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The optic lobe of Drosophila melanogaster.
I. A Golgi analysis of wild-type structure
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Summary. Golgi studies of the neurons in the optic lobes
of Drosophila melanogaster reveal a large number of neuro-
nal cell types. These can be classified as either columnar
or tangential. Columnar elements establish the retinotopic
maps of the lamina, medulla, and lobula-complex neu-
ropiles. They are classified according to the position of their
cell bodies, the number, width, and level of their arboriza-
tions, and their projection areas. Tangential elements are
oriented perpendicularly to the columns. The arborizations
of different tangential neurons are restricted to different
layers of the optic neuropiles, within such layers their den-
dritic fields may span the entire retinotopic field or only
part of it. The abundance of cell types inside each of the
columnar units of the optic lobe is discussed with regard
to its possible functional significance. By means of their
stratified arborizations the columnar neurons form what
appear to be multiple sets of retinotopically organized par-
allel information processing networks. It is suggested that
these parallel networks filter different kinds of visual infor-
mation and thus represent structurally separated functional
subunits of the optic lobe. Such a parallel organization of
visual functions increases the sites for function-specific gene
actions and may explain the behavioral phenotypes of re-
cently isolated structural mutants of the optic lobe.
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It is often tacitly assumed that the extensive anatomical
descriptions of the brains of several dipteran species (e.g.,
Cajal and Sanchez 1915; Strausfeld 1970; Campos-Ortega
and Strausfeld 1972a, b, 1973; Strausfeld and Campos-Or-
tega 1972, 19734a, b, 1977; Strausfeld 1976; Hausen 1981)
can simply be extrapolated to the fruit fly Drosophila mela-
nogaster. Although these studies can be safely generalized
with regard to the overall organization of the nervous sys-
tem, the assumption of perfect identity between cells of
different species is not justified. Behavioral differences be-
tween species are often correlated with connectivity differ-
ences of homologous neurons (Shaw and Meinertzhagen
1986), and this might show up in an interspecies variation
of neuronal shapes (Fischbach 1983b). Thus, considering
the evolutionary relationships between recent families of
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flies, comparison of the brain structure of different species
at the level of single neurons might reveal how brains have
been modified in the course of evolution. This is one of
our justifications for presenting the shapes of neurons de-
rived from Golgi impregnation in yet another dipteran visu-
al system. Furthermore, the importance of the fruit fly as
a model biological system continues to grow. It is the geneti-
cally best understood animal with a highly developed ner-
vous system. Accordingly, a large number of neurological
mutants has accumulated (Hall 1982; Fischbach and Hei-
senberg 1984). Behavioral analyses have also reached a high
level, including research on vision (Heisenberg and Wolf
1984), learning (Aceves-Pifia et al. 1983; Tully 1988), court-
ship, and biological rhythms (Konopka et al. 1983; Hall
1984 ; Ewer et al. 1988). By contrast since the classical study
of Power (1943), the structural analysis of the nervous sys-
tem of adult Drosophila has progressed rather slowly and
relatively few details, often connected with the phenotype
of structural mutants, have been added (e.g., Heisenberg
et al. 1978; Tanouye and Wyman 1980; Heisenberg 1980;
Fischbach and Lyly-Hiinerberg 1983; Technau and Heisen-
berg 1982; Stocker et al. 1983; Garen and Kankel 1983;
Fischbach 1983a, b). A comprehensive reference catalogue
of wild-type neurons is still lacking.

Knowledge of the wild-type structure of the brain of
D. melanogaster is necessary not only for a meaningful in-
terpretation of mutant phenotypes but also for a proper
evaluation of the distribution of immunoreactivity
(Buchner et al. 1986, 1988; Nissel 19884, b) and of activity
label in the brain (Buchner etal. 1984; Bulthoff and
Buchner 1985; Bausenwein 1988). This paper presents new
observations about the neuronal organization of the Dro-
sophila visual system. The obvious organization of its optic
lobe into multiple sets of retinotopically organized path-
ways is discussed as being the result of the selective advan-
tage of independent genetic modifiability of different visual
functions. The actual degree of this independent genetic
modifiability of functions should be testable in Drosophila
by the study of mutants.

Materials and methods

Stocks

Young (1- to 7-days-old) female and male flies of the wild-
type strains Kapelle (Heisenberg and Buchner 1977) and
Berlin (Jacob et al. 1977) were used. At the single-neuron
level no obvious structural differences between sexes and
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strains were detected. This may, of course, merely reflect
our observational insufficiencies and the search for such
differences should not be discouraged.

Flies were reared on standard cornmeal-agar-molasses
medium at 21° C and 60%—65% relative humidity.

Histological techniques

For neuropile staining we applied the reduced-silver proce-
dure of Holmes and Blest (Blest 1961) after fixation with
Carnoy’s solution and paraffin embedding.

Golgi impregnations were carried out following the
slightly modified procedure of Colonnier (1964) as de-
scribed in detail by Fischbach and G6tz (1981). Very impor-
tant for a high yield of impregnated material was the vigor-
ous shaking, using a vortex mixer, of narcotized flies togeth-
er with fine glass splinters in a test tube prior to fixation.
The procedure resulted in small, randomly distributed pene-
trations of the cuticle allowing rapid entry of the solutions.
In addition, the antennae and the proboscis of most flies
were cut prior to fixation. Fixation took place in a mixture
of 25% glutaraldehyde and 2.5% potassium dichromate
for 7 days in the dark at 20° C. Afterwards the heads were
submerged in 0.75% AgNO; for 7 days in the dark. Most
preparations were so-called mass-Golgi preparations in
which the whole procedure was repeated once. Specimens
were then embedded in Araldite and cut at 35 pm. The
preferred plane of sectioning was horizontal (from anterior
to posterior), because the projections of most visual neurons
are oriented in this plane. However, vertical sections (from
dorsal to ventral) were analyzed as well. Sections of more
than 300 successfully impregnated wild-type brains were
evaluated. Supporting evidence from about 1000 prepara-
tions of flies of various mutant genotypes was also available
but is not documented in this paper. Golgi shapes were
drawn using a camera lucida. For the construction of com-
posite pictures of camera lucida drawings, individual col-
umnar cell types were placed at the exact position of the
neuropile at which they had been impregnated.

Results
1. The overall organization of the optic lobe

Fig. 1 shows the overall organization of the optic lobe of
adult Drosophila melanogaster in a series of silver-stained
horizontal sections. The lobe is subdivided into four neu-
ropiles, called lamina, medulla, lobula, and lobula plate.
At all levels, the columnar organization of these is obvious,
especially in the lamina and the medulla. The number of
columns in each neuropile corresponds to the number of
ommatidia in the compound eye. As the consequence of
the neural superposition principle, which has firmly been
established anatomically in Muscidae and Calliphoridae
(Braitenberg 1967; Kirschfeld 1967, 1973), one visual col-
umn (neuro-ommatidium) receives direct projections from
eight retinula cells with identical optical axes recruited from
seven neighboring facets. These then form a single visual
unit, sampling a single point in visual space. The columns
of the lamina (called cartridges) are linked to the columns
of the medulla by fibers that retain their relative spatial
relationships, but cross in a horizontal plane such that ante-
rior cartridges are connected to posterior medulla columns
and vice versa. Their trajectories constitute the outer optic
chiasm. The posterior medulla therefore subserves the ante-

rior visual field, and the importance of the frontal visual
field is reflected in the increased thickness of this part of
the medulla.

The fibers of the inner chiasm retinotopically connect
the columns of medulla, lobula, and lobula plate. Lobula
and lobula plate are oriented face to face. Fibers from the
posterior medulla project into nearby columns of the distal
lobula-complex, while fibers from the anterior medulla ter-
minate in columns of the proximal lobula-complex (the
terms ‘distal’ and ‘proximal’ in this paper refer to the dis-
tance of a structure along the visual pathway from the
center of the brain).

In addition to its columnar organization the silver-
stained optic lobe reveals a second feature, the existence
of stratifications running perpendicular to the columns.
This is especially obvious in the medulla, and its importance
has already been recognized in large flies (Campos-Ortega
and Strausfeld 1972 a). Most striking is the serpentine layer,
which is formed by tangential neurons entering the medulla
anteriorly via Cuccatti’s bundle. The cell bodies of these
tangential neurons lie clustered in front of the medulla neu-
ropile. Some send their axons via the posterior optic tract
into the contralateral medulla.

In wild-type flies the serpentine layer marks the border
between the distal (outer) and the proximal (inner) medulla.
The distal medulla shows further stratifications in reduced-
silver-stained preparations, while the proximal medulla ap-
pears to be more homogeneous (see Fig. 1). According to
Campos-Ortega and Strausfeld (1972a) a particular stratum
is formed by the discrete concentration of synaptic speciali-
zations extending through the medulla as a shallow network
at a particular depth perpendicular to the columns. The
neurons involved in the formation of a stratum may be
tangential or columnar, and may also have arborizations
in other strata. Campos-Ortega and Strausfeld (1972a) as-
sume that information may spread across a stratum perpen-
dicular to the columns. Deoxyglucose activity staining of
only parts of the visual field demonstrates, however, that
at least the main stimulus-driven information flow takes
place in the centripetal direction (Buchner et al. 1984).

Various tracts connect the optic lobe with the central
brain. The axons of the medulla tangentials in Cuccatti’s
bundle form the posterior optic tract (Figs. 1C, 2A). The
axons of the lobula plate tangentials run close to it (Fig. 1C,
D). Of the visual neuropiles, the lobula is most intimately
connected to the central brain. Various sets of isomorphic
lobula columnar neurons project via various routes (e.g.,
arrowheads in Fig. 1 A, B) into different regions of the cen-
tral brain (optic foci; Strausfeld 1976). An isomorphic set
contains all columnar neurons of one type, which together
scan a large part or all of the visual field. Some of them
are the main constituents of the anterior optic tract (Fisch-
bach and Lyly-Hiinerberg 1983), others use the giant com-
missure to reach the contralateral lobula (Fischbach 1983 a).
In addition, the lobula contains many tangential neurons
projecting into the central brain (e.g., Figs. 2, 4, 5, 18, 22).

2. Subdivision of the optic lobe neuropiles into layers

The diagrams representing the optic lobe neuropiles
(Figs. 3—19) are subdivided into tangentially oriented layers.
This division is not derived from the stratifications seen
in reduced-silver-impregnated sections (Fig. 1; note the
shrinkage of the neuropiles due to the fixation procedure
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Fig. 1 A-D. Holmes-Blest silver stained, serial horizontal sections
(7 um) through the optic lobe’s neuropile of a wild-type male fly
(Drosophila melanogaster) starting dorsally (A). Fixation in Car-
noy’s solution is responsible for some shrinkage of the neuropile.
Cell bodies have not been stained. Note the partitioning of the
optic lobe into lamina (La), medulla (Me), lobula (Lo), and lobula
plate (Lop). Lamina and medulla are connected by the first (outer)
optic chiasm (X7) and medulla, lobula, and lobula plate by the
second (inner) optic chiasm (X2). The arrowheads in A and B
mark some of the fiber bundles connecting the lobula with the
central brain. The small arrowheads in C and D point to fibers
connecting the lobula plate with the central brain. Cuccatti’s bun-
dle (Cu) contains the axons of medulla and lamina tangential neu-
rons, a significant proportion of which are of contralateral origin.
The organization of the optic lobe neuropiles into repeating col-
umns and stacked layers is especially obvious in the medulla. The
3 arrows in D point to strata, which are even visible in unstained
brains, e.g., in the unstained background of Golgi preparations.
The most proximal arrow indicates the serpentine layer (=M?7,
see Fig. 3A); the next arrow points to a weaker stratum, which
is at the level of M4. The most distal arrow points to the layer
of line amacrine cells (see Fig. 5), which marks the border between
M2 and M3. x470

as opposed to the Golgi preparations), but rather relies
on the stratifications of Golgi-impregnated single neurons.
Cross-reference to the reduced-silver layers, however, is
easy (see below). In the course of our study it became evi-
dent that neurons of the same kind showed dendritic or
terminal arborizations at the same depth in the neuropile.
Furthermore, it was apparent — especially at the level of
the distal medulla — that the arborizations of two different

kinds of neurons tended to overlap each other either totally
or not at all. For example, in the medulla the 77 specializa-
tions completely overlap the L2 terminals in depth, while
the terminal specializations of L7 and L2 are mutually ex-
clusive. Using these and similar data we subdivided the
medulla neuropile into ten layers, the lobula plate into four
layers, and the lobula into six layers. The layers have been
numbered, but in addition a common name may be given,
which refers to a characteristic cell type that branches in
this layer. The approximate position of a layer relative to
the surface of the respective neuropile is indicated by the
percentage depth in front of its label.

