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Abstract. We have investigated the anatomical organizaand the central body (CB). The CB is further subdivided
tion of the lower division of the central body in the braininto an upper (CBU) and a lower (CBL) division and a
of the locustSchistocerca gregaridBodian preparations, pair of globular noduli (Williams 1975; Homberg 1991).
Golgi impregnations, and intracellular filling with Luci- Although the terminology for the CX and its subunits
fer yellow have revealed that the lower division of thevaries greatly for different insect species, the subdi-
central body is organized into six horizontal layers andsisions described above appear to be present in all in-
sixteen vertical columns. Neurons of the lower divisionsects studied so far (bees: Mobbs 1985; Homberg 1985;
of the central body have been classified into five types oflies: Power 1943; Strausfeld 1976; Hanesch et al. 1989;
tangential neuron (TL1-TL5) and two types of columnarlocusts: Williams 1975; Homberg 1991; for a review, see
neuron (CL1, CL2). TL1-TL4 neurons ramify in specif- Homberg 1987).
ic layers in the lower division of the central body and in  As shown in flies, locusts, and other insect species,
the lateral triangle (TL1, TL2 neurons), the median olivethe CX is organized into fronto-horizontal layers inter-
(TL3 neurons), or the dorsal shell (TL4 neurons) of thesected by eight or sixteen vertical columns (Williams
lateral accessory lobe. TL5 neurons ramify in the proto1975; Strausfeld 1976; Hanesch etal. 1989; Homberg
cerebral bridge, in the lateral accessory lobe, and in all991; Wegerhoff and Breidbach 1992; Vitzthum et al.
layers of the lower division of the central body. The two1996). This arrangement corresponds to two major class-
types of columnar neurons have arborizations in the prces of interneurons found in the CX, viz., tangential neu-
tocerebral bridge and in the lower division of the centrarons and columnar neurons. Tangential neurons (large-
body and project to the lateral triangle of the lateral acfield neurons in flies) innervate specific layers of a CX
cessory lobe (CL1 neurons) or to the lower subunit obubunit. Columnar neurons (small-field neurons in flies)
the nodulus (CL2 neurons). Possible functional implica-connect single columns of the same layer or of different
tions for the processing of neuronal information in theCX layers and provide precise right-left connections
central complex are discussed. within the CX (Hanesch etal. 1989; Homberg 1991,
Vitzthum etal. 1996). Both classes of neurons often
Key words: Nervous system, insect — Central body —have additional arborizations in the surrounding protoce-
Protocerebrum — Golgi impregnation — Lucifer yellow —rebrum, most frequently in the lateral accessory lobes
Schistocerca gregariéinsecta) (LALs; ventral bodies in flies). The topographic organi-
zation of the CX, together with its central position in the
brain, suggests that it is involved in the integration of
signals from the right and left brain hemispheres.
Introduction Several lines of evidence indicate that the CX has a
function in motor control and visually guided behavior.
The central complex (CX) comprises a group of inter-Lesions and electrical stimulation of the CX in crickets
connected neuropils in the center of the insect brain. Itaffect respiration, stridulation, escape, and walking be-
two major subdivisions are the protocerebral bridge (PBhavior (Huber 1960a, b; Otto 197 Drosophila melano-
gastermutants with structural defects in the CX are im-
This study was supported by grants from the DFG (Ho 950/4 andp@ired in several aspects of walking and flight behavior
Ho 950/6) to U.H. (Strauss et al. 1992; Strauss and Heisenberg 1993; llius
Correspondence tot). Homberg (Tel.: +49-941-9433083; Fax.: €tal. 1994); flight-correlated neuronal activity in CX

+49-941-9433304; E-mail: Uwe.Homberg@biologie.uni-regens-neurons of locusts (Homberg 1994a) also indicates a
burg.de; function of the CX in motor control. On the other hand,
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activity-labeling experiments with 2-deoxyglucoseDin  berg, Germany). Frontal, sagittal, and horizontal sections were cut
melanogaster(Bausenwein etal. 1994) and single-cell & a thickness of 3Qm with a sliding microtome (Reichert-Jung,

recordings in bees (Homberg 1985, Milde 1988), crick Wier: Austr) and coversipped n Spon, Neutone of e CBL
ets (Schildberger 1982), and locusts (Homberg 1994233u grimpreg

suggest a role of the CX in visual integration. Recently,
we have shown that neurons in the CBL of the locust
Schistocerca gregariaare sensitive to polarized light Lucifer-yellow staining

(Maller and Homberg 1994; Homberg and Miuller 1995).

This indicates a possible function of the CBL in the ori-Individual neurons of the CBL were injected with the fluorescent

entation of the locust with respect to the polarizationdye Lucifer yellow via glass micropipettes. Adult locusts, 2—4
pattern of the sky. weeks old, were used for the injections. The electrodes were

Other than a detailed study iB. melanogaster pulled from 1.5 mm glass capillaries (Hilgenberg, Malsfeld, Ger-

: nany) and had resistances of 150-200 M the tissue. Electrode
(Hanesch et al. 1989), comprehensive catalogs of neurtﬁ:)s were filled with 4% Lucifer yellow (Fluca, Neu-Ulm, Germa-

nal cell types in the CX do not exist. To provide a backyy “ang sigma) diluted either in distilled water or in 0.5 M LiCl,
ground for future investigations into the role of the CXand shafts were filled with 1.0 M LiCl. The head capsule of im-
in polarized-light detection, we have studied the anatommobilized animals was opened frontally to expose the brain. The
ical organization of the CBL of the locust in detail, spe-brain was stabilized with a steel platform underneath and a steel
cial attention being paid to the layering and columnar orfing on top. After removal of the ganglionic sheet in the region of
ganization of the CBL, the morphology of neuronal Ce”the median ocellar nerve, a microelectrode was inserted, and sin-

