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Abstract. The antennae of the sphinx mdihanduca multimodal sensory organs comprising three segments:
sexta are multimodal sense organs, each comprisingcape, pedicel, and flagellum (Sanes and Hildebrand
three segments: scape, pedicel, and flagellum. Each ah976a). The long, distalmost segment of the antenna, the
tenna is moved by two systems of muscles, one controftagellum, is made up of about 80 annuli, each of which
ling the movement of the scape and consisting of fivebears several types of cuticular sensilla innervated by
muscles situated in the head capsule (extrinsic musclesgensory receptor cells (Sanes and Hildebrand 1976a; Lee
and the other system located within the scape (intrinsiand Strausfeld 1990). In moths, includikly sexta the
muscles) and consisting of four muscles that move thantenna is principally an olfactory organ, and most of
pedicel. At least seven motoneurons innervate the extrirthe olfactory sensilla are situated on the anterior (Lead-
sic muscles, and at least five motoneurons innervate thiag) half of the flagellum (Sanes and Hildebrand 1976a;
intrinsic muscles. The dendritic fields of the antennalSchweitzer et al. 1976; Hildebrand et al. 1980; Matsu-
motoneurons overlap one another extensively and are lonoto and Hildebrand 1981; Christensen and Hildebrand
cated in the neuropil of the antennal mechanosensord@84; Keil 1989; Kaissling et al. 1989; Lee and Straus-
and motor center. The density of motoneuronal arborizafeld 1990). In addition to olfactory sensilla, the flagel-
tions is greatest in the lateral part of this neuropil regiodum of a moth’s antenna possesses smaller numbers of
and decreases more medially. None of the motoneurorsensilla subserving functions such as hygro-, thermo-,
exhibits a contralateral projection. The cell bodies ofand mechanoreception (Sanes and Hildebrand 1976a;
motoneurons innervating the extrinsic muscles are dissee reviews in: Schneider 1964; Boeckh etal. 1965;
tributed throughout an arching band of neuronal somataltner and Prillinger 1980; Kaissling and Thorson 1980;
dorsal and dorsolateral to the neuropil of the antennabteinbrecht 1984; Keil and Steinbrecht 1984; Zacharuk
mechanosensory and motor center, whereas the cell boti985; Mclver 1985; Kaissling 1987; Lee and Strausfeld
ies of motoneurons innervating the intrinsic muscles re1990). The two basal segments of the insect antenna, the
side mainly among the neuronal somata situated dors@cape and pedicel, bear discrete fields of hairlike mecha-
lateral to that neuropil. nosensory sensilla called Béhm bristles (B6hm 1911;
Schneider and Kaissling 1956, 1957; Gewecke 1972;

Key words: Antenna — Antennal muscles — Motoneu- Arbas 1986). The pedicel also contains the mechanosen-
rons — Brain, insect — DeutocerebruniManduca sexta sory Johnston's organ (Schneider and Kaissling 1957;
(Insecta) Vande Berg 1971), and additional mechanoreceptors are
assumed to be distributed between the antennal sege-
ments and between the annuli of the flagellum (see
. Gewecke 1972).
Introduction Movements of a moth’s antenna are controlled by two