Lamina. We did not explicitly subdivide the lamina into
different layers. However, the Golgi shapes of some neurons
(e.g., C2, La wf, L4, L5) clearly suggest that such a subdivi-
sion is possible (see below).

Medulla (for subdivision see Fig. 34)

0%-10%: layer M1, (distal L7 layer) is defined by the ex-
tent of the distal L7 arborization.

10%-20%: layer M2, (L2 layer) is defined by the extent
of the L2 arborization and also contains the distal L4 and
the T7 arborizations. The proximal border of layer M2
is also defined by the distal expansion of the L5 terminal,
which fills layers 1 and 2.

20%—-30% : layer M3, (L3 layer) extends from the proximal
border of the L2 arborization to that of the L3 terminal
and contains the main medulla arborization of the lamina
wide-field neuron and most R§ terminals. The border be-
tween M2 and M3 is marked by the line amacrines (Dm3;
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Fig. 2 A-D. Horizontal sections through the heads of different adult
Drosophila melanogaster showing typical examples of neuronal im-
pregnation after the application of the mass Golgi-Colonnier pro-
cedure. One purpose of these low magnification pictures is to show
the spatial arrangement of the optic lobe in the head capsule. Note
that each brain shows an individual pattern of impregnation reveal-
ing only certain aspects of its neuronal organization. Furthermore,
although in most brains many neurons are impregnated, it is often
easy to identify the shape of single neurons (e.g., in A and D).
In A a giant medulla tangential element projecting its axon via
Cuccatti’s bundle into the medulla is impregnated, as well as two
medulla columnar neurons (Mif and Tm6; see Fig. 27F for higher
magnification); B shows the arborizations of several C3 neurons
in the medulla (see Fig. 26 F for higher magnification); in C tangen-
tial elements of the medulla and lobula-complex are impregnated
(see also Fig. 28 A); in D two 75 neurons terminating at different
levels of the lobula plate can be seen; oes oesophagus. x 180

Fig. 5) visible as a narrow band in reduced-silver prepara-
tions (most distally placed arrow in Fig. 1D).

30%-35%: layer M4, (L4 layer) this rather slim layer lies
between the L3 terminal and the proximal L arborization.
It contains the proximal L4 arborization, and the long ter-
minals of R8.

35%-43%: layer M5, (proximal L1 layer) is defined by
the proximal L arborization, and also contains the proxi-
mal L5 terminal.

43%-54%: layer M6, (R7 layer) this layer lies between the
L1 arborization and the serpentine layer. It contains the
terminal enlargements of R7 and may tentatively be further
divided into layer M6a and layer M6b according to the
two types of R7 terminals.

54%—66% : layer M7 (serpentine layer). This layer contains
tangentially oriented axons of many medulla tangential
neurons (Figs. 57, 14-17). In reduced-silver-impregnated
sections it is easily identified as the extension of Cuccatti’s
bundle into the medulla neuropile (Fig. 1).

66%—73%: layer M8 is defined by stratified arborizations
of certain medulla intrinsic neurons (e.g., Mi3-7, Fig. 4),
by Tm and TmY neurons (Figs. 8—13), and by the lamina
efferent C2.

73%-91% : layer M9 houses several types of medulla amac-
rine cells (e.g. PmI, Fig. 5).

91%-100%: layer M10 (T4 layer) is the innermost layer
of the medulla. It is defined by the height of the bushes
of T4 neurons (Figs. 14, 26F).

Lobula plate (for subdivision see Fig. 6). The lobula plate
can be subdivided into different layers according to strati-
fied arborizations of axonal and dendritic terminals as well
as by functional criteria (Buchner et al. 1984). At least four
thin layers have to be distinguished.

0%-25%: layer Lopl (HS layer) is the innermost layer
of the lobula plate, abutting the inner chiasm. The dendrites
of the HS cells (Fig. 20) arborize exclusively in this layer.
According to Buchner et al. (1984) this layer contains ele-
ments that are sensitive to movement from front to back
(progressive movement).

25%-50%: layer Lop2 contains the terminals of T5b cells
(see Table 1; Fig. 14). According to Buchner et al. (1984)
this layer contains neurons that are sensitive to movement
from back to front (regressive movement).

50%-75%: layer Lop3 contains the terminals of T3¢ cells
(see Table 1; Fig. 14). According to Buchner et al. (1984)
this layer is activity labeled by upward movement.



75%-100%: layer Lopd (VS layer) contains most of the
dendritic arborizations of the V.S neurons (Fig. 18) and 74d
and T5d terminals (Fig. 14). This layer is activity labeled
by downward movement (Buchner et al. 1984).

Lobula (Fig. 4)

0%-10%: layer Lol (75 layer) is defined by the dendritic
specializations of 75 neurons (Fig. 14) and by the terminal
arborizations of Tm1! and Tm9 (Fig. 8).

10%—16%: layer Lo2 is occupied by the lobula tangential
Lt5 (Fig. 7).

16%—-23%: layer Lo3 contains specializations of the lobula
tangential L6 (Fig. 18).

23-52%: layer Lo4, 52%-75%: layer LoS, 75%-100%:
layer Lo6. These layers are not as clearly defined as the
other layers. They mark limits, however, within which sev-
eral cell types tend to restrict their arborizations, e.g., Lt7
in layer 6 (Fig.4), Lcnl in layers Lo5S and Lo6 (Fig. 5)
and Lcn5 in layers Lo4 and Lo5 (Fig. 15). A further subdivi-
sion of Lo4 seems possible (e.g., the stratified terminals
of Tip cells in Fig. 4).

3. The Golgi shapes of neurons in the optic lobe

For Lepidoptera (Strausfeld and Blest 1970) and large Dip-
tera like Eristalis, Calliphora, Syrphus (Strausfeld 1970),
and Musca (Strausfeld 1971, 1976), detailed descriptions
of neuronal shapes inside the optic lobe are already avail-
able. The present documentation shows a very similar cellu-
lar organization for Drosophila. The principles of optic lobe
constructions are comparable. The shapes of neurons are,
however, variable species-specific and in many cases the
altered shapes suggest changes in neuronal connectivity.

3.1. Terminology and the classification of neuronal types into
“columnar”’ and “‘tangenital”’

Columnar neurons establish multiple and stacked retino-
topic maps in the optic lobe. They connect the distinct cellu-
lar regions: retina, lamina, distal medulla, proximal me-
dulla, lobula, lobula plate, and optic foci in the central
brain. Retinotopy requires a mapping of one level upon
another by fibers that strictly maintain their topographical
relationships. The projection of retinal fibres R1-6 is a spe-
cial case in which the projection pattern corrects for the
optics of the retina according to the rules of the neural
superposition eye (Braitenberg 1967 ; Kirschfeld 1967).

A neuron is classified as columnar irrespective of the
lateral extent of its arborizations if its axon is oriented par-
allel to the main axis of the visual columns. This classifica-
tion, therefore, requires unambiguous recognition of the
axon, which may be difficult if impregnation is incomplete.
The periodicity of columnar neurons may be the same as
or some multiple of that of the visual columns. The colum-
nar neurons are further classified according to the position
of their cell bodies, the shape and position of their arboriza-
tions, and the projection areas of their terminals.

It should be noted that our definition of columnar neu-
rons leads to a reclassification of some neuronal types that
were formerly described as “tangenital” neurons because
of the wide spread of their collaterals. One practical justifi-
cation to use the orientation of the axon as the main criteri-
on is that there is a continuous transition from small- to
large-field columnar neurons. Another, scientifically more
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compelling, reason is that from a developmental point of
view the position of cell bodies and the initial direction
of axonal outgrowth is similar for the two kinds of cell
types. The distinction between them rests upon the later
secondary development of patterns of dendrite arboriza-
tions.

Most basic cell types that are described from the optic
lobe of Musca (Strausfeld 1976) also have been found in
Drosophila. In many cases identification of homologous
neurons in the two species is straightforward. This is
especially true for lamina monopolar neurons, T- and C-
cells, and lobula plate tangentials. In these cases it is clearly
justified to use in Drosophila the same designations as in
Musca (Strausfeld 1976). For many other neurons only edu-
cated guesses about their homologous counterparts are pos-
sible or a basis for such guesses may even be missing due
to the lack of intermediate phenotypes. Whenever plausible,
we name possible homologous counterparts of the Drosoph-
ila neurons in other Diptera. With regard to future compar-
ative studies, labeling of neurons in our account is not based
on features that are likely to vary in the course of evolution
like the number of stratifications and the shape of dendritic
fields.

In the following we document the Golgi-impregnated
forms of most cell types found so far in the optic lobe
of wild-type Drosophila. Not all neurons drawn by camera
lucida are shown in the micrographs and vice versa. Since
there are so many neurons, we have tried to avoid a verbal
description of all of them, but rather prefer to point to
those neurons and features which we consider especially
interesting.

3.2. Retinula cell terminals

3.2.1. In the lamina. The thick axonal terminals of retinula
cells R1-6 extend through the entire length of a cartridge
in the lamina (Fig. 3A). They have recently been shown
to be most probably histaminergic in larger flies (Hardie
1987; Naissel et al. 1988). Electron microscopic cross sec-
tions show that in each cartridge six such electron-dense
terminals, which are filled with vesicles, surround lighter
profiles of presumed lamina monopolar neurons (Hauser-
Holschuh 1975). It is interesting that in Drosophila the re-
ceptor terminals often possess spinelike extensions that have
not been described in larger flies (e.g., Strausfeld 1976).
This possibly is a direct consequence of the small size of
Drosophila. The size of single synapses is approximately
the same in Musca and Drosophila even though the termi-
nals are much smaller in Drosophila (Hauser-Holschuh
1975). A certain number of synapses per terminal may thus
require a relative enlargement of the smaller cell surface
in Drosophila.

3.2.2. In the medulla. The axons of receptor cells R7 and
RS of the same ommatidium project in close proximity
through the underlying cartridge of the lamina without any
signs of synapse formation. They reach the medulla via
the first optic chiasm and penetrate deeply into the distal
medulla (Figs. 3A, 25A, B). They differ in the depth of
their termination and display different immunoreactivities.
R7 neurons are possibly GABAergic (Datum et al. 1986),
while R8 seems to be histaminergic (Néssel et al. 1988),
like the receptor terminals of R/—6 in the lamina. Campos-
Ortega and Strausfeld (1972a, b) found that in Musca R7
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Fig. 3A-D. Camera lucida drawings of receptor cell axons and
of neurons connecting the lamina with the medulla. The composite
picture represents the view of a horizontal section through the
neuropiles and the first optic chiasm at the level of Cuccatti’s bun-
dle. The parallel curved lines drawn across the medulla mark the
borders of the 10 layers, which are defined by the arborizations
of neurons as explained in the text. The serpentine layer (M7)
separates the distal from the proximal medulla. Receptor axons
of the retinula cells R7-R6 terminate in the lamina, while the axons
of the retinula cells R7 and RS& project into the medulla. Two
variants of each of the 2 types of long visual fibers have been
drawn. The long types of R7 and R8 terminals are rare. Nine
interneurons are depicted, which arborize in lamina and medulla.
Their stratifications define the borders of the 6 layers of the distal
medulla. The 5 lamina monopolar neurons (LI-L5) have their cell
bodies in the cell body rind distal to the lamina neuropile. The
cell bodies of 2 interneurons (77 and lamina wide field LawfT)
lie in the cell body rind of the distal medulla; C2 and C3 cell
bodies are located between the posterior rim of the proximal me-
dulla and the lobula plate. With the exception of the Lawf! neuron
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one representative of depicted neurons occurs per column. The
number of Lawf! neurons and their distribution amongst cartridges
is still unclear for Drosophila. The scale bar applies to Figs. 3-20;
B composite of camera lucida drawings showing the lamina tangen-
tial neuron (Laf) with arborizations in the lamina cell body rind,
a lamina intrinsic neuron (Lai), and terminals of short receptor
axons (RI-R6). The Lat neuron was impregnated only in one fly.
Unfortunately its axonal projections could not be traced; C com-
parison of the shapes of L7 and L4 neurons of Drosophila melano-
gaster and Musca domestica. The Musca neurons have been re-
drawn from Strausfeld and Campos-Ortega (1972) and adjusted
to the size of the Drosophila neurons. Please note the much more
regular structure of the LI dendrites in Musca as compared to
Drosophila. The different pattern of arborization suggests species-
specific connectivity of both neuronal cell types; D comparison
of the shapes of T7 neurons of Drosophila melanogaster and of
a decapod (Hanstrém 1928). The similarity of the neurons is re-
markable and may suggest that they perform a basic and conserved
visual function

and R& axons terminate in different medulla layers without
branching. This is true as well in Drosophila (Fig. 3 A).
Just before they enter the medulla neuropile, R7 termi-
nals have a characteristic swelling. The axons are rather
slim in layers M1-3 before they form a club-, foot- or head-
shaped terminal in the distal half of layer M6. A rare, but
consistently occurring variant terminates more deeply in

the proximal half of this layer (Fig. 25B, arrows). There
also may be two types of RS terminals, some ending in
layer M3, others in layer M4 (Fig. 3A). The long variants
of R7 and RS seem to be too rare to be correlated with
the distribution of the different kinds of pigments in the
pale and yellow R7 rhabdomeres of Drosophila (N. Frances-
chini, as cited in Heisenberg and Wolf 1984; review for
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Musca: Hardie 1986). In Calliphora erythrocephala Straus-
feld and Wunderer (1985), confirmed by Néssel et al.
(1988), have found that dorsal marginal long receptor end-
ings project more deeply into the medulla than the majority
of R7/8 axons. The variability described here by us is a
different phenomenon, which is not restricted to marginal
columns. It may correspond to the variability of ““normal”
R8 receptor terminals, which is also apparent in Musca
and Calliphora (Nissel et al. 1988). Whether it has some
functional significance is still unclear. Specialized dorsal
rim receptors in Drosophila have been seen in electron
microscopical (EM)-sections at the level of the retina
(unpublished results). They were, however, not Golgi im-
pregnated.