. o . le cells were impaled at a depth of 130-260 relative to the
types, and their projections outside the CBL. Parts Ograin surface. Lucifer yellow was injected iontophoretically with a

this study have been published in abstract form (Millehegative DC current (1 nA) for 3-7 min, following which, brains
etal. 1995, 1996). were dissected out, fixed for at least 1 h in 4% paraformaldehyde
in 0.1 M phosphate buffer (pH 7.4), dehydrated in ethanol, cleared
in methyl salicylate, and examined with a fluorescence micro-
scope for successful staining. For permanent visualization and de-
tailed analysis of injected neurons, brains were rehydrated, em-
. bedded in gelatin/albumin, and sectioned at a thickness pfr30
Animals with a Vibratome (Technical Products, St. Louis, Mo., USA) in
the frontal plane. Free-floating sections were stained with an anti-
Sexually mature male and female locuSshistocerca gregaria  Lucifer-yellow antiserum (Molecular Probes, Eugene, Ore., USA)
were obtained from crowded laboratory cultures at the Universityaccording to the peroxidase-antiperoxidase technique of Stern-
of Regensburg. Animals were reared under light-dark cycles oberger (1979) as described by Homberg (1991). The anti-Lucifer
12:12 h, at a temperature of 34° C during the light phase and 278erum was diluted 1:1000 in 0.1 M TRIS HCI, 0.3 M NaCl (pH
C during the dark phase. Animals were anesthetized by chilling t&@.4) containing 1% normal goat serum and 0.5% Triton X-100 and
4° C prior to dissection. was applied to the sections for at least 20 h at room temperature.
Goat anti-rabbit serum (Sigma) was used at a dilution of 1:40 and
rabbit peroxidase-antiperoxidase (Dako, Hamburg, Germany) at
1:300. Following the diaminobenzidine reaction, sections were
rinsed in phosphate buffer, mounted on gelatin-coated glass slides,

dehydrated, cleared in xylene, and embedded in Entellan (Merck)

For general neuropil staining, Bodian's silver-proteinate techniqugnqer glass coverslips. Data are based on 37 successfully injected
was used. Dissected brains were fixed for 3—4 h in a mixture Consq ,rons of the CBL.

sisting of 10% formalin, 5% glacial acetic acid and 85% ethanol,

dehydrated, embedded in Paraplast Plus (Sigma, Deisenhofen,

Germany), sectioned at a thickness ofuh@, and stained accord- .

ing to the Bodian-protargol procedure (Bodian 1936). Briefly, de-Reconstruction of neurons

paraffinized sections were incubated for 16—20 h at 60° C in 2%

aqueous Argent Proteinate solution (Prolabo, Paris, France), cofror the reconstruction of Golgi- and Lucifer-stained neurons, a
taining 7.5 g copper mesh/250 ml solution. Reduction, gold tonZeiss Standard microscope (Zeiss, Oberkochen, Germany) with a
ing, and differentiation were performed as described (Bodiarcamera lucida attachment was used. Photomicrographs were taken
1936). Sections were finally dehydrated and mounted in Entella®n 35 mm Agfapan 25 film (Agfa-Gevaert, Leverkusen, Germany)
(Merck, Darmstadt, Germany). with a Zeiss Axiophot and a Zeiss Axioplan microscope. The ori-
entation of brain sections and figures is given with respect to the
longitudinal body axis of the locusts. The nomenclature of brain
structures follows Williams (1975) and Homberg (1987).

bsequently used for evaluation.

Materials and methods

Bodian staining

Golgi staining

A combination of the Golgi-Colonnier method (Colonnier 1964)

and Golgi-rapid method (Strausfeld 1980) was used for the imResults

pregnation of single neurons. Brains of adult locusts, 10-14 days

after adult emergence, were dissected out of the head capsule @ross anatomy of the CX and associated neuropils
an aqueous solution of 2.5% potassium dichromate, 1.3% sucrose

(PDS). Brains were immersed for 5 days at 4° C in 4 parts PDShe gnatomical organization of the CX of the loc@st,

and 1 part 25% glutaraldehyde, washed several times in PDS, in:- o - : : :
cubated at 4° C in 9 parts PDS/1 part 1% osmium tetroxide for regariais summarized in Figs. 1, 2. The CX occupies

further 5 days, rinsed and immersed for 24 h at 4° C in an aqueod€ center of the protocerebrum and lies between the pe-
solution of 0.75% silver nitrate, and finally rinsed in distilled wa- dunculi (lateral demarcation) and tifielobes (ventral
ter, dehydrated in ethanol, and embedded in Epon (Serva, Heidetlemarcation) of the mushroom bodies (Fig. 1A). The PB
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Fig. 1A—C. AFrontal diagram of
the brain ofSchistocerca gregaria
The protocerebral bridgéB) and
the upper and lower division€BU,
CBL) of the central body are situat-
ed in the center of the brain, be-
tween thex- andp-lobes of the
mushroom bodiesa(, bL). The lat-
eral accessory lobekAL, dotted
lines) lie posterior to th@-lobes.

B Frontal diagram of central-com-
plex neuropils and the lateral acces-
sory lobesI(AL). Dotted linede-
lineate the noduli posterior to the
CBU andCBL. Each nodulus con-
sists of an uppeNU) and a lower
(NL) subunit. The median olive
(MO) and the lateral triangle._T),
two distinct neuropil areas within
theLAL, are shown imlashed out-
line. C Sagittal diagram of the cen-
tral body. The six layers of the CBL
are numbered—-6from dorsal to
ventral.a, Anterior; AL, antennal
lobe; AOTuy anterior optic tubercle;
Ca, calyx of the mushroom body;
CBAL, anterior lip of the central
body;Lalamina;Lo, lobula;Me,
medulla;P, pedunculus of the
mushroom bodyPG, posterior
groove;Pl, pars intercerebralig;C,
tritocerebrumyG, ventral groove.
Bars: A 200pum; B 100um;
C50um

is situated in the superior protocerebrum below the parStratification of the CBL

intercerebralis (Figs. 1, 2A, B). It has a rod-like shape

with a transverse longitudinal axis and postero-ventrallyA comparision of the morphologies of single neurons
curved ends. The CB lies below the PB. Its upper (CBUWith Bodian preparations revealed that the CBL was
and lower divisions (CBL) are kidney-shaped, with thesubdivided into six layers (Figs. 1C, 2A, C), numbered
smaller CBL lying in the ventral concavity of the CBU 1-6 from dorsal to ventral. Layer 1 formed the narrow
(Figs. 1, 2A; the schematic sagittal view of the CX indorsalmost shell of the CBL and continued posteriorly
Fig. 1C shows that the anterior lip of the CBU extends irbelow the level of the noduli. Layer 2 was approximately
front of the CBL). The paired noduli lie at the posteriortwice as wide as layer 1. It followed the course of layer
ventral edge of the CB (Figs. 1B, C, 2B) and each conl but posteriorly extended further into the ventral hemi-
sists of a larger upper subunit and a smaller lower sulsphere of the CBL. Therefore, nearly the entire posterior
unit. Ventro-laterally, the CB is connected bilaterally viathird of the CBL was occupied by layers 1 and 2. Layers
an isthmus of neuropil (Williams 1972; Homberg 1987,3 and 4 lay underneath layer 2 and were restricted to the
1991) to the LALs (Figs. 1B, 2A, B, D), which lie poste- anterior two-thirds of the CBL. Layer 5 had a circular
rior to theB-lobes of the mushroom bodies. Two distinct cross-section in the sagittal plane; it was covered antero-
neuropil areas can be identified within the LAL: the me-dorsally by layer 4 and posteriorly by layer 2. Layer 6
dian olive, near the lateral edge of the CBL, and the latwas the ventralmost layer and lay below layers 4 and 5
eral triangle in the distal LAL, close to the antennal lobeat the antero-ventral margin of the CBL. It was the
(Figs. 1B, 2D). Both areas are flanked by fibers of thesmallest layer and, like layer 5, was circular in cross-
isthmus tract connecting the CB and LAL. section.
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Fig. 2A-D. Bodian-stained brain section&, B Anterior (A) and rior from the section irA. It shows the uppeNU) and the lower
posterior B) frontal section through the central complex and the subunits NL) of the noduli and the postero-ventrally curved end-
lateral accessory lobetAL). The sections are slightly tilted, so ings of thePB. C At higher magnification, six layers can be dis-
that the protocerebral bridg®E) and the lower division of the tinguished in theCBL, numberedl—6 from dorsal to ventralD
central body CBL) appear in the same sectioh)(In A, colum- Section through the lateral accessory lobALj), at the level of
nar fibers connect theB and the central body through the posteri- the median oliveNIO) and the lateral triangld.T). Both areas are
or chiasmadrrowhead$. Many of these fibers penetrate layer Il flanked by fibers of the isthmus tracar{fowhead$, which con-

