of A. polyphemus Cramer (Lepidoptera, Saturniidae). This type of sensillum has 2 tormogen

cells (one of which degenerates later during development) as well as 3 sensory neurons. This cellular composition is created by additional

mitoses, as compared with Fig. 3(a). PD, Primary dendrite; SC, sensory cells; TH, thecogen cell; TRI, trichogen cell; TO I, inner

tormogen cell; TO O, outer tormogen cell. From Keil and Steiner (1991), with permission of Churchill Livingstone. (b—e) Cross-sections

at different levels, showing how the bundle of 3 primary dendrites (black), which are enclosed by the thecogen cell (densely stippled),
cuts the trichogen sprout (lightly stippled) into 2 halves.

The secretion of lymph proteins starts a few days before
eclosion (Vogt e? al., 1989).

Secondary outgrowth of the dendrite

When the trichogen cell starts to secrete the cuticle in
holometabolous insects, the externally projecting portion of
the primary dendrite is lost, together with the dendrite
sheath (shed), and the inner part of the dendrite retracts.
After completing cuticle deposition, the trichogen sprout is
degraded as described above. In parallel, the dendrite grows
out a second time and forms the definite outer dendritic
segment (Ernst, 1969, 1972; Keil and Steiner, 1991). The
sensillum becomes electrically active a few days before eclo-
sion (De Kramer and Van der Molen, 1984). The reason
for the secondary outgrowth of the dendrite finds a possible
explanation if we look at hemimetabolous insects (Schmidt
and Gnatzy, 1971; Gnatzy, 1978; Gnatzy and Romer, 1980).
In preparation for molting, the epidermis disconnects from
the cuticle (apolysis), also in the region of the sensilla.
However, the outer dendritic segments remain continuous
with the old sensilla and mechanoreceptors remain attached
to the hair bases. The epidermis retracts from the old cuticle
and starts to secrete a new one. The new sensilla arise
beneath the old ones, and there remains an opening in the
cuticle of the newly forming sensillum through which the
dendrites can pass: the “molting pore”. The dendrites grow
out considerably in order to bridge the subcuticular space
that is now filled with the molting fluid (Passonneau and
Williams, 1953; Katzenellenbogen and Kafatos, 1970). The
dendrite sheath probably functions to protect the dendrite
against the enzymes within this fluid. Sensilla remain func-
tional until shortly before the old cuticle is shed (Gnatzy

and Tautz, 1977). The position of the molting pore depends
partly on the type of sensillum. In contact chemoreceptors,
which have been interpreted to be phylogenetically the old-
est (Berg, 1994), they leave the new sensillum via the tip
pore, whereas in mechanoreceptors, they leave it through a
channel at the base. The molting pore has probably been
shifted during evolution. Its primary position is thought to
be at the hair tip, and the shift to the base was caused by a
secondary elongation of the trichogen sprout which grew
past it (Berg and Schmidt, 1996). This explains why the
sprout is composed of 2 halves. Interestingly, this feature
has been conserved in the sensilla of lepidopterans (Keil
and Steiner, 1991; Figs 5 and 6(c)). In the bifurcate basiconic
sensilla of Locusta, the opening is found exactly at the
bifurcation (Ameismeier, 1987). The molting pore and sec-
ondary outgrowth of the dendrite are retained in hol-
ometabolous insects, although functionally are no longer
needed. This is best explained as a phylogenetic relic. Sec-
ondary outgrowth no longer occurs in flies (Kuhbandner,
1984). Primary dendrites and the “molting pore” are acci-
dentally retained in some individuals after cuticle deposition
is underway (Keil, unpublished observation). In hem-
imetabolous insects, new sensilla appear with each molt,
caused by an increase in the surface (e.g., Wigglesworth,
1940). Pheromone receptors arise with the adult molt in
cockroaches (Schafer, 1973; Schaller, 1978, Schaller-Selzer,
1984), whereas in holometabolous insects, this happens dur-
ing adult development in the pupa.

Development and molting in other arthropods
Molting of sensilla has been investigated in a few crus-
taceans and chelicerates. The number of enveloping and