) ) ) sets of muscles: the scape is moved by muscles originat-
In the giant sphinx motiManduca sextaas in other ing on the tentorium within the head and inserting on the
moths and many other insect orders, the antennae ag@se of the scape, and the pedicel is moved by muscles
* Present address:Department of Entomology, Pennsylvania orlglnatlng_ln the scape and 'nseft'ng at opposite p0|_nts
State University, 501 ASI Bldg., University Park, PA 16802, USA On the pedicel (Schneider and Kaissling 1956; Schneider
** Present address:Department of Psychology, Dalhousie Uni- 1964; Eaton 1988). There are no muscles in the flagel-
versity, Halifax, N.S. B3H 4J1, Canada lum. Previously we found that the cell bodies of the
Correspondence tal.G. Hildebrand (Tel.: +1-520-621-6626; Fax: Motoneurons innervating these muscles reside among
+1-520-621-8282; E-mail: jgh@neurobio.arizona.t:du) neurons adjacent to the “dorsal lobe,” or antennal mech-
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anosensory and motor center (AMMC), of the deutoces0-60% relative humidity. All insects used for these studies were
rebrum and that these motoneurons have dendritic arbofdults within 3 days posteclosion.
izations in the AMMC neuropil, overlapping with the , [ et B8 s et Bt b o aenna oi-
termmals,Of axons prOJeCtlng fr_om the meChanoreceptlvg\eer attached to or isolated from the head. The muscles were ob-
Johnston’s organ in the pedicel of the antenna angerved under a stereomicroscope in fixed or unfixed preparations.
Bohm-bristle hair plates on the scape and pedicelve used the same fixation procedure for both the muscles and the
(Camazine and Hildebrand 1979; Hildebrand et al. 1980brain (see below). The extrinsic musculature of the antenna was
S. Camazine and J. Hildebrand, unpublished observatudied similarly. The head capsule was opened by cutting a win-
tions). In contrast to the numerous published studies dfoW lbet""ee“ the Corg%‘)””d eyes ?rr]‘d thle a”t%””.a'l joints. Thg
antennal sensilla and antennal lobes, however, a detailf=" 25 HE/® SFPOSEC BY TEMOVING The paips, cibarnal pump. an
analysis of the antennal motor system has been reported 14 study the nerves containing the axons of motoneurons, we
for only a few species, including crickets (Honegger etemoved the muscles and pinned the opened head capsule in a
al. 1990a), honey bees (Snodgrass 1956; Kloppenbumylgard-coated plastic culture dish. The nerves innervating the an-
1990, 1995), and locusts (Bauer and Gewecke 1991). tennal muscles were stained by backfilling. The nerves were cut
As has been described for the butteBiylais urticae near the muscles they innervate, and the nerve stumps were im-

- . mersed in 2-5% Lucifer yellow solution in distilled water (modi-
L.' (Niehaus and Ge\_/vecke 1978), dlfferent antenna_l POSKeg from Strausfeld et al. 1983). After the stain had been allowed
tions can be recognized M. sexta which correlate with 4 giffuse into the nerves for 2—4 h at room temperature, the brains
different behavioral states. The antennae of a restingere fixed for 1-12 h (2.5% formaldehyde and 3% sucrose in 0.1
moth recline under the folded wings, whereas those afl phosphate-buffered saline solution, pH 7.2), dehydrated, em-
an aroused or flying moth are pivoted forward and heldedded in plastic (Spurr 1969), and sectioned at 2(#0The
upright. In this “flight position”, the antennae may sections were photographed with a fluorescence photomicroscope

; . ; ikon) or a laser-scanning confocal microscope (Bio-Rad 600).
serve as air-current sensors: bending due to aerqdyna ; Iectt)ad intracellularly sta?ned neurons were Pecc()nstructed fro)m
drag on the elevated antennal flagella probably is monisnstographic slides.

EgEd bykthe mgcmﬁlnﬁreceqtggﬁ Oth'heh JOhn]S.;%q’? 0_{_%3”5 The general organization of the brains was visualized in silver-
e-wecke an lenaus ; Niehaus . ustained preparations (method of Bodian 1936, modified by Grego-

movement of the antennae by the antennal motor system 1980).

is likely to be important for the control of flight.
This report describes the muscles and motoneuronl_se

controlling antennal movements in the sphinx mbth ~ Results

sexta The findings from this study and its future exten-\ 1 scles

sions should contribute to understanding the roles of the

antennae in the control of flight in moths. Two sets of muscles, intrinsic and extrinsic to the anten-
na, control its movement. The extrinsic muscles (five for
each antenna) originate on the tentorium (Fig. 1), which
is formed by invaginations of the head cuticle, and insert
Manduca sextdLepidoptera: Sphingidae) were reared on artificial at the base of the scape. The scape is set in the antennal

diet (modified from that of Bell and Joachim 1976) under a long-socket on the head (Fig. 2). The intersegmental mem-
day photoperiod regimen (17 h light, 7 h dark) at 25°C andbrane between the head and the scape is wide except