of the upper division of the central bodgRU) via the posterior  nects theLAL to the central bodyBars: 100 um

vertical bundlesdrrows). The section irB is about 4Qum poste-

Neurons of the CBL preparation. The cell bodies of TL1 neurons lay in the
] ) _ventro-median protocerebrum. Their primary neurites
Five types of tangential neuron (termed TL1-TL5, FigSran between the antennal mechanosensory and motor
3-8) and two types of columnar neuron (CL1, CL2, Figscenter and the LAL and entered the LAL postero-ven-
10-12) with arborizations in the CBL were found. Tangentrally to the lateral triangle. The neurons had dense arbo-
tial neurons innervated specific layers of the CBL and haglzations with fine endings throughout the lateral triangle
a second field of arborization in the LAL. The five types of(Fig. 3A, C, E). In some preparations, a few fine pro-
TL neuron differed with respect to the layer that they incesses extended beyond the boundaries of the lateral tri-
nervated in the CBL, the arborization pattern in the LAL,angle (Fig. 3A). The axons projected to the CB within
and the position of the cell body. The columnar neurons ghe isthmus tract. They entered the posterior groove be-
the CBL ramified in the PB, in the CBL, and in the LAL tween the noduli and the CBL (Fig. 1C) and continued
(CL1 neurons) or in the noduli (CL2 neurons). Unlike theglong the dorso-posterior surface of the CBL. The axons
tangential neurons that innervated the CBL in its WhOl@a\/e off sidebranches into the CBL and densely inner-
lateral extension, the columnar neurons had arborizationgted layers 2—6 (Fig. 3A-D), whereas layer 1 was omit-
in single columns that extended through several layers. ted. In some preparations, layer 6 also seemed to be
omitted (Fig. 3D). The nerve endings in the CBL were
Tangential neurons of the CBL beaded and larger than those in the lateral triangle (Fig.
3D, E).
The first type of tangential neuron (TL1 neurons, Fig. 3) TL2 neurons (Figs. 4, 5) had cell bodies in the inferi-
was found in six Lucifer preparations and in one Golgior median protocerebrum, anterior to the TL1 cell bod-



163

Fig. 3A—E. TL1 neuronsA, C Reconstructions of Lucifer-filled two TL1 neuronsdotted area in the CBL.D, E Arborizations of
single cells from two preparations. Note the dense ramificationswo different Lucifer-stained neurons in the CBR)(and in the
of these neurons in the lower division of the central b&BL] lateral triangle E, arrows) of the LAL. The neuron irD does not
and in the lateral triangle_T) of the lateral accessory lobeAL). invade layer 14rrows) or layer 6 &rrowhead$ of the CBL. InE,
Occasionally, processes extend beyond the boundaries of the L& second neuroragterish is stained faintlyCBU, Upper division
(arrowsin A). B Sagittal projection of the arborization area of the of the central bodyBars: A, C-E 100pum; B 50 um
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Fig. 4A—E. TL2 neuronsA-C TL2
neurons with arborizations in layer 2 of
the lower division of the central body
(CBL). A Sagittal projection of the ar-
borizations in the CBLdotted arey

B, C Reconstructions of two Lucifer-
Yellow-injected neuron®d, E TL2 neu-
rons innervating layers 3 and 4 of the
CBL. D Reconstruction of three TL2
neurons of similar morphology filled
with Lucifer yellow. E Sagittal projec-
tion of the arborizations of these neu-
rons in the CBL dotted arey All TL2
neurons innervate small areas within the
lateral triangle of the lateral accessory
lobe @rrowheadsn B-D). In the two
neurons innervating layer 2 of the CBL
(B, C), ramifications in the lateral trian-
gle are more medial, whereas in the
neurons invading layers 3 and@)(of
the CBL, arborizations are concentrated
distally in the lateral triangleCBU, Up-
per division of the central bodiAL,
lateral accessory lobe.

Bars: A, E 50 um; B-D 100pum

ies. Their primary neurites ran dorsally along the anten€). Another subtype of TL2 neurons arborized in layers
nal lobe into the LAL close to the lateral triangle. In3 and 4 (=2, Fig. 4D, E). The nerve endings of these
contrast to the TL1 neurons, TL2 neurons arborized onlyeurons in the CBL were also beaded. TL2 neurons with
in small subfields of the lateral triangle. The nerve endarborizations in layers 3 and 4 seemed to innervate more
ings showed a swollen irregular shape (Fig. 5A, D, E)lateral areas of the lateral triangle, whereas TL2 neurons
At high magnification, these swollen endings appearedavith arborizations in layer 2 of the CBL ramified more
to consist of dense tangles of very fine processes. Fromedially within the lateral triangle (compare Fig.
the lateral triangle, the main fibers of TL2 cells ran4B-D). Tangential neurons with arborizations in layers 4
through the isthmus tract to the CB and, as they contimand 5 were also found$4, Fig. 5F, G), but ramifica-
ued along the ventral concavity of the CBL, gave offtions in the lateral triangle could be detected in only one
branches into the CBL. TL2 neurons ramified in specificof these preparations.