Comparison of the shapes and the different termination
strata of R7 and RS8 clearly suggest that their terminals
are connected to different (albeit probably overlapping) sets
of postsynaptic neurons. Inside the medulla columns R7
and R&8 axons are close together (Campos-Ortega and
Strausfeld 1972b). Their different immunoreactivity has
provoked the postulation of an antagonistic interaction of
R7 and R8 (Nissel et al. 1988).

3.3. Intrinsic columnar neurons of the optic lobe

3.3.1. Neurons connecting the lamina with the distal medulla
and lamina amacrine cells. The layer between the basement
membrane of the compound eye and the lamina neuropile
contains the cell bodies of five types of lamina monopolar
neurons (L7-5). These neurons differ in shape and connecti-
vity. The latter has been shown by electron microscopy
in Musca domestica (Boschek 1971; Strausfeld and Cam-
pos-Ortega 1977; Shaw 1981). Some data about the synap-
tology of lamina neurons in Drosophila are reported by
Hauser-Holschuh (1975). A more detailed investigation on
Drosophila, that indicates some differences with respect to
the connections in Musca is in preparation (S. O’Neil and
J.A. Meinertzhagen, in preparation). The differences in the
shapes of the neurons in Musca (Strausfeld and Campos-
Ortega 1972; Strausfeld and Nissel 1981) and Drosophila
(Fig. 3A, C) should justify further comparison between
these two species.

L1 and L2 neurons. Judged from the size of their axons
L7 and L2 seem to be the most important relay neurons
of the fly’s lamina. Their radially arranged dendrites
(Fig. 3A) are postsynaptic to all six receptor terminals of
the cartridge in a tetrad type of synapse (Burkhardt and
Braitenberg 1976; Nicol and Meinertzhagen 1982). At the
EM level L2 can be distinguished from L! due to its feed-
back synapses onto receptor terminals (Meinertzhagen and
O’Neil 1988). In addition to the regularly arranged den-
drites along the length of a cartridge, LI neurons (Straus-
feld and Campos-Ortega 1972) and L2 neurons (Strausfeld
and Nissel 1981) in Musca may possess a garland of short
collaterals near the distal surface of the lamina neuropile.
This collar seems to be an optional feature as both cell
types are sometimes shown without it. According to the
data of Strausfeld and Campos-Ortega (1977) summarized
in Shaw (1981), C2 neurons in Musca may synapse with
L1 neurons in the collar region. The L7 and L2 neurons
of Drosophila differ from their counterparts in Musca
(Fig. 3C), argued elsewhere to be homologous (Shaw and
Meinertzhagen 1986), in that collars are always absent and
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Fig. 4. Composite of camera
lucida drawings showing medulla
intrinsic neurons (Mji),
translobula-plate neurons (7/p)
and the arborizations of the
lobula tangential 7 (Lt7) in the
most anterior layer of the lobula.
Medulla intrinsic neurons connect
the distal with the proximal
medulla. Their cell bodies are
located in the medulla cortex. Mi!
is very frequently stained. It has
been called Sut (small field
unilateral tristratified neuron) in
earlier work (Fischbach 1983a).
Tip neurons have their cell bodies
in the cortex of the lobula plate.
They connect different layers of
the lobula plate with layer Lo4.
Their narrow stratifications
suggest that this layer of the
lobula could be further subdivided

Fig. 5. Composite of camera
lucida drawings showing amacrine
cells of the distal (Dm) and
proximal medulla (Pm), as well as
the wide-field translobula-plate
neuron Tlp5, the lobula tangential
Lt1 and the lobula columnar
neuron Lcnl. The assembly of
Dm3 line amacrine cells forms a
thin network of fibers at the
border between layers M2 and
M3. This network is visible in
silver-stained preparations as a
thin, intensely stained
stratification of the distal medulla
(see arrow in Fig. 1D). It is
noteworthy that the PmI! and
Pm2 neurons arborize only in
layer M9. This is one of the
criteria for separating layers M8
and M9. The arborizations of the
lobula tangential Lt/ in the lateral
protocerebrum can be seen in
Fig. 22A
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Fig. 6. Composite of camera
lucida drawings showing various
cell types in the optic lobe. Most
interesting is the transmedullary
neuron 7m28, which has a long
unilateral arborization in the layer
of line amacrines (sec Fig. 5) and
a retinotopically orientated
terminal in layer 6 of the lobula.
This neuron has so far only been
found in parts of the neuropile
that subserve the frontal visual
field. The same is also true for
M8, a tangential neuron
innervating the lateral
protocerebrum and the innermost
layer of the lobula. The terminal
arborizations of M8 are depicted
in Fig. 21 B

Fig. 7. Composite of camera
lucida drawings showing various
cell types in the optic lobe. the
central brain projections of the
medulla tangential neuron M¢7
are depicted in Fig. 21 A. Mi10
connects the L3 layer (M3) with
M9. Lt5 is a beautiful, stripfield
tangential element of the lobula in
layer Lo2, while L#4 arborizes
more diffusely in layers Lo5 and
6. The lobula plate element shown
(Lpi) is the only lobula plate
amacrine encountered in this
study
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Table 1. The relative depth of Golgi-impregnated T4 and T5 terminals in the lobula plate

Depth* Number of T4 terminals Number of T35 terminals TS5 neuron
terminating
Absolute % Absolute %
0-10 1 1.3 3 2.5
10-20 10 12.5 24 20 TSa
20-30 6 7.5 2 1.7
30-40 9 11.3 11 9.2
40-50 7 8.8 19 15.8 T5b
50-60 0 0 3 2.5
60-70 10 12.5 18 15.0 T5c
70-80 10 12.5 9 7.5
80-90 19 23.8 21 17.5 T5d
90-100 8 10.0 10 8.3

? The depth of the deepest terminal arborization of a cell is given in percent of total thickness of
the lobula plate at that position where the cell was impregnated. Selective impregnation of cells terminating

at certain positions cannot be ruled out completely

the arrangement of spines along the length of a cartridge
is less orderly.

We were not able to distinguish L7 and L2 reliably in
Drosophila merely from their Golgi-impregnated shape in
the lamina. L7 and L2 neurons in Musca and Drosophila
can most easily be identified by tracing their axons into
the medulla (see Fig. 3 A). The pattern of terminal arboriza-
tions of L1 neurons in the medulla of Musca and Drosophila
define two medulla layers by the location of their distal
and proximal terminals (in layers M1 and M35, respectively).
However, the distal LI specialization is more pronounced
in Drosophila, while in Musca the neuron shows a small
additional arborization in the proximal part of M2 (see
Fig. 3¢). The L2 terminal defines the second layer of the
medulla, immediately proximal to the distal L7 arboriza-
tion. The L2 layer is shared with the 77 medulla specializa-
tion.

The L3 neuron. L3 is visibly distinct from L7 and L2 at
the level of the lamina. The spines are arranged to one
side like bristles on a toothbrush (see Fig. 3A; please note
that no preferential orientation of the L3 spines was found).
In Drosophila the L3 axon is spiny along its entire extent
in the lamina neuropile, and the spine length decreases
proximally. In Musca the L3 spines are entirely restricted
to the distal two-thirds of this neuropile (Strausfeld and
Campos-Ortega 1972, 1973b). L3 axons terminate in the
third tayer of the medulla. In contrast to the L/ and L2
specializations, L3 terminals may invade more than one
medulla column. Compare the lateral extent of the terminal
arborizations of these neurons in Fig. 3A.

The L4 neuron. The differences between L4 neurons of Dro-
sophila and Musca are most striking (Fig. 3C). In the proxi-
mal lamina of Musca, L4 neurons have two to three collat-
erals, which form reciprocal synapses with L4 collaterals
of two neighboring cartridges and are presynaptic to L7
and L2 neurons of their own and two neighboring car-
tridges (Braitenberg and Strausfeld 1970; Braitenberg and
Debbage 1974). Distally located dendrites that are postsyn-
aptic to lamina amacrine cells have to be considered as
the input device for this L4 network (Strausfeld and Cam-
pos-Ortega 1973a). In Drosophila the distal dendrites are
absent. Furthermore, the shape of the proximal collaterals

is different from that in Musca. They originate at the proxi-
mal neuropile border of the lamina and extend distally be-
ing confined to the inner one-third of the neuropile. Their
lateral extension is surprisingly narrow compared to that
of their Musca homologues, and comparable to that of the
T1 basket (Fig. 3A, D). They synapse on the L4 collaterals
of neighboring cartridges (S. O’Neil and I.A. Meinertzha-
gen, in preparation), as in Musca, but do so with a different
morphology.

In the medulla, the L4 arborizations also look distinctly
different in the two species (Fig. 3 C). It is therefore possible
that evaluation of serial electron micrographs will reveal
connectivity differences between L4 neurons in Musca and
Drosophila. :

The L5 neuron. L5 neurons hardly arborize in the lamina.
They have zero to two small spines near the distal surface
of the lamina neuropile. In Musca L5 is said to be postsyn-
aptic to the lamina wide-field neuron and to the amacrine
cells (Strausfeld and Campos-Ortega 1977). It, therefore,
seems possible that the activity of the L5 neuron represents
a measure of the activity in several neighboring cartridges.

At first glance the L5 terminals in the medulla resemble
L7 terminals (Fig. 3A). The arborizations, however, show
a much finer branching pattern and the distal specialization
is not restricted to the LI layer but reaches into the L2
layer.

Amacrine cells. Lamina intrinsic cells (amacrine cells) did
not stain frequently. The best examples are from mutant
flies (no shown). Fig. 3B contains a reconstruction of a
wild-type intrinsic neuron (Lai). Its shape is similar to that
already described in Musca (Campos-Ortega and Strausfeld
1973). The a-type climbing fibers described by Trujillo-
Cenoz (1965) derive from this intrinsic neuron in Musca
(Campos-Ortega and Strausfeld 1973). In this species, single
cartridges may derive their a-fibers from one to six different
amacrine cells (Campos-Ortega and Strausfeld 1973).
Whether this is true in Drosophila as well has to be shown
by Golgi electron microscopy. Lamina amacrine cells have
been compared with horizontal cells in vertebrate retinas
and their possible role in neural adaptation and lateral inhi-
bition has been discussed (Strausfeld and Campos-Ortega
1977).



3.3.2. Neurons connecting the distal or proximal medulla with
the lamina (T1, lamina wide-field and C-cells). The medulla
neurons 77, lamina wide-field (La wf), and centrifugal cells,
C2 and C3, project into the lamina (Fig. 3 A). The cell bod-
ies of T1 neurons are located in the outer layer of the distal
cell body rind of the medulla (medulla cortex), which as
a whole is formed by the outer optic anlage (Meinertzhagen
1973; Hofbauer 1979). The fiber of the T7 cell body
branches at the medulla surface in a T shape to form the
linking fiber between a bushlike arborization in the distal
medulla and a bundle of climbing fibers in the lamina. The
latter form a characteristic basket, and have been shown
in Musca to contribute f profiles to the cartridge cross
section (Campos-Ortega and Strausfeld 1973); these are
closely associated with a profiles of amacrine cells (see
above).