Materials and methods

Fig. 1. Dorsal view of the aduManduca sexthead with
portions of the cuticle and underlying structures removed to
reveal the brain and extrinsic antennal muscles: posterior le-
vator muscleRLM), anterior depressor musclk§M), pos-
terior depressor muscl®PM), mesal depressor muscle
(MDM). These muscles originate on the tentoridnand in-
sert in the scapeS|. The antennal nervéN) enters the
deutocerebrum dorsolaterally. Also shown are the nerves
(EMN) to the extrinsic antennal muscles, the external ocelli
(EO), and the anterior tegumentary nen?dd k). On the
scape § and pedicelR) are the arrays of Bohm bristleB)(
The sensilla and scales on the flagelldpgre not shown,
and only 7 of the more than 80 annuli of the flagellum have
been includedAL, Antennal lobeE, compound eye?TN,
posterior tequmentary ner@ar: 1 mm
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Fig. 2. Frontal view of the adulM. sextahead, labeled as
in Fig. 1.Bar: 1 mm

An

AN

AnN

1AM
Fig. 3. Dorsal view of a portion of the adult head (compare with
Fig. 1) after removal of the mesal and anterior depressor muscldé\M
(from positions markedld) and part of the deutocerebrumi)( IAM

The three underlying extrinsic antennal muscles are revealed: pos-
terior levator muscleRLM), anterior levator muscleALM), pos- B
terior depressor muscl®DM). Other labeling as in Fig. Bar: 1
mm
Fig. 4. Internal anatomy of the malM. sextaantenna, showing a
. . dorsal view of the base of the antenna with portions of the cuticle
where the antennifer, a knob of head cuticle (see Schnekmoved to reveal internal structures. The antenna comprises three

der 1964; Chapman 1982), comes nearly into contaciegments, the scap®),(pedicel P), and flagellum E), of which 8
with the scape to form a point of articulation that allowsof the ca. 80 annuliAn) are shown. The intrinsic antennal muscles
the antenna to pivot in all directions. The extrinsic mus{IAM; three of four are shown) move the pedicel and flagellum in
cles have been described by Fleming (1968), and his n(?_ hingelike” manner. Small nerves to the Béhm bristlB} &nd

intrinsic muscles branch from the antennal nerve within the
menclature has been adopted here. Two muscles, the ape. A tracheal) runs the length of the antenna. Within the

terior and posterior levators, elevate the antenna. Threfgicel, Johnston’s organ nerve cell®KJ join the two trunks of
muscles, the anterior, posterior, and mesal depressokgtennal nerveAN). Nerve cells of the flagellar sensill&Ng
lower the antenna (Figs. 1, 2, 3, 6). contribute to the annular nerve&nN). The only sensilla shown

The intrinsic muscles (two pairs of muscles in eacrare the long, male-specific sensilla trichod®a(Bar: 100pum
antenna) originate and reside within the scape and insert

at opposite points on the proximal lip of the pedicel, al- .
Iowirrw)g a moee limited “hiﬁgelike” mF())vementp(Figs. 4 two nerve trunks. The sensilla of the dorsal and ventral

5). No muscles have been found in the flagellum of theides of each annulus supply separate fine nerve branch-
es, which enter the dorsal and ventral nerve trunks, re-

antenna. ;
spectively. Each of the nerve branches enters the nerve
trunk approximately two annuli proximal to the origin of
Antennal nerves the branch (Fig.4; see also Sanes and Hildebrand