layers of the CBL. Neurons with arborizations in layer 2 The morphology of TL3 neurons (Figs. 6, 7A, B) was
were encountered most frequently=16, Figs. 4A—C, similar to that of TL2 cells with respect to cell-body po-
5A—E). The branches of these neurons had a fan-like disition and the course of the axon. In contrast to TL2 neu-
tribution and bore numerous beaded endings (Fig. 5Bons, however, TL3 neurons did not innervate the lateral
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Fig. 5A—G. TL2 neuronsA-C Frontal section of a Golgi-impreg- 4C. E Shows the ramifications in the lateral triangle at higher
nated brain, showing several TL2 neurons with arborizations immagnification. Several large swellingarfowsin D andE) in the
layer 2 of the lower division of the central bodyBL). B Differ- lateral triangle I(T) appear to consist of dense tangles of very fine
ential interference contrast shows that the narrow layer 1 of th@rocessesArrowheadin D points to a weakly stained columnar fi-
CBL (arrowhead$ is not innervated by TL2 neurons. @ the ber of the central bodyr, G Tangential neurons with arboriza-
beaded nerve endings in the CBL are visille E Consecutive  tions in layers 4 and 5 of th@éBL. CBU, Upper division of the
frontal sections showing a Lucifer-filled TL2 neuron with ramifi- central body]T, isthmus tractL AL, lateral accessory lob8ars:
cations in layer 2 of the CBL. This neuron is reconstructed in FigA, D 100um; B, C, E-G 50 um

triangle but instead ramified in the median olive (Figs.preparationsr=14). Compared with the other tangential
6A, B, 7A). Arborizations in the median olive bore large cells, their axons were relatively small. The cell bodies
knot-like swellings that could be resolved as dense tuftef TL4 neurons occurred together with TL2 and TL3
of fine branches at higher magnification in the light mi-neurons or lay more laterally between the distal edge of
croscope (Fig. 6B). We found TL3 neurons with arbori-the LAL and the antennal lobe (Fig. 7C). Their small ax-
zations in layer 5n=5, Figs. 6A, 7A, B, 8D) and in lay- ons passed through the isthmus tract to the CBL. Close
er 2 f=3; see Homberg 1994a), and neurons with arboto the median olive, they gave off sidebranches that ram-
rizations in two layers, viz., layers 2 and 6 of the CBLified with fine endings in the anterior dorsal shell of the
(n=6, Fig. 6C—-E). Layers 2, 4, and 5 were innervated irLAL (Fig. 7C). The axons ran along the ventral edge of
a Lucifer double-staining of two TL3 neurons. The nervethe CBL. Near the midline of the brain, they turned dor-
endings of TL3 neurons in the CBL were beaded likesally and ramified in an umbrella-like fashion along the
those of TL2 cells (Fig. 6C, D). posterior edge of the CBL. Fine beaded branches extend-
TL1, TL2, and TL3 neurons were never observed toed throughout layer 1 (Figs. 7C, 8A, B).
arborize in layer 1 of the CBL. This layer appeared to be The fifth type of tangential neuron (TL5 neurons,
exclusively innervated by TL4 and TL5 neurons. TL4Figs. 7E, F, 8E-G), found in three Lucifer preparations,
neurons (Figs. 7C, D, 8A-D) were only stained in Golgidiffered substantially from the other TL neurons. The



Fig. 6A—E. TL3 neuronsA Frontal section of a Golgi-impregnat- isk) of the CBL are stained. The arborizations have numerous
ed brain. Two TL3 neurons with arborizations in layer 5 of thebeaded endingE& Sagittal sections of a Golgi-impregnated brain.
lower division of the central bodyCBL) are stained. The neurons A TL3 neuron with ramifications in layer aifowhead and layer
arborize in the median olivafowhead of the LAL. B The rami- 6 (asterisk is labeled. A tangential neuron of the upper division
fications in the median olive bear large knot-like swellings (  of the central body@BU) is also stained. This neuron innervates
rows) that consist of dense tufts of fine branch@sD Consecu-  the upper subunit of the noduNy). a Anterior; CBU, upper di-

tive frontal sections of a Golgi-impregnated brain. Two TL3 neu-vision of the central body|T, isthmus tract.Bars: A, C, D

rons with arborizations in layer 2rfowhead and layer 6 gster- 100um; B, E 50 um

cell bodies of TL5 neurons lay in the pars intercerebralayers of the CBL. One of the stained TL5 neurons had
lis. The neurons densely innervated the ipsilateral hemiadditional ramifications in the lower subunit of the con-
sphere of the PB with fine branches (Figs. 7F, 8G). Irtralateral nodulus, and another had arborizations in the
addition, some processes extended into the superior prigpsilateral posterior optic tubercle (not shown). The
tocerebrum directly below the PB (Fig. 7F). From themorphology of the five types of TL neurons is summa-
bridge, the large main fibers passed through the w-burrized in Table 1.

dles (Williams 1975) to the LAL. A second field of fine In addition to the TL neurons, which innervated only
arborizations extended throughout the dorsal hemithe lower division of the CB, a few tangential neurons
sphere of the LAL, apparently including the lateral tri- appeared to arborize both in the CBU and CBL. These
angle (Figs. 7F, 8F). The axons continued mediallyneurons were incompletely stained in Golgi preparations
through the posterior groove and entered the CBL poshut, in general, seemed to have sparse and diffuse pro-
teriorly. Beaded arborizations uniformly innervated all cesses in the CBL and CBU. One of these neurons was
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Fig. 7A—F. Frontal reconstructions
and sagittal diagrams of central-
complex arborizationgdptted ar-
eay, respectively, of TL3 neurons
(A, B), TL4 neurons(C, D), and

TL5 neuronsi, F). A Reconstruc-
tion of two TL3 neurons with arbo-
rizations in layer 5 of the lower di-
vision of the central bodydBL)

and in the median oliveMO) of

the lateral accessory lobeAL)

from the Golgi preparation shown
in Fig. 6A, B.C Reconstruction of
three TL4 neurons from a Golgi-
impregnated brain. The neurons ar-
borize in layer 1 of the CBL and in
the anterior dorsal shell of the LAL
(arrowhead. Two of the neurons
have cell bodies between the later-
al face of the LAL and the antennal
lobe @sterish. F Reconstruction

of two TL5 neurons from a Luci-
fer-yellow-injected brain. The neu-
rons have cell bodies in the pars in-
tercerebralis and arborize in the
protocerebral bridgeP®), in the
superior median protocerebrum
(asterish, in dorsal parts of the
LAL, and throughout the CBL.
CBU, Upper division of the central
body.Bars: A, C, F 100um;