In Musca and Lucilia, T1 neurons, like L4 and L5, are
third-order interneurons. Despite earlier reports in the liter-
ature they do not seem to obtain direct input from photore-
ceptors (Nicol and Meinertzhagen 1982; Shaw 1984). In
Lucilia T1 neurons are instead said to be postsynaptic to
L2 neurons at tetrads, which include also the feedback syn-
apse of L2 to photoreceptors (Shaw 1984). In Drosophila
T1 is replaced by L4 at this synapse (Meinertzhagen 1989).
In Lucilia (Shaw 1984) and Musca (Boschek 1971; Burk-
hard and Braitenberg 1976) T1 cells also receive « input
at complex glial invaginations called gnarls, and there are
reciprocal T1 inputs upon a. In Drosophila the interface
between a- and f-fibers differs from its Musca homologue
at the ultrastructural level (Hauser-Holschuh 1975). The
gnarls are non-invaginating and there are no § inputs upon
o (Meinertzhagen 1989).

T1 neurons have been impregnated very often in our
preparations. By comparing 77 cells from different regions
of the retinotopic array it is apparent that there are no
obvious variations of 77 shape in the antero-posterior or
dorso-ventral plane. Recent labeling of the entire 77 array
using a specific antibody also shows its homogeneity
(Buchner et al. 1988).

T1 cells are remarkable insofar as quite similar cell types
have already been described to connect the first and second
optic neuropiles underlying compound eyes of so distantly
related arthropods as Chelicerata and Decapoda (Han-
strom 1928; Strausfeld and Nissel 1981). In Fig. 3D the
T1 neuron of a fly is compared with that of a decapod.

The cell bodies of lamina wide-field neurons are part
of the medulla cortex. It is possible that two distinct types
exist in Drosophila. The tangential La wf7 is depicted in
Fig. 3A, and part of the tangential La wf2, in Fig. 24F. In
the lamina the arborizations of La wf2 are restricted to the most
distal layer occupying about 20-25 cartridges (Fig. 24 F).
The specializations of La wf1 are more widely spread and
seem to cover about 60 cartridges (Fig. 3A). In Musca two
different kinds of lamina wide-field neurons have been de-
scribed as well (named lamina tangentials Tan! and Tan2,
Strausfeld 1970; Strausfeld and Néssel 1981). One (Tanl)
is said to be presynaptic to R1-6 and LI1-3, the other (Tan2)
is presynaptic to L5 (Strausfeld and Campos-Ortega 1977).

At the level of the medulla we did not detect differences
between the two types of lamina wide-field neurons of Dro-
sophila. They arborize at the distal surface of the medulla
and seem to cover a circular area of about 20 columns;
several linking fibers project into the M3 layer, where a
rich arborization enters 3040 columns (Fig. 3A). The main
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fiber of the lamina wide-field neurons ascends via the first
optic chiasm into the lamina. The similarity of the medulla
specializations of /a wf1 and la wf2 leave some doubt wheth-
er the two forms really represent two different cell types
or only two variants of one. So far both elements have
not been seen together in the same preparation.

C2 and C3 neurons are derived from the inner optic
anlage because their cell bodies lie posteriorly between the
proximal face of the medulla and the lobula plate (Fig. 3A).
In the medulla neuropile the arborizations of C3 and
especially C2 cells extend into neighboring columns at sev-
eral levels (Fig. 3A). The layers and extent of C2 and C3
arborizations are very similar in Drosophila and Musca,
although Drosophila C2 neurons show an additional arbori-
zation just proximal to the serpentine layer. So far, the
synaptic connections of C2 and C3 cells have been described
in the lamina of Musca only (Strausfeld and Campos-Or-
tega 1977). In that species, their synaptic specializations
within the lamina are each restricted to a single cartridge.
C2 is presynaptic to R1—6 and L1-3, while C3 is presynaptic
to L1 and L2. C2 fibers contain GABA and glutamic acid
decarboxylase in the blowfly (Datum et al. 1986). There-
fore, it is reasonable to speculate that C2 is part of a nega-
tive feedback loop to the lamina.

. 3.3.3. Neurons connecting the distal and proximal medulla

and medulla amacrine cells. The medulla appears to be the
most complex of the optic neuropiles with regard to number
of cell types. Campos-Ortega and Strausfeld (1972a) esti-
mated that in Musca 120 different cell types participate
in the neuropile formation of any single column. Among
these are the receptor terminals R7 and RS, 10 lamina-
medulla neurons, 34 columnar neurons occurring in every
column, and 74 neurons of less frequent periodicity (Cam-
pos-Ortega and Strausfeld 1972a). There is no evidence for
any less complexity in Drosophila. So far, this fact has de-
terred the electron microscopists from analyzing medulla
synaptology. The analysis of neuronal cell types participat-
ing in the formation of the medulla neuropile from Golgi
impregnation is a necessary first step for subsequent studies
at the ultrastructural level.

The medulla neuropile of insects and of crustaceans con-
sists of a distal and proximal part, which are separated
by the serpentine layer formed by the axons of large medulla
tangential neurons (Strausfeld and Nissel 1981). Cells parti-
cipating in the formation of the distal neuropile are mainly
derived from the outer optic anlage (Meinertzhagen 1973)
and their cell bodies are situated in the distal medulla cor-
tex. The neuropile of the proximal medulla is formed in
part by neurons derived from the inner optic anlage, and
many of its cell bodies are situated in the rind between
the proximal face of the medulla and the lobula plate.
Therefore, neurons connecting the distal and proximal me-
dulla connect distinctly different neuropiles and are here
considered separately from those neurons that arborize ex-
clusively in one or the other.

In Figs. 4 and 6, 10 types of medulla intrinsic neurons
(M cells) are shown that connect the distal with the proxi-
mal medulla neuropile. Note the small-field unilateral tri-
stratified Mil neuron (Fig. 4). Its two fine-branched, den-
sely packed dendritic stratifications in the distal medulla
coincide with those of the LI terminal. This suggests that
Mil gets direct input from the lamina. The axonal terminals
of Mil in the proximal medulla are very characteristic. The
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axon branches at the inner face of the medulla to form
two to three varicose recurrent terminal specializations,
which extend backwards up to the inner border of layer
M8. Due to its high frequency of impregnation Mif is well
suited to serve as a natural marker of medulla layers in
Golgi preparations (see Figs. 26 A, C-E; 27D, F). We
found examples of this cell type in all parts of the retino-
topic field. As in the case of T7 neurons and long visual
fibers, no obvious position-dependent variation of their
shape was found (e.g., Fig. 26 E). Mil may be homologous
to the small field unilateral bistratified (Sub) neuron of the
blow fly (Strausfeld 1984).

The structures of the terminals of Mi8 and Mi9 in the
proximal medulla are Mil-like, although that of Mi8 resides
in layer M8 only. These two cells possess only one stratifica-
tion in the distal medulla, which does not reach into the
L1-layers M1 or M5. They may contact the other lamina
monopolar neurons. Mi9 is reminiscent of the small-field
unilateral bistratified neuron described in Musca (Strausfeld
1976; his Plat 7.12D).

Noteworthy is also Mi3 (Fig. 4). This neuron has radial
specializations in layers M6 and M8 with small extensions
into layer M9. The specializations in M6 arise due to two
or more recurrent fibers originating from layer M8. A neu-
ron of very similar shape and position has been described
in Calliphora (Strausfeld 1970; called Lfbb1 in his Fig. 79).

Typical examples of amacrine cells are shown in Figs. 5
and 6. They have been called Dm, if they aborize exclusively

Fig. 8. Composite of camera
lucida drawings showing various
types of transmedullary neurons.
These neurons have their cell
body distal to the medulla
neuropile, arborize in one or
several layers of the medulla and
their axons project into the
lobula. Some Tm variants may
send short branches into the
lobula plate (e.g., 7Tm3Y in Fig. 13
is a variant of Tm3, and Tm5Y in
Fig. 11 a variant of Tm35), but
neurons with a cell body in the
distal medulla cortex terminating
exclusively in the lobula plate do
not exist. It is instructive to
compare variants of the same
type, e.g. Tmi with Tmla, and
Tm18 with Tm18a. In these cases
the arborizations in the proximal
medulla either sprout directly
from the main fiber or they are
connected to it by a stalk. It is
remarkable that most 7Tm neurons
do not have any specializations in
M10 (the T4 layer). Tmli, Tm2,
and Tm9 are the only Tm neurons
that terminate superficially in the
lobula

in the distal medulla, or Pm, if they branch exclusively
in the proximal medulla. Amacrine cells are often restricted
to one layer (e.g., Pml, Dml). Others connect different
layers but these do not necessarily abut each other (e.g.,
Dm7). Comparison of the amacrine cells with those of
Musca (Strausfeld 1976; unlabeled cells in his plate 7.12D,
E) suggest that related types seem to exist in both species,
but interspecific variability seems to be pronounced,
especially among Dm cells. A possible exception are the
unilateral line amacrine cells (Dm3, forming a stratum in
reduced-silver preparations; see distal arrow in Fig. 1D),
which have been reported to occur in Musca (Strausfeld
1976), Calliphora and Eristalis (Strausfeld 1970). The Pm
cells shown in Fig. 5 also seem to have their homologous
counterparts in Musca (Strausfeld 1970).

For reasons explained below, the neuron called M¢14
in Fig. 27E, which resides entirely inside the medulla, is
not listed under this heading.

3.3.4. Neurons connecting the distal medulla with the lobula
(Tm cells). Figs. 811 depict columnar cell types with a
cell body in the distal rind of the medulla that penetrate
the medulla neuropile into the lobula (transmedullary neu-
rons, Tm cells). A common characteristic of these neurons
is that they arborize only at certain levels of the medulla
neuropile, different types choosing different layers. They
are also distinguished by the lateral extent of their arboriza-
tions and by the depth of their projections into the lobula.



Fig. 9. Composite of camera
lucida drawings showing various
types of Tm cells and the Y7 cell.
The Y7 cell has its cell body in
the rind of the lobula plate and
arborizes extensively, in an
asymmetrical manner, in this
neuropile. It sends one relatively
small branch into the medulla,
another into the lobula. It is
apparent that the unilateral lobula
terminal occupies the same
retinotopic region as the bushy
lobula plate arborization. The
unusual appearance of the
terminal of the Tm3 neuron
shown is noteworthy. The cell
terminates in the lobula in the
same layer in which other Tm5(Y)
neurons arborize (Figs. 8, 10, 13),
but during its growth the axon
apparently missed its target
neurons in that layer at the first
encounter and had to grow back
again. Another remarkable cell
type is Tm19, which has two
unilateral dendritic extensions,
one in M3, the other in M8.
Tm19 terminates in Lo4-6 again
in a unilateral fashion. The
axonal terminals arborize in that
region of the lobula that
subserves the same visual field as
the posterior medulla. Please note
that the Tm neurons hardly have
any specializations in M10

Fig. 10. Composite of camera
lucida drawings showing Tm cells
and TmY11. Two additional Tm5
neurons have been included to
give an impression of the
variability between cells of the
same type (see also Figs. 8, 9, 13).
Tm8, Tm12, Tmi3, Tm21, and
Tm22 also spare the M10 layer.
Tm22 and Tm8 have several
characteristic features in common
(e.g. the recurrent linking fibers
from the arborizations in M8 to
M6 and M4), and might be
different variants of one Tm type,
although the widths of their
dendritic arborizations are
different (see Discussion)
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TmY13

In most cases the shape of their specializations in the me-
dulla and lobula are very different, showing extensive fine
branching in the medulla only. They thus have a compara-
ble architecture to lamina monopolar cells between the la-
mina and medulla.

Due to the selective stratification of Tm neurons as
well as of lamina monopolar neurons in the medulla, synap-
tic contacts between certain neuronal pairs are more likely
than between others. The consequence of this is the obvious
existence of different pathways for the afferent flux of
information. Specifically, the most prominent lamina
monopolar neurons (L7-3) seem to be connected to differ-
ent Tm neurons. This can nicely be exemplified by pointing
to the implications of Tm1 and Tm3 structure (a quantita-
tive analysis of this kind of data using all columnar cell
types documented in this report is in preparation). As seen
in Fig. 8 Tm3 will hardly receive input from L2 (Fig. 3A);
its stratifications overlap selectively the two L1 specializa-
tions as well as those of Mil (Fig.4) in M1 and MS.
Therefore, L1 Tm3, and Mil qualify to interact. The arbori-
zations of Tm3 and Mil in the proximal medulla further
allow for their direct connection to the T4 system (see
Fig. 14).

Unlike most. Tm neurons, which project deeply into the
the lobula (like Tm3), Tml1, Tm2 and Tm9 (Fig. 8) terminate
superficially in the lobula. As the latter neuron was seen
much less frequently impregnated than Tm! and differs
only by its lack of arborizations in the proximal medulla,
the possibility exists that 7m9 is a rare variant of Tmi.