1976b).
Within the antennal flagellum the axons of sensory re- Within the scape, fine nerves arise from sensory re-
ceptor cells innervating the sensilla on the annuli fornmceptor cells associated with the Béhm bristles and per-
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Fig. 5. Oblique view of the base of an adult antenna showing the MDM

scape § and pedicelR) and a flagellar annulusA(). The four Fig. 6. View of the base of the antenna showing the insertions of

intrinsic antennal muscle$AM) of the scape have tendons attach- the five extrinsic muscles on the proximal lip of the sc&pan-

ing to the lip of the pedicel. The patches of Bohm bristsoft  terior levator muscleALM), posterior levator muscl®[M), an-

the scape and pedicel are illustrated. Other structures within th@yrior depressor muscleADM), posterior depressor muscle

antenna are not showBar: 500um (PDM), and mesal depressor musdiéOM). Ten flagellar annuli
are shown, bearing the male-specific sensilla tricho8@g ¢ther
sensilla are not include&ar: 500pum

haps other unidentified sensilla and join the antennal

nerve. The sensory nerves that emanate from Johnstor:

organ within the pedicel surround both the antenna.

nerve and the antennal trachea (Fig. 4) and join the ar_

tennal nerve. Distinct nerve branches also arise from t

Bohm bristles and perhaps from other sensilla that ma

be present.

The axons of motoneurons to the antennal muscl
project through the basal part of the antennal nerve a
small motor nerves that branch from the antennal ner
intracranially for the extrinsic muscles (Figs. 1, 2) and
within the scape for the intrinsic muscles (Fig. 4). Thus
the proximal part of the antennal nerve is a mixed, se
sory and motor nerve, while the remainder of the ante
nal nerve beyond the intrinsic motor branch is believe
to be exclusively sensory (Sanes and Hildebrand 19768
b).

Several small nerves in addition to these motor nerves
branch from the antennal nerve between the brain ang
the base of the antennal flagellum. The most proximal o
these nerves, the anterior tegumentary nerve (ATN il
Figs. 1, 2; compare with Snodgrass 1956 and Strausfe

- 'Ig|g. 7. Frontal view of a Bodian-stained section through the an-

1976), joins the medial side of the antennal nerve intrag i mechanosensory and motor cerifgrand adjacent neuro-

cranially, proximal to the bifurcation of the antennal yj regions. Theéramed areacorresponds approximately to the re-
nerve into two nerve trunks. The fine branches of thisjions shown in Figs. 8A—-F and 9A—F and includes part of the lat-
small nerve course among the tracheae overlying theral array of neuronal somatarfowhead$. AL, Antennal lobe;
brain and appear to originate near the head capsule. TR, oesophageal forameSOG suboesophageal ganglioBar:
ATN originates from sensilla on the dorsal surface of the-0OHM
head.
There are two main divisions of the deutocerebrum on
each side of the brain: the antennal lobe (AL) and ven-
Deutocerebrum tral and adjacent to it, the AMMC (reviewed in Homberg
etal. 1989), which in other insects has been called the
The deutocerebrum of adull. sextareceives antennal dorsal lobe (e.g., see Mobbs 1985). Each antennal nerve
sensory inputs and contains the antennal motoneurongnters the brain at the level of the ipsilateral AL, as



Fig. BA—F. Frontal view of the antennal motoneurons in sectionmotoneurons controlling the movement of the pedicel (and with it,
(20um) from preparations stained with Lucifer yellodC Ex- the flagellum). With respect to the frontal brain surface, the sec-
trinsic motoneurons controlling the movement of the scape. Withion shown inE is 60um more posterior than the sectionn
respect to the frontal brain surface, the section shov i1 60 and the section shown Fis 40um more posterior than the sec-
um more posterior than the sectionAnand the section shown in tion in E. In B andE, the location of thé]l corresponds approxi-