B, D, E50um

stained with Lucifer yellow (Fig. 9). The soma of this sphere of the bridge. Ramifications were confined to lat-
neuron lay in the pars intercerebralis. Fine ramificationgrally restricted areas, termed columns of the PB. Large
invaded the superior protocerebrum, the ventro-mediadiameter axons left the PB ventrally and ran through the
protocerebrum, and both LALs. An axonal fiber passedwv-, x-, y-, and z-bundles of the posterior chiasma (Wil-
along the midline over the anterior surface of the CB andiams 1975, Fig. 2A) into the CBU. CL1 fibers passed as
gave rise to fine processes concentrated in layers 3—6 part of the posterior vertical bundles (Williams 1972)
the CBL and layer lla of the CBU. through layer Il of the CBU to the dorsal surface of the
CBL (Figs. 2A, 111, J). Before entering the CBL, the ax-
ons usually divided into two or more parallel branches
Columnar neurons of the CBL that entered the CBL and into one fine axon that ran
along the anterior surface of the CBL to the ventral
The first type of columnar neuron (CL1 neurons, Figsgroove (Figs. 10A-C, 12B). In the CBL, as in the PB,
10, 11) had cell bodies in the pars intercerebralis. Smathe neurons arborized in columnar domains. The axons
primary neurites ran to the anterior face of the PB andontinued along the ventral groove (Fig. 1C) to the con-
gave rise to arborizations within the ipsilateral hemi-tralateral LAL, ran through the isthmus tract, and termi-
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Fig. 8. A-D TL4 neuronsE-G TL5 neuronsA, B Frontal sec- (arrow) are staineda, Anterior; CBU, upper division of the cen-
tions of two Golgi-impregnated brains showing arborizations oftral body.E-G Frontal sections of a pair of Lucifer-yellow-inject-
single TL4 neurons in the lower division of the central body ed TL5 neurons The CBL is densely innervated in all layers.
(CBL). The main fiber branches in an umbrella-like fashion andF Arborizations in the lateral accessory lob&k) are concentrat-
innervates layer 1 of th€BL. Arrowsin A mark some of the ed in dorsal areas and apparently include the lateral triaagle (
beaded fiber ending€, D Sagittal sections of two Golgi-impreg- rowhead$. G Arborizations in the protocerebral bridg®B).
nated brainsC A TL4 neuron is labeledD A TL4 cell (arrow- Bars: A, B 100pum; C-G 50 um

head and a TL3 neuron with arborizations in layer 5 of the CBL

nated in beaded arborizations in subfields of the laterdl1-L8 from the lateral ends of the bridge to the center.
triangle (Figs. 10A-C, 11K, L). Corresponding to the 16 columns in the PB, 16 columnar

CL1 neurons provided precise topographical conneczones of arborization were also found in the CBL and
tions between columns of the PB and columns of thavere numbered 1-16 from right to left. Columns of the
CBL and corresponded to the system of 64 CC1 neurormight and left hemispheres of the PB were connected
described by Williams (1975). The topographical organithrough the CL1 neurons to alternating columns of the
zation of the CL1 system is schematically illustrated inCBL, thereby mapping columns R1-R8 of the PB to odd
Fig. 10D. Eight columns could be distinguished in eactmnumbered columns of the CBL, and columns L1-L8 to
hemisphere of the PB and were numbered R1-R8 aneven numbered columns of the CBL. Irrespective of the
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Table 1. Branching patterns of tangential neurons of the locust GERL( lower division of the central bodiZAL, lateral accessory lobe;
NL, lower subunit of the noduluBB, protocerebral bridgd?OTuy posterior optic tubercl-)

Tangential Cell-body Arborization areas Layers Number of
neurons location outside the CBL innervated preparations
within the CBL

TL1 Ventro-median Throughout the lateral Layers 2—6 7
protocerebrum triangle of the LAL
TL2 Inferior-median Small areas in the lateral Layer 2 16
protocerebrum triangle of the LAL Layers 3 and 4 2
Layers 4 and 5 1
TL3 Inferior-median Median olive of the Layer 5 5
protocerebrum LAL Layer 2 3
Layers 2 and 6 6
TL4 Inferior-median Dorsal shell of the LAL Layer 1 14
or inferior-lateral
protocerebrum
TL5 Pars Dorsal parts of the LAL; Layers 1-6 3
intercerebralis ipsilateral hemisphere of

the PB (NL, POTu)

Fig. 9. Frontal reconstruction of a Lu-
cifer-yellow-filled tangential neuron
with ramifications in the lowerGBL)
and the upperG@BU) division of the
central body. The neuron has addition-
al arborizations in the superior proto-
. cerebrum grrow), in the ventro-medi-
S — . . an protocerebrunaéterisk, and in
°. .’ Tt : both lateral accessory lobes

fea. ot (LAL, arrowhead$. Bar: 100 pm

column innervated in the CBL, all CL1 neurons project-the four CL1 neurons per column reported by Williams
ed to the contralateral lateral triangle. Fibers crossed th@975).

midline either in the posterior chiasma (neurons R5-8 In contrast to the ethyl-gallate preparations of Wil-
and L5-8) or in the ventral groove (R1-4, L1-4). CL1liams (1975), Lucifer-yellow staining and Golgi impreg-
neurons of each column were stained at least once in tmation of single cells allowed a more detailed investiga-
Lucifer and Golgi preparations, except for neurons contion of the arborization fields of the CL1 neurons in the
necting the PB columns R5, R8, and L7 to the CBL. Invarious neuropils. An examination of all preparations in
some preparations, more than one neuron with an identivhich CL1 neurons were stained=(34) revealed that
cal fiber course was stained (Fig. 111, J), consistent witlthe arborizations in the PB and in the CBL were not



170

PB

PCH

CBU x
;

CBL [‘]

. S S
T

=1

LAL !

Fig. 10A-D. CL1 neuronsA-C Frontal reconstructions of three (arrowhead with asterigkthan to the peripher) Schematic dia-

CL1 neurons from Lucifer-yellow-injected brains. The neuronsgram of the CL1-neuron system. Each column is represented by a
have cell bodies in the pars intercerebralis, innervate columns irectangle. White rectanglesonnected byfine lines represent

the ipsilateral hemisphere of the protocerebral bridRi® @and in neurons arborizing in the right hemisphere of the protocerebral
the lower division of the central bodZBL), and send axons to bridge PB); black rectanglesonnected bysolid linesrepresent

the lateral trianglel(T) of the contralateral lateral accessory lobe neurons ramifying in the leftPB hemisphere;dashed line
(LAL). Arrowheadsin A and C indicate arborizations in dorsal indicates the midline of the brain. In the posterior chiadp@H),

CBL layers that invade neighboring columns. This lateral spreadibers run in the w-, x-, y-, and z-bundles to the central body.
of processes is more pronounced toward the midline of the CBICBU, Upper division of the central bodgars: A—C 100pum