Fig. 11. Composite of camera
lucida drawings showing various
types of Tm cells, TmY13, and the
lobula columnar neuron Lend.
Tm23 and Tm24 are strange
insofar as they do show no
branching in the medulla. These
neurons seem to function as local
interneurons of the lobula. Tm26
has been identified only in those
parts of the optic neuropiles that
subserve the frontal visual field.
Its long unilateral arborizations
display an interesting feature, i.c.
the fine branches in M4, M6, and
partially also in M8 are derived
from linking fibers descending
from the dendrites at the interface
of layers M2 and M3

This may be true for Tm2 as well. Due to the stratification
of Tm1l-like neurons in the distal medulla (which avoid the
L1 layers) it is probable that their main input is not from
L1. Their arborizations overlap with other lamina monopo-
lar neurons, namely L2 and L3. In the proximal medulia
Tml-like neurons arborize in M9. In contrast to Tm3, they
have no specializations in M10 and it is, therefore, unlikely
that they represent a major input onto 74 neurons. The
Tm1-like cells arborize superficially in the lobula, which
means they are in a position to mediate visual input directly
onto the 75 system (see below). Hence, the visual pathways
leading to the lobula plate’s fine-grained visual input via
T4 and T5 cells (see Fig. 14) are already separated at the
level of the lamina. Using a structural analysis of the blow
fly’s visual system and a homologous set of neurons, Straus-
feld (1984) reached the same conclusion (the homologous
counterpart of Drosophila’s Tm3 neuron is called in his
account TmS5, that of Mil is called Sub; see section 3.3.3.).
He hypothesizes that in the lobula plate the convergence
of T5 and T4 terminals onto dendrites of the giant fiber
system allows for computation of movement.

While Tm1 and Tm3, due to their structural characteris-
tics, immediately stimulate the above functional specula-
tions, not much can be said about possible roles of other
Tm neurons. However, their large number implies that flies
are able to filter different sets of visual data with different
sets of retinotopically organized neuronal networks.

Two special cases of Tm neurons shown in Fig. 11 need
mentioning. These neurons (Tm23, Tm24) do not seem to
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arborize in the medulla. Functionally they may therefore
represent two kinds of lobula amacrine cells. Alternatively,
like monopolar neuron L5 in the lamina (Figs. 3a, 24I),
they may have rare synaptic contacts in the medulla. One
of these Tm types has been seen in optic lobe rudiments
of eyeless sine oculis flies as well (Fischbach 1983a). In
view of their lack of medulla spines it is perhaps not surpris-
ing that they do not depend upon innervation from retina
and lamina neurons for survival which is, however, the case
for most other Tm neurons (Fischbach 1983a).

3.3.5. Neurons connecting the distal medulla with both the
lobula and the lobula plate (TmY cells). Transmedullary
Y cells have many features in common with the Tm neurons.
Their cell bodies are located in the distal cell body rind
of the medulla and they project through the medulla neu-
ropile into the lobula. However, they differ from Tm neu-
rons in that they branch within the inner optic chiasm and
send a collateral into the lobula plate (see Figs. 10-13).
In Figs. 11, 13 it can be seen that this arborization is some-
times tiny. The overall shape differences between Tm and
TmY neurons are therefore graded, and in the extreme cases
very small. Some individual members of a retinotopic set
of transmedullary neurons may or may not form the branch
into the lobula plate. We believe this to be the case in
the sets of Tm5 and Tm3 neurons. Variants with a branch
into the lobula plate have been labeled by a Y after their
Tm number (see different 7m5 neurons in Figs. 8, 9, 10
and the variants 7m5Y in Figs. 11, 13, or Tm3 in Fig. 8
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Fig. 12. Composite of camera
lucida drawings showing various
types of TmY cells. TmY9 is a
remarkable cell with some
resemblance to 7m28. However,
its retinotopically oriented
terminal in the lobula is in layer
LoS and a paraliel branch
projects anteriorly along the
border of layer Lop1 and Lop2 of
the lobula plate. TmY35 is one of
the TmY cells that does not spare
M10

and Tm3Y in Fig. 13). Other neuronal types, however, al-
ways branch into the lobula plate. These have been classi-
fied as TmY cells, irrespective of the size of this branch
(e.g., TmY2 and TmY10 in Fig. 13). As in most Tm neurons
(one exception is Tm9, Fig. 8) all TmY cells arborize in
both the distal and proximal medulla.

Our terminology differs from that of Strausfeld and
Blest (1970) and Strausfeld (1970, 1976). These authors call
all columnar neurons that arborize in the medulla, the lo-
bula, and the lobula plate Y cells, irrespective of the posi-
tion of the cell bodies, while we distinguish between TmY
with their cell bodies in the medulla cortex and Y cells
with their cell bodies behind the lobula plate neuropile (see
section 3.3.8. and Figs. 9, 15). Our justification for a distinc-
tion between these neuronal types is that all TmY cells ar-
borize in the distal medulla and in the proximal medulla,
whereas the Y cells we have seen in Drosophila do not pro-
Jject into the distal medulla. Therefore, there is a clear differ-
ence in connectivity. Moreover, the different positions of
cell bodies indicate a different developmental origin. TmY
neurons are obviously produced by the outer optic anlage
while the Y cells are most likely descendants of the inner
optic anlage.

3.3.6. Neurons connecting the proximal medulla exclusively
with the lobula plate (T4 cells). T4 neurons (Fig. 14) stain
very frequently with the Golgi method. Their cell bodies
lie in the cell body rind posterior to the lobula plate. The
cell body fiber passes through the lobula plate neuropile
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Tm5Y

TmY 10

TmY8

Fig. 13. Composite of camera
lucida drawings showing various
types of transmedullary neurons
that send branches into the lobula
plate. Some of these cannot be
regarded as independent cell types
as they differ from certain types
of Tm neurons only by a tiny
branch into the first layer of the
lobula plate. They therefore have
been labeled Tm5Y or Tm3Y to
designate their assumed
membership in the respective class
of Tm neurons. For the other
TmY cells such relationships have
not been found. Notice that
TmY3 and TmY8 have short
varicose axonal collaterals in
M10. This is true for Tm3Y (and
for Tm3, Fig. 8, as well) which
underlines the exceptional
position of Tm3 cells among the
Tm cells (see section 3.3.4)

SR\

N
TN
)

\ Tm3Y

Fig. 14. Composite of camera lucida drawings
showing 72, T3, T4, and T5 cells. A medulla
tangential element (M¢71) invading the medulla
via Cuccatti’s bundle and arborizing in layer
M6 is shown as well. 72 and 73 connect the
proximal medulla (layer M9) with the lobula
(layers Lo2 and Lo3). T2 cells furthermore
project into the distal medulla. The variant
most often impregnated by the Golgi method is
stratified and arborizes in layer M5 and in
layers 1 and 2. The main fiber of the T2a
variant bifurcates in layer M5 and branches
through layers M1-5. This form also shows a
less pronounced restriction to layer M9 in the
proximal medulla and seems to project into
layer Lo3 instead of Lo2. The cell bodies of the
T cells lie clustered together with those of C2
and C3 (see Fig. 3A) between the posterior rim
of the medulla cortex and the lobula plate cell
body layer. Several (probably 4) types of T4
and 75 cells occur in each visual column. They
differ in the depth of their terminal projections
into the lobula plate (see Table 1). T4a and TSa
terminate in Lopl where the large dendrites of
the horizontal cells can be found. T4b (not
shown) and T5b terminate in layer Lop2, T4c
and T5c in Lop3. T4d and T5d arborize in layer
Lop4 at the level of the giant dendrites of the
VS cells



via the inner optic chiasm up to the inner face of the me-
dulla. There it bifurcates, giving rise to the linking fiber
connecting a bushy specialization in the innermost medulla
layer with terminal arborizations in the lobula plate. On
its way to the lobula plate the linking fiber closely follows
its cell body fiber. Comparison of the arborization levels
in the lobula plate of 80 Golgi-stained 74 neurons in wild-
type flies points to the existence of two to four different
variants of 74 neurons (see Table 1). At least one type of
T4 neuron in other Diptera synapses upon VS cells (Straus-
feld and Bassemir 1983; Strausfeld et al. 1984). Strausfeld
(1984) argues that T4 neurons play a key role in the compu-
tation of directional sensitivity. Buchner et al. (1984) identi-
fied four different layers of the lobula plate that have prefer-
ences for different directions of movement. The most anteri-
or layer of the lobula plate (corresponding in thickness to
layer Lop1) is sensitive to movement from front to back.
The next layer (corresponding to Lop2) is sensitive to move-
ment from back to front. The next deeper layer (Lop3)
is sensitive to upward movement, while the most posterior
layer (Lop4) detects downward movement. If 74 really
plays a key role in the detection of the direction of move-
ment, one should not be surprised to find several types
of T4 cells (Fig. 14; Table 1). Ultrathin serial sections of
Golgi-impregnated T4 cells are required to determine how
many different connectivity types exist in each column. It
should be noted that the terminals of the 75 neurons (see
section 3.3.9.), which are very similar to 74, arborize at
four distinct levels in the lobula plate (see Table 1). 74
and 75 terminals at four levels of the lobula plate are seen
in the micrograph of Fig. 29B.

3.3.7. Neurons connecting the proximal medulla exclusively
with the lobula (T2 and T3 cells). The cell bodies of 72
and T3 cells are clustered posteriorly in the space left by
the medulla and lobula plate neuropiles (Fig. 14). Their
fibers travel along the inner face of the medulla to their
respective columns where they bifurcate in a T-like fashion,
sending one branch distally into the medulla and the other
into the isotopic column of the lobula.

The dendrites of T3 neurons arborize within single col-
umns of the proximal medulla, bypassing the innermost
layer in which the arborizations of 74 predominate. They
send their axons into the lobula neuropile where they termi-
nate in the third layer.

T2 neurons differ from 73 neurons in two respects.
While their arborizations in the proximal medulla are very
similar to those of T3 neurons, 72 cells possess additional
dendrites in the distal medulla. Type 72 arborizes in layers
M1, M2, and M5. Type T2a bifurcates in layer M5 and
branches throughout layers M4-M1. The axons of T2a cells
terminate in the lobula at the same level as T3 axons; their
terminals have, however, a larger lateral extent (Fig. 14).
The terminals of 72 are located in the second layer of the
lobula (Fig. 14). Both T2 types have often been seen in
male and in female Drosophila in neighboring columns. 72
and T3 neurons have been described in several other dip-
teran species (Strausfeld 1970, 1976).

3.3.8. Neurons connecting the proximal medulla with the lo-
bula and the lobula plate (Y cells). The cell bodies of Y
cells are situated in the rind of the lobula plate. They typi-
cally have dense arborizations within several columns of
the lobula plate neuropile. Characteristically, their den-
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drites within the lobula plate are not much stratified. The
main fiber of the Y cells bifurcates in the inner chiasm,
sending one or several branches into the lobula and the
other one upstream into the proximal medulla (Figs. 9, 15).
In our wild-type preparations of Drosophila, no Y cell has
ever been seen to enter the distal medulla. This is similar
to the situation in the butterfly Pieris brassicae (Strausfeld
and Blest 1970). However, the Y5 cell of Musca (Strausfeld
1976) seems to be an exception.

3.3.9. Neurons connecting the lobula plate and lobula (T3,
T1p and T1 cells). One of the most easily identifiable and
therefore rather conserved cell types in the dipteran optic
lobe is T'5 (Strausfeld 1970, 1976). T5 cells have many struc-
tural and possibly also functional features in common with
T4 neurons (see Fig. 14, and section 3.3.4. for functional
aspects). They differ, however, in connecting the most su-
perficial layer of the lobula (Lol) with the lobula plate.
Quantitative evaluation of the position of the terminal ar-
borizations of 120 T5 neurons (Table 1) suggests that there
are four different kinds of 75 neurons (Fig. 14). These cor-
respond to the four layers of the lobula plate with prefer-
ences for different directions of motion (Buchner et al.
1984; see section 3.3.6.). In the micrograph of Fig. 29B
all four levels of 7 cell terminals in the lobula plate are
visible. We believe that these variants coexist in each visual
column. This could explain the high frequency of Golgi
impregnation of 74 and 75 cells.

The cell bodies of 75 neurons stain in the rind of the
lobula plate. The shape of this neuron type with stout lo-
bula plate terminals and fine lobula dendrites suggests that
the main information flow mediated by 775 is from the lo-
bula to the lobula plate (see Discussion). The opposite
seems to be true for translobula-plate neurons (7/p neurons;
Figs. 4, 5), but without electron microscopy the polarity
in neither type of neuron, 75 or T1p, is clear. The existence
of Tlp neurons in other Diptera is not well established.
As opposed to Y cells the arborizations of Drosophila Tlp
cells in the lobula plate are stratified. The cells seem to
connect at least several neighboring columns of the lobula
plate with isotopic columns in the lobula. The retinotopic
fields of the TIp5 neuron within the lobula and the lobula
plate are rather large (Fig. 5). It is nevertheless listed here
as a columnar neuron since its main fiber is clearly oriented
parallel to the main axis of the columns. Postembryonic
growth in this neuron class has presumably therefore fol-
lowed the rules for columnar neurons.