C is 40um more posterior than the section Ba D—F Intrinsic mately to that in Fig. 7Bars: 100um
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Fig. 9A—F. Reconstruction of antennal motoneurons from Lucifer gle motoneurons of the intrinsic antennal musclesA landD a
yellow-stained preparations (frontal viewA—C Motoneurons of  dotted lineindicates the boundary between the neuropil and the
the extrinsic musclesA Reconstruction of the backfilled cell cortical soma layerSL); other labeling as in Fig. 7. 1A andD,
shown in Fig. 8A—CB, C Single motoneurons of the extrinsic an- the location of theél corresponds approximately to that in Fig. 7.
tennal musclesD—F Motoneurons of the intrinsic muscld3.Re- Bars: 100 um

construction of the backfilled cells shown in Fig. 8DEFF Sin-

shown in Figs. 1 and 2. The functional organization ofthose of the Johnston’s organ and Béhm bristles, and
the AL of M. sextahas been described elsewhere (Hilde-from mechanoreceptive sensilla on the head (Camazine
brand et al. 1980; Christensen and Hildebrand 1984; Hiland Hildebrand 1979; Hildebrand etal. 1980; Hilde-
debrand and Montague 1986; Homberg et al. 1989; Hilbrand and Montague 1986).
debrand et al. 1992).

The second main division of the deutocerebrum, th
AMMC, is a poorly delimited region, with no clear bor- Antennal motoneurons
ders to the tritocerebrum or the suboesophageal gangligintennal motoneurons were stained by Lucifer yellow
(Homberg etal. 1989). The AMMC neuropil does notbackfilling of the nerves that branch from the antennal
appear to be organized into glomeruli or other obviousierve and innervate the antennal muscles. These experi-
subdivisions (Fig. 7). This region receives projections ofments have shown that at least seven motoneurons inner-
mechanosensory axons from the antennae, includingate the extrinsic muscles of the antenna and at least five
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From stained preparations, it was evident that the pri-
mary neurite of each antennal motoneuron gives rise to
many branches that arborize in the neuropil of the
AMMC. Staining of single motoneurons demonstrated
that their dendritic fields overlap extensively, if not com-
pletely, in the AMMC neuropil (Figs. 8, 9). Together, the
overlapping dendritic fields of the antennal motoneurons
constitute a collective dendritic field for the ensemble.
Arborizations of motoneurons occupy the entire lateral
region of the AMMC neuropil, extending laterally to and
defining its curving margin (Figs. 8, 9). The density of
arborizations of motoneurons is high, and their neurites
have the largest diameters of all processes in this lateral
neuropil region. The density of arborizations is reduced
in more medial regions, and the collective motoneuronal
dendritic field has no sharp medial border. Anteriorly the
collective dendritic field ends below the AL. Posteriorly,
single neurites closely approach the suboesophageal gan-
glion. Overall the collective motoneuronal dendritic field,
from its posterior to anterior margins, is about {460
deep. The motoneurons have no contralateral projections.

Motoneurons innervating the extrinsic muscles are il-
lustrated in Figs. 8A—-C and 9A-C. The cell bodies of
these “extrinsic motoneurons” are distributed through-
out the arching band of neuronal somata dorsal and dor-
solateral to the AMMC neuropil (Figs. 8-10). Motoneu-
rons innervating the intrinsic muscles are illustrated in
Figs. 8D-F and 9D-F. The dendritic arborizations of
these “intrinsic motoneurons” overlap extensively in the
AMMC neuropil with arborizations of extrinsic moto-
neurons (Figs. 8, 9). In contrast to the cell bodies of the
extrinsic motoneurons, the cell bodies of the intrinsic
motoneurons are concentrated in the dorsolateral region
of the arching band of neuronal somata adjacent to the
AMMC (Figs. 8-10).

Discussion

] _ _ ) The antennal motor system bf. sextaconsists of five

F g %jo. dD'.agrﬁ.r“mat'él: fepresentation tha" antennal motonewronsextrinsic muscles, situated in the head and controlled by
included in this studyA and B show the composite dendritic ’

fields within the brainghaded arepof the motoneurons innervat- fat '?as.t seven mOt(.)neuron.S that move the scape, and four
ing the intrinsic and extrinsic antennal musclesrontal view:B  iNtrinsic muscles situated in the scape and controlled by
dorsal view, ventral to the antennal lobe€).Diagram (frontal ~ at least five motoneurons that move the pedicel (and
view) of the antennal motoneurons, showing their composite denwith it, the flagellum). The dendritic arborizations of
dritic fields and the distribution of their cell bodies. The crossespoth classes of motoneurons share a common region of
(+) represent the cell bodies of motoneurons innervating the exhe AMMC neuropil. Although the functional signifi-