171




Fig. 12A-E. CL2 neuronsA Frontal reconstruction of a Lucifer- bundle than the axons of the CL1 cels ¢pen arrow). Arrow in
filled CL2 neuron. The neuron has arborizations in the protocereB, Axons of the two CL1 neurons that enter the ventral groove to-
bral bridge PB), in dorsal layers of the lower division of the cen- ward the lateral trianglea, Anterior.D Frontal reconstruction of
tral body CBL), and in the lower subunit of the contralateral nod- the ramifications of a CL2 neuron in tf@BL and the nodulus
ulus (NL). B, C Two sagittal sections of a Golgi-impregnated (No) from a Golgi-impregnated brai& Arborizations in the low-
brain showing the arborizations of two CL1 neurons and one CLZr subunit of the contralateral noduldéLf from the neuron re-
neuron in theCBL (B) and the arborizations of the CL2 neuron in constructed irD. CBU, Upper division of the central bodiXU,

the lower nodulus subuni€( NL). The axon of the CL2 neuron upper subunit of the noduluBars: A, D 100um; B. C, E 50 um

(B, arrowhead runs more posteriorly within the posterior vertical

Fig. 11A-L. CL1 neuronsA-D Frontal sections of Golgi-impreg- tions of columnsR5 and R7 extend into column R6 in between.
nated brainsA A CL1 neuron connecting column L5 of the proto- Several fibers in the posterior chiasnRCH) are stainedafrrow-
cerebral bridgeRB) with column 8 of the lower division of the head$. E-H Frontal sections of a Lucifer-yellow-injected brain,
central body €CBL). B, D Arborizations of CL1 neurons in the showing the arborizations of a CL1 neuron in @®L (E, F) and
CBL. Arrowheadsin A, B andD point to the lateral spread of ar- thePB (G, H). The neuron is reconstructed in Fig. 10AJ Con-
borizations into neighboring columns in layers 1, 2, and 6 of thesecutive sagittal sections of a Golgi-impregnated brain, showing
CBL. These lateral projections are more pronounced toward theeveral CL1 neurons with fibers in the same posterior vertical
midline of theCBL (asterisk$. C Ramifications of four columnar bundle PVB). The whole cross-section of the CBL is densely in-
neurons in the protocerebral bridgeB). ColumnsR5andR7 are nervated.a, Anterior. K, L Arborizations of the CL1 neurons of
labeled in the right hemisphere of the bridge, and colurbrend Fig. 10A K), B (L) in the lateral triangleL(T) of the lateral ac-