A translobular neuron (777 neuron) projecting into the
lobula plate has been found twice in the columns subserving
the most frontal visual field (Fig. 16). It is uncertain wheth-
er this neuronal type occurs throughout the lobula complex.
Another type, 712, is also depicted in Fig. 16. The neuron’s
shape is unusual, since its axon bifurcates in the middle
of the lobula neuropile into two equal processes, which
project via the inner optic chiasm into the lobula plate
where both branch at all levels. The arborizations of 772
spare only the deepest and most superficial layers of the
lobula. The neuronal shape of 772 within the lobula com-
plex is similar to that of the Lccn neuron (see Fig. 16
and section 3.4.3.).

3.3.10. Intrinsic neurons of the lobula or lobula plate. In
contrast to the medulla, the lobula and lobula plate of Dro-
sophila do not seem to contain many intrinsic neurons that
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Fig. 15. Composite of camera
lucida drawings showing various
types of Y cells and medulla
tangentials. Y cells connect the
lobula plate with retinotopic
regions of the proximal medulla
and lobula. Their cell bodies are
located behind the lobula plate
neuropile as those of T4 and TS5
neurons (see Fig. 14). Note that
the Y cells do not extend into the
distal medulla neuropile. Mt10 is
an example of a tangential neuron
that subserves only a part (in this
case the posterior part) of the
visual field, quite in contrast to
M:3, which extends superficially
throughout the distal medulla

Fig. 16. Composite of camera
lucida drawings showing various
types of neurons in the optic lobe.
T!1 and T2 are translobula
neurons projecting into the lobula
plate. Leen! and Leen2 are
lobula-complex columnar
neurons, which connect the lobula
with the lobula plate via the inner
optic chiasm. Lecn axons project
via different routes into the
central brain. The dendrites of the
wide-field M1 tangential element
are bistratified. The arborizations
in M4 arise from ascending fibers
branching from the main
dendrites in the serpentine layer.
Descending fibers give rise to the
arborizations in M8 and M9



stain. This agrees with what is known from other Diptera.
For the lobula, only two true candidates Lif (Fig. 6) and
Li2 (Fig. 17) have been detected in Drosophila. Lpi, depicted
in Fig. 7, is an amacrine of the lobula plate residing entirely
within that neuropile. 7m23 and Tm24 (Fig. 11) also arbor-
ize exclusively in the lobula and may function as lobula
intrinsic neurons. Nevertheless, it seems reasonable to clas-
sify these neurons as 7m neurons because their cell body
is located in the distal medulla cortex and their axons pro-
ject through the medulla neuropile. As already stated above
these neurons are reminiscent of the lamina monopolar neu-
ron L5, which sometimes lacks any obvious branches in
the lamina while arborizing in the medulla (see Fig. 24).

3.4. Columnar neurons connecting the optic lobe with the
central brain

The columnar neurons discussed so far are intrinsic to the
optic lobe. Based upon the position of their cell bodies
it seems likely that they are formed either by the outer
optic anlage (e.g., lamina monopolar cells, 7m and TmY
cells) or by the inner optic anlage (e.g., 74, 75 and Y cells).
The neurons now to be discussed may be of different origin.
The cell bodies of some lie in the cell body rind of the
central brain and are, therefore, not formed by the optic
anlagen.

Examples of columnar neurons of the lobula complex
projecting to the central brain are seen in Figs. 5, 6, 11,
15-17. No neuron has a receptive field as narrow as a single
visual column. Although the retinotopic input connections
into the lobula complex have as fine a grain as in the lamina,
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Fig. 17. Composite of camera
lucida drawings showing different
types of lobula columnar neurons
(Lcn6-8), medulla tangential
elements (M4, M15), a lobula
plate tangential (Lpz2), and a
lobula intrinsic neuron (Li2). The
central brain projection of M4 is
shown in Fig. 21C, that of Len6
in Fig. 23B

the output connections are much coarser. Some projection
areas of these neurons within the central brain are shown
in Figs. 23, 28. The central brain receives input from multi-
ple sets of isomorphic neurons projecting into many differ-
ent areas. Qur account of these optic foci is rather incom-
plete. For Musca a much more comprehensive account ex-
ists (Strausfeld 1976).

3.4.1. Lobula columnar neurons (LCN). A common feature
of columnar neurons connecting the lobula with the central
brain (Figs. 5, 6, 11, 15-17) is that they never arborize in
the most anterior layer where the T35 dendrites reside
(Fig. 14). Different types branch at different levels of the
lobula neuropile. Axons of isomorphic neurons are bundled
beneath the lobula neuropile and project into the central
brain. One of the large tracts is the anterior optic tract
(AOT) which is used by several such isomorphic sets (Fisch-
bach and Lyly-Hiinerberg 1983). Central projections of
LCN neurons are shown in Figs. 23B, 28D-F.

3.4.2. Heterolateral columnar neurons connecting the lobulas
(HLCN ). In Diptera, different kinds of heterolateral lobula
columnar neurons connect special parts of both lobulas via
the great commissure. Strausfeld (1979) found such ele-
ments in the binocular visual field of male Calliphora by
cobalt injections, and recently Strausfeld and Wunderer
(1985) described marginal heterolateral connections be-
tween the lobulas. In Drosophila, heterolateral neurons were
seen first in the mutant sine oculis (Fischbach 1983a). Un-
fortunately, only fragments of these neurons have been
stained in wild-type preparations. These, however, prove
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VS dendrites

Fig. 18. Composite of camera
lucida drawings showing various
types of tangential elements in the
optic lobe. The strip-field element
M19 forms a network on top of
the medulla neuropile, only
sparing the most posterior part of
it. Mt2 on the other hand has
specializations throughout M3—
M6, M7 and M10. The distal
arborizations are formed by many
linking fibers ascending from the
main axon collaterals, which
arborize in M10. With regard to
this feature, Lt6 shows a
comparable structure. The linking
fibers arising at the base of Lo6
give rise, however, to a narrow
network of arborizations in only
one layer (Lo3). The central brain
projections of the lobula
tangential L¢6 are shown in

Fig. 22B. In layer Lop4 of the
lobula plate, dendrites of VS cells
are shown. These and other
vertically extending neurons
cannot be represented completely
in a horizontal view of the optic
lobe

Fig. 19. Camera lucida drawing
showing a tangential element of
the optic lobe (Olf) that arborizes
in the proximal medulla, the
lobula, and much less extensively
in the lobula plate. Medulla and
lobula arborizations are linked by
several fibers running in the inner
optic chiasm



that such neurons exist in wild-type Drosophila as well.
Silver-impregnated sections suggest that many axons from
the lobula enter the great commissure (e.g., Fig. 2 of Fisch-
bach and Heisenberg 1981).

3.4.3. Columnar neurons with branches in lobula and lobula
plate (lobula-complex columnar neurons, LCCN). Two dif-
ferent types of columnar neurons connecting lobula plate
and lobula with the central brain have been stained (Lccni
and 2). They differ in the position of their cell bodies, and
their axons use different routes towards the central brain
(Fig. 16).

3.5. Tangential neurons

Tangential neurons connect layers of the optic lobe with
the central brain or with the contralateral optic lobe. Typi-
cally their dendrites and axonal terminals extend through-
out the entire retinotopic map or throughout large parts
of it. The developmental origin of tangential neurons is
heterogeneous and seems to be different from that of optic
lobe intrinsic columnar neurons. Most medulla tangentials
are generated early by the first proliferation of the outer
optic anlage to produce imaginal neurons (Meinertzhagen
1973; Hofbauer 1979).

That the distinction between tangential and columnar
neurons is not merely a superficial one depending solely
on shape is stressed by the specific defects of structural
brain mutants. The optic lobe rudiment of the double mu-
tant sol so (small optic lobes combined with sine oculis)
completely lacks optic lobe intrinsic columnar cell types
(Fischbach and Technau 1984). It is made up of tangential
neurons, and medulia, lobula, and lobula plate tangentials
can still be distinguished. In flies of the mutant disco (dis-
connected) the optic lobe rudiment still contains tangential
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Fig. 20. Camera lucida drawing
showing the dorsal (HSN),
equatorial (HSE) and ventral
(HSS) giant horizontal cells of the
lobula plate in a vertically
sectioned preparation, which was
kindly lent to us for evaluation by
N.J. Strausfeld. The cell bodies
were not impregnated. They are
known, however, to lie in the
proximal rind of the lobula plate

neurons (Fischbach and Heisenberg 1984) although it has
never been innervated by imaginal or larval photoreceptor
axons due to the failure of normal target recognition by
Bolwig’s nerve (Steller et al. 1987). Optic lobe intrinsic col-
umnar neurons die in mutant pupae (Steller et al. 1987).
Therefore, it seems that the maintenance of tangential neu-
rons depends much less upon innervation of the optic lobe
by photoreceptor axons than does that of columnar neurons
(see also Fischbach 1983a; Nissel and Sivasubramanian
1983; Nissel et al. 1987).

3.5.1. Lamina tangential neurons. To avoid confusion we
would like to remind the reader that according to our defini-
tion of columnar neurons (section 3.1.) we do not consider
the lamina wide-field neurons (section 3.3.2.) to be true
tangential neurons. There is, however, one true tangential
neuron innervating the lamina cortex (Lat in Figs. 3B,
24G). This Drosophila neuron, only fragments of which
are seen in our Golgi impregnations, is presumed to be
serotonergic since it binds the corresponding antibodies (E.
Buchner, personal communication). A similar serotonergic
neuron (7an3) has been impregnated in Calliphora and
other insects (Néssel et al. 1983, 1985). In Calliphora this
neuron has recently been redescribed to be bilateral and
has been renamed LBO5SHT (Nissel et al. 1987). The cell
bodies of the two LBOSHT neurons lie in the posterior
central brain, one on each side.

In Fig. 24H a giant cell body can be seen inside the
outer optic chiasm just beyond the lamina neuropile. We
believe this soma to be one of the optic lobe pioneer cells
(OLPs, Tix et al. 1989), early differentiating neurons of the
larval optic lobe. These neurons are known to persist into
the adult stage and their axons project anteriorly across
the first optic chiasm. It has been suggested that these neu-
rons may play an essential role for the proper internal orga-



462

Fig. 21 A-C. Examples of medulla
tangentials with terminal
arborizations in the lateral
protocerebrum. Depicted are the
terminals of Mt7 (A), M8 (B),
and M4 (C). On the left a low-
power survey view is given, while
on the right camera lucida
drawings of the terminals are
shown at higher magnification.
The medulla arborizations are
shown in Figs. 7, 6, 17
respectively. The scale bars in A
apply to Figs. 21-23
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nization of the optic lobe (Fischbach and Technau 1987;
Tix et al. 1989). Such an organizing (pioneering) function
of the OLPs is corroborated by the fact that in the irre
C mutant misrouting of their axons precedes the formation
of an irregular first optic chiasm (Boschert et al. 1989).
Fig. 24G and H are from the same fly, and the axon of
the Lat neuron projects along that of the giant neuron across
the first optic chiasm towards the posterior optic tract. Dur-
ing development the larval OLPs may well guide the centrif-
ugal growth of Lat, which starts during late third instar
(Ohlsson and Nissel 1987; Niissel et al. 1987).

3.5.2. Medulla tangential elements. Our list of medulla tan-
gential neurons is incomplete and many have only been
depicted fragmentarily. One reason for this is that in many
cases it was extremely difficult to produce camera lucida
drawings from stained tangentials because such prepara-
tions often contained also groups of impregnated columnar
neurons. Another difficulty was to follow bilateral neurons
to the contralateral optic lobe when there was extensive
staining of the central brain. Furthermore, many tangential
neurons are unique and their staining frequency is accord-
ingly fairly low. We believe, however, that the elements
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Fig. 22 A, B. Examples of lobula
tangentials with terminal
arborizations in the lateral
protocerebrum. Depicted are the
terminals of Lz! (A) and Lt6 (B).
On the left a low-power survey
view is given, while on the right
camera lucida drawings of the
terminals are shown at higher
magnification. Compare with
Figs. 5, 28A (LtI) and Fig. 18
(L1t6), respectively

(Mt1-15 and OIf) shown in Figs. 14-19, 21, 27-28 demon-
strate the principles of the organization of medulla tangen-
tial neurons.