trinsic muscles, and the solid circles (¢) represent the cell bodie . _
of motoneurons innervating the intrinsic muscles. The dendriticEance of the extensive overlap of the motoneuronal den

fields of both populations of motoneurons share a common regiofi'itic fields is not yet known, it seems likely that there
of neuropil 6haded arepin the antennal mechanosensory and areé synaptic contacts among the motoneurons to foster
motor center of the deutocerebrum. This figure is based on 38oordinated activity in this population of functionally re-
preparations (19 for extrinsic muscles, including 69 motoneuronsfated neurons. For example, direct synaptic contacts
16 f?Lr i7“t””5ti° musc';fl-_ing";ding |4‘|5 ?Og’geuro?s)ll gagh fomai“have been found between motoneurons of antagonistic
In —/ motoneuronsaL, Antennal lobe,Cb, central bodyilLa, ; : : :
Ia?nina; Lo, lobula; LP, lobula plate;MB, mushroom bod))//Me, muscles in the hmd. Ieg d]fOCUSta.l mlgratondBurrOW.S
medulla;SOG suboesophageal ganglidars: 100pum etal. 1989). Investigations of flight motoneuronsLin
migratoria (Burrows 1977) andM. sexta(Rind 1983),
however, have shown that overlap of dendritic fields
motoneurons innervate the intrinsic muscles. Impregnadoes not necessarily correlate with the presence of
tion of the stumps of cut nerves innervating the musclemonosynaptic contacts. A common dendritic field could
failed to stain sensory neurons (with somata in the pehave the additional advantage of providing different
riphery), suggesting that these nerves exclusively carrgnotoneurons with similar input from either sensory neu-
axons of motoneurons. rons or central interneurons.
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As in crickets (Honegger 1990a), honey bees (Klop-moth flight. We are grateful to Drs. H.-W. Honegger, S.G. Matsu-
penburg 1990, 1995), and locusts (Bauer 1988; BaugRoto, L.P. Tolbert, and M.A. Willis for helpful discussions; to L.
and Gewecke 1991), the antennal motoneurons in thMeszoly of the Harvard University Museum of Comparative Zool-

: : - ogy for masterful drawings based on dissected preparations; to C.
moth do not project to the contralateral side of the brainggyocock, R.B.P., for photographic assistance; and to Drs. J.

This finding suggests the involvement of central inter-gyckner and J. Svoboda of the U.S. Dept. of Agriculture for sup-
neurons in the bilateral coordination of the antennaeplying M. sextaeggs. This study began in 1979 when S.M.C. and
There are other examples in which motoneurons innerl.G.H. were in the Dept. of Neurobiology, Harvard Medical
vating exoskeletal muscles have arborizations confine@chool, Boston, Mass., and has been supported in part by NSF
to central neuropil regions ipsilateral to the muscles thegra BSN77-13281 and NIH grant Al-23253 (t0 J.G.H.). S.M.C.

; ; . T . as supported by NIH Training Grant NS-07112; P.K. was sup-
innervate (Wilson 1979; Phillips 1981; Honegger et al rted in part by grant K1 762/1-1 from the Deutsche For-

1984; Pfliger et al. 1986). Nevertheless, the absence gghungsgemeinschaft; and X.J.S. was supported by a postdoctoral

contralateral projections of antennal motoneurons confellowship from the Center for Insect Science at the University of

trasts with findings for other bilateral motor systems,Arizona.

e.g., the mouthparts of the honeybee (Rehder 1987,

1989), for which extensive contralateral projections of

the motoneurons exist. Consequently there is an extemReferences

sive overlap of the dendritic fields of motoneurons of

both sides. Altner H, Prillinger L (1980) Ultrastructure of invertebrate che-
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