L6 are labeled in the left hemisphere. The arborizations of thecessory lobeCBU, Upper division of the central bodBars: A,
neighboring columnd.5 and L6 overlap, whereas the ramifica- B, D, 1,J 100um;C, E-H, K, L 50 um
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strictly confined to individual columns but covered moreposed of six layers that are connected through five types
than one sixteenth of the width of the PB and the CBLlof tangential neurons with specific areas in the LALs. In
(i.e., the theoretical column width). In the PB, the rami-addition, two systems of columnar neurons provide con-
fications of neighboring CL1 neurons seemed to overlamections with the PB, parts of the noduli, and the lateral
laterally by about 25%-50% (Fig. 11C). The arboriza-triangle of the LALs.
tion fields in the CBL were more complex. Some of the We have chosen two different techniques, Golgi im-
CL1 neurons arborized in all layers of the CBL (Fig.pregnation and single-cell injection with Lucifer yellow,
11J), whereas others seemed to omit layer 5 and possildly stain neurons of the CBL. The Golgi technique leads
also layers 3 and 4. Moreover, the lateral overlap of thé stochastic impregnation of single cells, but some neu-
arborizations between neurons of neighboring columnson types may be stained more often than others, and es-
differed for different CBL layers. In layers 1, 2, and 6, pecially large neurons are often impregnated only partly
processes invaded one or two adjacent columns on ea¢Btrausfeld 1980). In our Golgi preparations, for exam-
side of the main arborization column (Figs. 10A-C,ple, TL1 cells have been stained only once, and TL5
11A, B, D-F). Usually, these lateral projections wereneurons are not stained at all. Lucifer-yellow injections
more pronounced toward the midline of the CBL than tausually lead to complete staining of single cells. With
the sides (Figs. 10A, C, 11A, B, D). In contrast, the arthis technique, however, the penetration of neurons with
borizations in layers 3, 4, and 5 were confined to singléarge axons is more likely than dye injection of small fi-
columns or extended only slightly into neighboring col-bers, e.g., the small TL4 neurons, are not stained follow-
umns. In Golgi preparations, the arborizations of CL1ling Lucifer injections. The combination of both staining
neurons in the PB and the CBL had fine endings (Figprocedures may, thus, have maximized the yield of neu-
11A-D, |, J), whereas in Lucifer-stained preparationsyonal cell types of the CBL, but other types may also ex-
ramifications in the PB had a mixed fine-beaded appeaiist. Additional large-field neurons with diffuse arboriza-
ance (Figs. 10A-C, 11G, H). tions in the CBL, such as the neuron in Fig. 9, may be
The second type of columnar neuron, the CL2 neupresent. The projection patterns of tangential and colum-
ron, was stained in nine preparations (Fig. 12). Like CLInar neurons of the CBL reveal organizational properties
neurons, CL2 neurons had somata in the pars interceref the CBL that might have important functional impli-
bralis and arborized in distinct columns of the PB anccations.
the CBL. We could not determine the exact size of their
arborization areas in the PB and CBL, but, in the CBL,
their ramifications were restricted to dorsal layers, probTangential neurons
ably layers 1-4 (Fig. 12A, B, D). The CL2 fibers con-
necting the PB and the CBL were smaller than those ofhe tangential neurons are mainly responsible for the
the CL1 neurons (Fig. 12A) and ran more posteriorlylayering of the CBL. The six layers seen following Bod-
within the posterior vertical bundles through the CBUian staining correspond to the six layers revealed by the
(Fig. 12B). At the dorso-posterior edge of the CBL, side-branching patterns of the TL neurons. TL neurons with
branches were given off into the CBL, and the main fibearborizations restricted to individual layers are found for
continued into the posterior groove to the contralateralayers 1, 2, and 5, but not for layers 3, 4, and 6. The
nodulus. The lower subunit of the contralateral noduludoundary between layers 3 and 4 appears to be formed
was densely innervated (Fig. 12A, C-E). The nerve endby TL neurons whose arborizations extend through lay-
ings appeared to be fine in all arborization areas. Thers 3 and 4 or through layers 4 and 5. Correspondingly,
columnar connections of CL2 neurons between the PEhe border between layers 3 and 4 is not as clear follow-
and the CBL corresponded to the topographical schemiag Bodian staining as are the limits of the other layers.
of Fig. 10D for the CL1 neurons, but no CL2 neuronsApart from TL1 and TL5 neurons, layer 6 is exclusively
that crossed the midline in the y- or z-bundles betweemnervated by TL3 neurons, which also arborize in layer
the PB and CBL were stained. 2.
All TL neurons have additional ramifications in the
ipsilateral LAL of the brain. Whereas this is the only ar-
Discussion borization area outside the CBL for neurons TL1-TL4,
TL5 neurons also innervate the PB and the superior pro-
The central complex (CX) is one of the most regularlytocerebrum. The LAL of. gregariais compartmentali-
organized neuropils in the insect brain and, as increasinged into an anterior and a posterior dorsal shell, a ventral
evidence suggests, appears to play a role in visual intshell, the median olive, and the lateral triangle (Homberg
gration and motor control (Homberg 1985, 1994a; Milde1991, 1994a). TL neurons connect the CBL only to the
1988; Strauss et al. 1992; Strauss and Heisenberg 199%hterior dorsal shell (TL4 and TL5 neurons), the median
Bausenwein et al. 1994). In contrast, the neuronal archilive (TL3 neurons), and the lateral triangle (TL1, TL2,
tecture of the CX and its connections to other brain areaand presumably TL5 neurons).
are only poorly understood. This study builds upon earli- Whereas TL1 and TL5 neurons provide global con-
er work by Williams (1972, 1975) on the organization ofnections to most or all CBL layers, TL2-TL4 neurons
the CX in the locust and provides a survey of neuronamaintain, in part, layer-specific connections; this sug-
cell types innervating a subcompartment of the CX, viz.gests that functional differences exist between the CBL
the CBL. We show that the CBL of the locust is com-layers. Layer 1 of the CBL is specifically connected by
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TL4 neurons to the dorsal shell of the LAL. Vitzthum etas we have found for TL2 and TL3 neurons in the medi-
al. (1996) have recently shown $ gregariathat neu- an olive and lateral triangle.
rons that closely resemble TL4 neurons exhibit immuno-
staining with an antiserum against the peptide allatostatin
| of Diploptera punctata Through the various subtypes Columnar neurons
of TL2 neurons, layers 2-5 of the CBL are connected to
small areas in the lateral triangle of the LAL. TL2 neu-Two types of columnar neurons are found in the CBL of
rons with arborizations in layers 3 and 4 innervate moré&. gregaria.Both connect three neuropils: the PB, the
distal areas of the lateral triangle, whereas TL2 cells wittCBL, and the lateral triangle of the LAL (CL1 neurons)
ramifications in layer 2 innervate more medial areas obr the lower subunit of the nodulus (CL2 neurons). The
the lateral triangle. These two findings indicate that theCL1 neurons correspond to the system of 64 CC1 neu-
lateral triangle is further subdivided and that topographirons described by Williams (1975). On the basis of eth-
cally ordered connections between subfields of the laterall-gallate staining, Williams (1975) has shown that the
triangle and specific layers of the CBL might exist. LayerPB and CBL are divided into 16 columns, that the PB
2 and layers 4—-6 of the CBL are, in addition, connectedolumns are connected in a topographical order by CC1
through TL3 neurons to the median olive. In view of theneurons to columns in the CBL, and that axonal fibers
small number of TL3 neurons found for each layer, TL3from the CC1 neurons continue to the contralateral LAL.
neurons projecting to layer 3 may also exist. A largeWilliams (1975) has further shown that each column of
number of tangential neurons in the CBL of the locusthe PB is innervated by four neurons with an identical fi-
exhibits immunoreactivity against gamma aminobutyricber course. Our Golgi impregnation of and Lucifer-yel-
acid (Homberg 1994b). These neurons apparently corréew injections into single members of this system pro-
spond to TL2 and TL3 neurons. TL1 neurons arborizevide further information on the morphology of the
throughout layers 2—6 or 2-5 of the CBL and throughouCC1/CL1 neurons. The columnar arborizations of these
the lateral triangle of the LAL and, therefore, have aneurons are not strictly delineated from each other in ei-
clearly different morphology from that of TL2 neurons, ther the PB or the CBL. In the CBL, the lateral exten-
which connect single layers of the CBL to small areas o§ions into neighboring columns are more pronounced in
the lateral triangle. TL5 neurons can be distinguishedayers 1, 2, and 6 than in layers 3, 4, and 5. This shows
from the other TL neurons by several features. They inthat CL1 neurons contribute to the layering of the CBL,
nervate all layers of the CBL, have cell bodies in the paras do TL neurons, and again points to possible function-
intercerebralis, and have more than one arborization fieldl differences between the CBL layers. The nerve end-
outside the CBL. Two pairs of CBL neurons with a mor-ings in the CBL usually have a fine appearance follow-
phology similar to that of TL5 neurons are dopamine-im-ing both Golgi impregnation and Lucifer-yellow stain-
munoreactive (Wendt and Homberg 1992). ing, suggesting that CL1 cells receive neuronal input in
The nerve endings of all TL neurons in the CBL arethe CBL. In the LAL, CL1 neurons terminate in small
beaded. Electron-microscopic investigations have reareas of the lateral triangle. This provides further evi-
vealed that structures visible in the light microscope aslence for a topographical organization of the lateral tri-
swollen, varicose, or clavate terminals are regions ofngle, but we have not been able to determine whether
mainly synaptic output, whereas fine or spiny terminalghe subfields innervated in the lateral triangle are spatial-
predominantly receive synaptic input (reviewed inly related to specific columns in the PB or CBL. The
Strausfeld 1976). The beaded endings of all TL neuronserve endings in the lateral triangle are bleb-like, sug-
in the CBL therefore suggest the presence of regions afestive of regions of synaptic output.
synaptic output. In contrast, the fine ramifications in the The second type of columnar neurons of the CB&.in
dorsal shell of the LAL in TL4 and TL5 neurons, in the gregariag the CL2 neurons, can be regarded as intrinsic to
lateral triangle of TL1 neurons, and the dense tufts ofhe CX, because they connect the PB and CBL to the
very fine branches of TL2 and TL3 neurons in the laterahoduli. CL2 neurons have only been found in nine prepa-
triangle and the median olive indicate regions of dendritrations. In all examples, columns in the PB are connected
ic input. Therefore, TL neurons might provide synapticto columns in the CBL with an arrangement similar to
input into the CBL. that of the CL1 neurons. All neurons project to the con-
Neurons that appear to be homologous with the Tltralateral nodulus. Although CL2 neurons crossing the
neurons have been described in the CRofmelanogas- midline between the PB and CBL have not been stained
ter (Hanesch et al. 1989). In the doughnut-shaped ellipin our preparations, they might form a system compara-
soid body, which corresponds to the CBL of the locustple with that of the CL1 cells. In an analysis of one of the
Hanesch et al. (1989) have found several types of ringvo fascicles of the w-bundle, Williams (1972) has
neurons that resemble the TL2 and TL3 neurons of thehown four fibers with projections to the CBL and the
locust. They arborize with bleb-like endings throughoutlower subunit of the nodulus, suggesting that the CL2 fi-
various ring-like zones of the ellipsoid body. Outside theber system consists of four neurons per column or 64
ellipsoid body, ring neurons ramify in a small neuropil neurons in total, like the CL1 fiber system. In addition to
area, viz., the “lateral triangle”, which corresponds inthe CL1 and CL2 fibers, Williams (1972) has reported
position to the median olive of the locust. Within this ar-four fibers projecting to the CBL in the w-bundle. These
ea, the ring neurons have a “very small, exceptionaCC1l accessory fibers apparently terminate in the CBL,
compact bush of thin fibers” (Hanesch et al. 1989), jusbut they have not been encountered in our study.
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In D. melanogasterHanesch et al. (1989) have listed ventral shells of the LAL, and to the upper subunits of
8-10 types of columnar neurons of the ellipsoid bodythe noduli (Homberg 1991; Wendt and Homberg 1992;
Two types exhibit similarities to the CL1 neurons of theDircksen and Homberg 1995; Vitzthum etal. 1996).
locust. One of these (the eb-pb-vbo neurons) has arbo®ther than the PB, only the dorsal shell of the LAL
zations with beaded endings in the PB and in the ventrathight therefore be innervated both by neurons of the
body and ramifications with spiny terminals in the ellip- CBL and by neurons of the CBU. A few tangential neu-
soid body. The second type (the pb-eb-ltr neurons) haons appear to arborize in the CBU and in the CBL (Fig.
arborizations in the PB and ellipsoid body and project®), but these neurons seem to provide a common input
to the contralateral lateral triangle. Columnar neuronsather than a direct connection between both neuropils.
corresponding to CL2 neurons have also been observélthe lack of direct projections between the CBL and
in D. melanogasterbut in contrast to the locust neurons, CBU, and the spatially distinct connections of the CBL
these neurons have arborizations in the ipsilateral nodwand CBU to the noduli and to the LALSs, therefore, indi-
lus (Hanesch et al. 1989). Other types of columnar newate parallel rather than serial processing of neuronal
rons inD. melanogastehave arborizations in the ellip- information in the CBL and CBU d. gregaria In con-
soid body and in the fan-shaped body, which corretrast, Hanesch etal. (1989) have reported a variety of
sponds to the CBU of the locust (Hanesch et al. 1989columnar cells connecting the ellipsoid body and the
Similar neurons have not yet been found in the locustan-shaped body db. melanogasterand several neu-
(Williams 1972, 1975; this study). rons arborizing in both the ellipsoid body and the fan-