The cell bodies of most medulla tangential neurons are
situated anteriorly to the medulla neuropile. According to
Meinertzhagen (1973) and Hofbauer (1979) these cells are
derived from the outer optic anlage. They differentiate ear-
lier than the columnar neurons because they are produced
first. This also explains their anterior position. From the
work of Ohlsson and Nissel (1987) with Calliphora, we
have to assume that cell bodies of medulla-intrinsic, tangen-
tially orientated, serotonergic giant amacrine cells are close
by and of similar origin. Element M4 (Fig. 27E) seems
to be a representative of these neurons. It is listed here
because we believe that developmentally it is more related
to tangential neurons than to the small amacrines described
in section 3.3.3.

Not all cell bodies of medulla tangential neurons are
positioned anterior to the medulla neuropile. On example
is M4, the cell body of which lies in front of the lobula
neuropile (Figs. 17, 21C). Similar to Mt7, M8, and Mt10
(Figs. 6, 7, 15) this tangential element covers only part of
the visual field, quite in contrast to more typical representa-
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tives of tangential elements like M1 (Fig. 16), M2
(Fig. 18), M3 (Fig. 15), Olt (Figs. 19, 27B), and Mr13-15
(Fig. 27).

The O/t (optic lobe tangential element; Figs. 19, 27 B)
is an interesting case. It seems to constitute the telodendritic
arborizations of a tangential neuron that enters the proxi-
mal medulla neuropile and the outer third of the lobula
(sparing the 75 layer, however). Medulla and lobula arbori-
zations are connected by several linking fibers through the
inner optic chiasm. These linking fibers roughly follow
the rules for isotopic columnar connections.

Similar to columnar neurons, tangential neurons are
characterized by their stratifications. Their axons leave the
medulla at the level of the serpentine layer and project to
either the central brain or the contralateral medulla via
Cuccatti’s bundle. Tangential axons may enter the medulla
at the level of the serpentine layer (e.g. Mt15) or at its
proximal face (e.g., Mt1, M5, M12, and Olt in Figs. 16-19).
In other cases tangential axons project along the anterior
edge of the distal medulla neuropile (e.g., Mt9 in Fig. 18).
This diversity reflects the different roots of Cuccatti’s bun-
dle visible in silver-stained preparations (Fig. 1F). The dis-
tal root also seems to contain the axons of the lamina tan-
gential (Fig. 3B) and of the OLP neurons (Fig. 24H).

3.5.3. Lobula plate tangentials. The lobula plate is especially
well known because of the giant tangential neurons,
grouped into horizontal (HS) and vertical (V'S) systems
(Pierantoni 1976; Hausen 1976; Heisenberg et al. 1978).
The HS neurons of the lobula plate are part of the optomo-

Fig. 23 A, B. Example of Lcn
neurons terminating in different
optic foci, shown in low-power
plan (left) and high-power camera
lucida (right). In A Lcn4 is shown
(see Fig. 11) and in B Lcn6 (see
Fig. 17). The latter projects
through the anterior optic tract
(AO0T) in subbundle S4 (see

Fig. 28 D). Note that the axons of
one kind of Lcn all project via the
same fiber tract into the same
optic focus. Different optic foci
obtain information via different
sets of retinotopically organized

I fiber systems

tor pathways. This has been shown electrophysiologically
in Calliphoridae (review: Hausen 1981). In support of this
evidence, the optomotor responses of the Drosophila mu-
tants optomotor blind®>' (omb) and lobula plate-less (lop)
are defective (Heisenberg and Wolf 1984). The omb mutant
lacks the HS neurons while in lop these neurons are depleted
of their input neurons 74 and 75 (Fischbach 1983b; Fisch-
bach et al. 1989).

The HS system consists of three neurons (Figs. 20, 29)
which together span the innermost layer of the lobula plate
(layer 1 of the lobula plate in Figs. 3-19). HSN is the dorsal
horizontal neuron, HSE the equatorial, and HSS the ven-
tral horizontal neuron. They project into the ipsilateral pos-
terior slope of the central brain.

The VS neurons of Drosophila have been described by
Heisenberg et al. (1978). These neurons have vertically ori-
ented dendrites in the most posterior layer of the plate cov-
ering lateral parts of the retinotopic map. A smaller den-
drite branches to the most anterior layer of the lobula plate
covering a dorso-frontal retinotopic area. This distribution
has been discussed as being well suited for the participation
of VS cells in roll control (Blondeau and Heisenberg 1982).
The VS neurons enter the lobula plate dorsally and their
main dendrite turns ventrally. Therefore they cannot be
illustrated as a whole in a horizontally oriented diagram
of the optic lobe. Fig. 18 shows the camera lucida projec-
tions of the main VS dendrites in a 35 um horizontal sec-
tion.

Only fragments of two other tangential elements of the
lobula plate (Lpt1 in Fig. 6 and Lpt2 in Fig. 17) are depicted
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Fig. 24 A-J. Examples of Golgi-impregnated columnar neurons in
the lamine (A-F, I, J), compare with Fig. 3. In G branches of
the lamina tangential neuron (Lat, probably homologue to
LBOSHT; Nassel et al. 1987) extend between the cell bodies of
the lamina monopolar neurons (compare (Fig. 3B). In H the huge
cell body of a giant optic lobe tangential element in the first optic
chiasm probably belongs to the optic lobe pioneer neurons (OLPs;
Tix et al. 1989); srf short retinula fibers, ¢b cell body, cbf cell
body fiber. A-F x2100; G-J x 800
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in this account. In large flies, however, e.g., in Calliphora,
more than 20 different kinds of tangential neurons in the
lobula plate exist (Hausen 1981). Therefore, our list of tan-
gential neurons in the lobula plate of Drosophila has to
be extended.

3.5.4. Lobula tangentials. Finally, the lobula also contains
many different kinds of tangential neurons that possess
stratifications at specific levels only. As judged by light mi-



Fig. 25A, B. Projection of long retinula fibers R7 and R8 into
the medulla. A Golgi-Colonnier preparation showing the different
depths of R7 and R8 terminals. The Golgi rapid preparation in
B (courtesy of U. Hanesch) shows the entire array of R7 and
R8 terminals. Arrows point to especially long R7 axons. x 640

croscopic criteria (see Discussion) most of them seem to
have their dendritic arborizations inside the lobula, while
their axons project to different regions of the central brain.
Typical examples of those are Lt7 (Fig. 4), Lt! (Figs. 5,
22A,28A), Lt6 (Figs. 18,22 B), and Lt2 and L8 (Fig. 28 B).
The latter two neurons look very similar but occupy differ-
ent layers of the lobula. Fewer lobula tangential elements
seem to be centrifugal (e.g., L13, Fig. 6; L4, Fig. 7, Lt10,
Fig. 28 C).

The Olt neuron (Figs. 19, 27B) may be regarded as a
special case of a lobula tangential element. It invades the
lobula via the second optic chiasm. In visual mutants de-
pleted of many columnar cell types the input-deprived lo-
bula is frequently compensatorily innervated by medulla
tangential neurons via the second chiams (e.g., in sine oculis,
Fischbach 1983a).

Another unusual case is the M8 neuron (Figs. 6, 28 B).
It sends an axonal collateral to the lobula where it termi-
nates in a varicose arborization, which occupies roughly
the same retinotopic region as its dendritic specializations
in the medulla.

Although several types of lobula tangential elements are
depicted, we have to concede again that the documentation
of such elements in the present paper is far from complete.
Nearly nothing is known about their physiological proper-

ties. In a recent study using activity staining of Drosophila
neurons in response to visual stimuli, Bausenwein (1988)
found that the lobula is functionally organized into differ-
ent layers similar to the other visual neuropiles. So far 3
different layers have been labeled by the H*-deoxyglucose
method. In the 2 deepest of these layers (one in Lo4 accord-
ing to our judgement, the other in layer Lo6), the label
does not seem to reside in columnar elements (Bausenwein
1988). In contrast to what is seen in the lobula plate
(Buchner et al. 1984), labeling of lobula layers seems to
be more sensitive to contrast frequency than to direction
of movement (Bausenwein 1988).

Discussion

1. How complete is the list of neurons?

The chemical mechanism of Golgi impregnation is still un-
known. Neurons seem to be stochastically impregnated, i.e.,
each Golgi preparation shows a unique pattern of stained
neurons (Strausfeld 1980b). The relative frequency at which
representatives of neuronal types turn up is a function of
the number of cells per class and possibly also of the posi-
tion of their cell bodies because accessibility to the staining
solutions is important. This is clearly demonstrated by the
effects of cutting the eyes, the antenna, or the neck prior
to fixation. The position of stained neurons can be partially
directed by these procedures, e.g., an acceptable frequency
of impregnation of lamina neurons requires a cut in the
eye. Therefore, the glass splinter method we used (see Mate-
rials and methods), which leads to random cuts in the head
cuticle, may have been essential for being able to impreg-
nate that many different neuronal cell types.

Inspite of the high number of impregnated neurons we
cannot be sure that we have seen all types. This is especially
true for those neurons occurring only once or a few times
in the optic lobes. In fact we stated already in the result
section that the accounts of medulla and lobula complex
tangential elements are incomplete. Further work on those
is needed. With regard to columnar neurons we are more
confident. We may have missed only few. We identified
in Drosophila the whole complement of lamina-medulla
connections known to exist in other Diptera (Strausfeld
and Campos-Ortega 1972; Strausfeld and Nissel 1981). The
number of identified columnar elements of the medulla is
comparable to that found in Musca (Strausfeld 1976).

-

Fig. 26 A-F. Examples of columnar neurons in the medulla illus-
trating how the relationship of layers in the optic lobe can be
established with the help of certain marker neurons. For example,
the small-field, tristratified Mif neuron is impregnated in A and
C-E. Its 3 specializations (arrows in A) mark 3 medulla layers
(actually 1, 5, and 9-10, see Fig. 3A). In A the relationship to
the R7 terminals (in layer M6) is seen. In C it is apparent that
the 2 distal arborizations of Mi? fall level with the 2 L7 specializa-
tions in layer M1 and MS, while L3 terminates clearly above layer
MS5 (actually in layer M3). In D Mil can be used to measure
the depth of Tm5 and Mi3 arborizations; E supports our conclu-
sion from looking at hundreds of Mil neurons that there is no
obvious gradient in the shape of these neurons throughout the
medulla. In fact, we believe this to be true for most other columnar
cell types as well (e.g., arrays of L7 in B, and of C3 and 74 in
F). X1 first optic chiasm, X2 second optic chiasm. A, B x600;
C x1270; D x422; E, F x 690
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Fig. 27 A-F. Examples of medulla tangential elements. In A a tan-
gential element (M1t12) arborizing in the proximal medulla is
shown. In B the telodendritic arborizations of the optic lobe tan-
gential neuron Olt are shown (see Fig. 19 for camera lucida draw-
ing). C and D show arborizations of element M¢/3 in different
horizontal sections of the same optic lobe. In D it is also seen
that the lobula tangential Lt9 forms a narrow strip of arborizations
in the T5 layer. The dendrites of this neuron are frequently ob-

2. Do we overestimate the number of columnar cell types
due to structural variability ?

It is quite apparent that no two neurons in the optic lobe
are identical. The justification then to group cells into class-

served to form conspicuous loops extending into the inner optic
chiasm (arrow). Element M:14 in E is remarkable as it does not
possess an axon. It may therefore also be regarded as a giant
medulla. amacrine cell. Finally, in F a telodendritic element (Mt15)
entering the medulla at the level of the serpentine layer is shown.
Here again, Mi! marks the different medulla layers. Parts of Tm6
are seen as well. A, B x550; C, D x440; E x 650, F x 380

es is that variation is discontinuous. Objective criteria for
the classification of cells are the position of cell bodies,
the extent and layers of arborizations, and the kind of spe-
cializations (fine branching, blebbed or bulky appearance).
Variability of individual cell shapes may be accounted for



469

Fig. 28 A-F. Examples of lobula-complex neurons and their projec-
tions into optic foci of the central brain. L7 in A should be com-
pared with the camera lucida drawing of this cell type in Figs. 5
and 22B. Lt2 and Lt8 in B are lobula tangentials of comparable
shape, which arborize at different layers. The linking fibers of L70
in C arise at the base of Lo6 and give rise to terminal arborizations

in layers Lo2/3. D-F show fibers in different sub-bundles of the
anterior optic tract (83 and S4; Fischbach and Lyly-Hiinerberg
1983; see Fig. 23 B for single neuron projection in S4). AOF anteri-
or optic focus; cbs cluster of LCN cell bodies, the axons of which
project into optic focus no. 2 (OF2). A, B x660; C x550; D,
F x310; E x 440
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Fig. 29A, B. A Horizontal neuron in the lobula plate (HSE); B
T4 and T5 neurons arborizing within what seem to be at least
4 different layers in the lobula plate (see arrowheads). A x 620;
B x 1300

by developmental noise (Macagno et al. 1973) and position
effects. Furthermore, it is now well established that insect
brains display structural plasticity in response to environ-
mental factors (e.g., Technau 1984; Kral and Meinertzha-
gen 1989). Random exploratory processes are known to
participate in the growth of neurons (e.g., Goodman et al.
1982; Stiirmer 1988) and should be reflected in fine branch-
ing. Comparison of Tm4 and Tm4a (Fig. 8), as well as of
TmS5(Y) neurons (Figs. 911, 13), give an impression of neu-
ronal variability that might result from the nature of growth
cone exploration.