shaped body have also been described in thi¥lflgca

domesticgStrausfeld 1976).
Functional implications Anatomical investigations in several insect species

have revealed direct and indirect connections from the
Systems of neurons linking columns of the PB to col-optic lobes to the CX (Honegger and Schirmann 1975;
umns of the CBL or CBU in a topographical order are &trausfeld 1976; Williams 1972; Homberg etal. 1990,
conspicuous feature of the CX in the locust and other in1991). Neurons that exhibit serotonin-like, pigment-dis-
sects (Strausfeld 1976; Mobbs 1985; Hanesch et apersing hormone-like, and allatostatin-like immunoreac-
1989; Homberg 1991; Schildberger and Agricola 1992tivity link the posterior optic tubercles to the PB in
Vitzthum et al. 1996). I'8. gregaria the arborizations of S. gregaria (Homberg 1991; Homberg etal. 1991;
CL1 neurons innervating the right and left PB hemi-Vitzthum et al. 1996). IManduca sextathe anterior op-
spheres alternate and overlap in the CBL. Similar innertic tubercles are connected to the LALs through FMRF-
vation patterns have been found for columnar celbmide-immunoreactive neurons (Homberg etal. 1990).
systems in the CBU of. gregaria(Homberg 1991; Recently, we have shown that tangential and columnar
Vitzthum etal. 1996). The functional significance of neurons of the CBL 0%. gregariaare sensitive to polar-
these innervation patterns is not understood, but they aized light and show sinusoidal e-vector response func-
low specific exchange and processing of informatiortions, with those e-vectors eliciting maximal and mini-
from the right and left brain hemispheres. Experimentamal spike activity being 90° apart (Miller and Homberg
evidence suggests a role of the central complex in motdr994; Homberg and Miller 1995). Ants and bees, and
control and visually guided behavior (Huber 1960a, bjprobably other insects, use the polarization pattern of the
Otto 1971; Strauss et al. 1992; Strauss and Heisenbebjue sky, such as the position of the sun, for compass
1993; Bausenwein et al. 1994; Homberg 1994a; llius ehavigation and path integration (reviewed by Rossel
al. 1994). Both tasks may involve the precise integratioi993; Wehner 1994). The neuronal mechanisms underly-
of information from the two brain hemispheres. ing polarized-light navigation are poorly understood, and

The common projections of CL1, TL1, and TL2 neu-the brain areas involved in these calculations are still un-
rons to the lateral triangle of the LAL opens the possibil-known. Interestingly, recent computational models of
ity for feedback loops between columnar and tangentiaheuronal networks capable of path integration with the
neurons of the CBL. This is supported by the observaaid of a sky compass have generated neural architectures
tion that TL2 neurons show beaded endings in the CBlthat share several features with the CX, including rows
and tangles of fine processes in the lateral trianglepf repetitive neuronal elements with specific columnar
whereas CL1 neurons exhibit beaded endings in the lagnd global connections, and recurrent feedbacks (Witt-
eral triangle and fine processes in the CBL. mann and Schwegler 1995; Hartmann and Wehner

Another conspicuous results of this study is the ap41995). In the locust, Eggers and Weber (1993) have
parent lack of direct connections between the CBL andlemonstrated menotactic e-vector orientation in walking
CBU. Both subunits of the CB appear to receive com-activity, but detailed behavioral and physiological data
mon parallel input from the PB through columnar neu-on polarized-light navigation in the locust are still lack-
rons (see also Williams 1972; Homberg 1991; Vitzthuming. Future behavioral and physiological experiments
et al. 1996). On the other hand, connections of the CBIshould show whether and how the CX of the locust is in-
and CBU to the noduli and to the LAL are topographi-volved in e-vector navigation and path integration. Ana-
cally largely distinct. The CBL is connected to the dor-tomical investigations, such as ours, may help to clarify
sal shell, the median olive, and the lateral triangle of theéhe functional capacities of the CX and should facilitate
LAL, and to the lower subunits of the noduli. In con- future physiological analyses of this prominent structure
trast, the CBU is mainly connected to the dorsal andn the insect brain.
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