In some cases partial Golgi impregnation might concei-
vably have contributed to the variability of the Golgi shapes
documented in this paper, e.g., one might argue that Tm3Y
(Fig. 13) might represent the normal form of 7m3 (Fig. 8).
It is ultimately hard to disprove the validity of the objection,
but we do not believe that it is valid as this type of variabili-
ty was cell-type specific. In the case of TmY cells we never
found a missing lobula plate branch although in several
types it also is rather tiny (e.g., in TmY2, TmY8, TmY10,
Fig. 13). Partial impregnation of axons was occasionally
observed. Its frequency seemed to increase with axonal size.

If there are strong structural gradients in the optic lobe
of Drosophila along the antero-posterior or dorso-ventral
axes, it may be possible to misclassify members of the same
neuronal set that are impregnated in different parts of the
lobe as being members of different neuronal sets. Staining
of neuronal assemblies with cobalt in the lobula of large
Diptera, for example, has revealed structural gradients and

suggested that the number of neuronal classes in the lobula
was formerly overestimated (Strausfeld and Hausen 1977;
Strausfeld and Nassel 1981). The picture, however, may
be different in the medulla of Drosophila. Most columnar
cell types described in the present study are taken from
this neuropile, which displays a gradual increase of its vol-
ume in the antero-posterior direction. In all closely in-
spected cases this gradation is, however, not reflected by
an obvious change of neuronal shape within a given
isomorphic class. The following cell types may illustrate
this to the reader: long visual fibers (Figs. 25, 26 A). Mil
neurons (Fig. 26), and T4 (Figs. 26 F, 29 B). Therefore, we
believe that most cell types classified in this study as differ-
ent are not interpretational errors due to structural gra-
dients.

We cannot, however, exclude that in some neuronal as-
semblies a stronger variability is expressed, e.g., we men-
tioned the possibility that Tm8 and Tm22 (Fig. 9) or Tml,
Tm2, and Tm9 (Fig. 8) might not represent different cell
types. Therefore, in Drosophila, methods like cobalt injec-
tion into the central brain or antibody binding studies,
which expose entire neuronal cell assemblies, are now ur-
gently needed to complement the present results (e.g.,
Buchner et al. 1988).

3. Are there specialized neuropile regions subserving certain
parts of the visual field?

It has become apparent in recent years that the compound
eye of insects may contain functionally specialized regions
and that the structural separation of functional subsystems
begins at the receptor level. A well-known example is the
male-specific chasing behavior of Musca and Calliphora
(Land and Collett 1974), which correlates with specific sub-
types of receptors in the frontal eye region (Franceschini
et al. 1981) and with specializations at the level of the neu-
ropile (Strausfeld 1980a; Hardie 1983).



Wada (1974) first described specialized receptors in the
marginal zone of the compound eye of Calliphora. Hardie
(1984) has shown that in Musca domestica and Calliphora
erythrocephala the medulla terminals of marginal R7 and
R8 receptors (specialized for the detection of the E-vector
of polarized light) differ from the majority of receptor ter-
minals (see also Fig. 2a, d of Nissel et al. 1988). Further-
more, Strausfeld and Wunderer (1985) describe in Calli-
phora specific interneurons in the corresponding region of
that neuropile after cobalt injection into the retina. Dro-
sophila also possesses specialized marginal R7 and RS recep-
tors with large rhabdomere diameters (unpublished EM ob-
servations). The medulla terminals of these have not been
Golgi impregnated.

We think it is likely that in Drosophila as in larger flies
the neuropile underlying specialized regions of the com-
pound eye shows special features. It is only in the frontal
visual field that certain behaviors of Drosophila can be eli-
cited, e.g., the landing response (Fischbach and Bausenwein
1988). Due to its stochastic nature the Golgi method is
certainly not a good tool to identify confidently such
singularities. It is, nevertheless, noteworthy that several cell
types, which have been impregnated repeatedly, have been
seen only in neuropile areas subserving the frontal visual
field. Examples are 7m28 and M8 in Fig. 6 and Tm26
in Fig. 11.

4. Functional versus morphological polarity of neurons
in the optic lobe

Insect neurons differ from the classical picture of a verte-
brate neuron in that the information flow from dendrites
to axon does not converge upon the cell body. The cell
bodies of insect neurons are typically far removed from
the neuropile and are connected to those of their parts that
process synaptic information by a thin cell body fiber only.
Nevertheless, most neurons in the optic lobe of Drosophila
examined by light microscopy display morphological polar-
ity. If we assume — as we believe to be reasonable — that
the main information flow is from the compound eye to
the central brain, the morphological polarity of the majority
of neurons in the optic lobe can be used to correlate struc-
tural specializations with dendritic or axonal function. Al-
though this argument is generally not liked by electron mi-
croscopists who point to the abundance of feedback syn-
apses, it is most clearly demonstrated by the terminals of
the receptor axons in the lamina and medulla (see Figs. 3,
24) and by the morphological polarity of most Tm and
TmY neurons. Fine branching seems to be a feature of
(mainly) postsynaptic dendrites while a varicose and baggy
appearance seems to be a characteristic feature of (mainly)
presynaptic axonal terminals perhaps reflecting the presence
of intracellular organelles such as mitochondria. This is also
well demonstrated by olfactory receptors in the antennal
lobe and by the endings of relay neurons in the calyx of
the mushroom bodies and the lateral protocerebrum (Borst
and Fischbach 1987).

Once such features are detected they can be used to
predict the functional polarity of a minority of the neurons
in the optic lobe as being centrifugal. Examples are C2
and C3 cells (Fig. 3A) and the lobula tangential L¢3 de-
picted in Fig.6. The features can even be applied to make
guesses about the polarity of central brain neurons (Han-
esch et al. 1989). It should, however, be kept in mind that
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insect neurons are usually pre- and postsynaptic at the same
fine branches (e.g., Armett-Kibel et al. 1977; Ribi 1981;
Strausfeld and Bassimir 1983). Therefore, predictions of po-
larity based upon the light microscopic overview need to
be validated by physiological experiments.

5. Conserved and variable neurons in the optic lobe
of arthropods and the problem of homology

The overall organization of the optic lobe underlying com-
pound eyes in arthropods is surprisingly similar (Hanstrom
1928 ; Strausfeld and Néssel 1981). This supports the idea
that not only the compound eye of arthropods (Paulus
1979), but the underlying neural structures as well are of
monophyletic origin. Accordingly some insect terminology
(lamina, medulla, lobula, serpentine layer, etc.) has been
applied in crustaceans (Strausfeld and Nissel 1981). Many
neurons in the arthropod optic lobe are likely to be homo-
logues, i.e., derived from a common ancestor. It is, there-
fore, not surprising that we have been able to name homolo-
gous counterparts of a considerable number of neurons in
the optic lobe of Drosophila and Musca or other dipteran
species (see Results section and below). On the other hand,
the documented differences of even rather conserved ho-
mologous neurons in those fly species (Fig. 3C) may explain
why so far this was not possible for all neurons. The tracing
of the evolutionary history of neurons cannot be done di-
rectly, and the establishment of homology between neurons
of recent species has to be done by use of one or several
of the following criteria:

(1) Criterion of homotopy. This criterion applies if the neu-
rons under consideration occupy the same relative position
in the different organisms. The retinula cells R7—6, R7 and
RS of Musca and Drosophila are good examples. Their ho-
mology can easily be established by considering their posi-
tions in the ommatidium. The value of the above criterion
becomes clearer when one tries to draw homologies between
all of the lamina monopolar neurons of Drosophila and
Musca. The shape of L4 neurons is fairly different in both
species (see Fig. 3C). Nevertheless, homology of the neu-
rons can be assumed because the 4 other lamina monopolar
neurons per cartridge (L1, L2, L3, L5) are easily identified
in both species, so that the remaining monopolar neuron
of the cartridge has to be L4. The criterion of homotopy
(together with that of specific quality, see below) can also
be used to establish, e.g., homology between C2, C3, T1,
T2, T3, T4, and TS5 neurons of different flies.

(2) Criterion of continuity. If neurons diverge in function
and shape from each other, the demonstration of intermedi-
ate stages can prove homology. In general, it will not be
possible to infer neuronal structures from fossils, but con-
tinuity can be shown by comparison of recent species with
the inclusion of the developmental domain. For example,
it is fessable that certain neurons (of the same or of different
species) reveal their homology at an early stage of differenti-
ation only. Unfortunately, our attempts to apply the Golgi
procedure to the nervous system of Drosophila larvae and
pupae have failed so far. Other methods of labeling of neu-
ronal populations in larvae and pupae, however, seem to
be promising (e.g., Néssel et al. 1987). Shaw and Meinertz-
hagen (1986) have studied the evolutionary changes at well-
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defined synaptic connections made by homologous neurons
of the lamina cartridge in representative Diptera from a
monophyletic series of 14 families. They showed that within
the phylogenetic series, the ensemble postsynaptic to photo-
receptor axons changes from the primitive dyad to a te-
tradic configuration in more recent Muscomorpha. Two
new postsynaptic elements from an amacrine cell are added
to the postsynaptic elements of LI and L2. Meinertzhagen
and Shaw (1986) argue that within a phylum, evolution
occurs mainly by rearranging synaptic connections between
preexisting homologous sets of neurons, whereas the gener-
ation of new neuron classes is most likely to have been
important at the divergence of the major phyla.

In the present paper some evidence has been presented
that Tm and TmY neurons of Diptera may be regarded
as homologous. We have shown that intermediate forms
do exist and believe that both classes of cell types are de-
rived from a common ancestor (see section 3.3.5.). This
supports the notion that new neuronal classes can emerge
by neuron duplication (Goodman 1977) and subsequent
modification of the duplicate.

(3) Criterion of specific quality (homomorphy). The neu-
rons under consideration may be homologous if they resem-
ble each other with regard to general shape, connectivity,
and, most important, gene expression. Using Golgi analysis
we can make no statements about connectivity and gene
expression, and the shape criterion alone does not seem
to be very compelling. However, in case of, e.g., the TmI,
C2, C3, T1, T2, T3, T4, and TS5 neurons of Musca and
Drosophila the similarities in shape and the homotopy of
cell bodies and dendritic as well as axonal arborizations
leave no doubt about their mutual relatedness. Some T
neurons seem to be especially well-conserved structures (see
Fig. 3D). T1 neurons are recognizable not only in Drosophi-
la and Musca, but even in Limulus and decapodes (Han-
strom 1928; Strausfeld and Nissel 1981). One might even
suspect that the 72 neurons of crayfish (Strausfeld and Nis-
sel 1981) are homologous to the dipteran’s T4 cells, al-
though the crayfish lacks the division of the lobula complex
into lobula and lobula plate (as do most insects).

If the shape criterion is the only criterion that can be
applied, homology between neurons with altered shapes in
different species cannot be established. This is especially
the case for many medulla columnar neurons (with the ex-
ceptions mentioned throughout the text). In the medulla,
interspecific variability of neuronal shape seems to be much
more pronounced than in the lamina. Although it is clear
that, for example, the Drosophila Tm and TmY neurons
are homologous to the Tm and TmY cells in other Diptera
(or even in crustaceans; Strausfeld and Néssel 1981), stating
homology between individual types seems to be mere specu-
lation in many cases. Before listing homologous types of
neurons in a comprehensive table we prefer to wait for
more information about individual cell types, e.g., for infor-
mation about antibody binding, connectivity, and transmit-
ters used.

What is the reason for the relative increase of interspeci-
fic variability of neurons in the medulla as compared to
the lamina? It is tempting to speculate that the lamina is
involved in more basic computational functions, early steps
of visual processing that are essentially the same in all visual
systems, while species-specific mechanisms may be localized
more centrally.

6. Multiple retinotopic maps in the optic lobe
and the segregation of functional pathways

The number of different kinds of columnar neurons in the
optic lobe, especially in the medulla, is high. The functional
significance of stratification is the key to an understanding
of this abundance. Neuronal stratification makes direct syn-
aptic contacts between many columnar cell types less likely
while at the same time it enables numerous synaptic connec-
tions between others. Specifically, it is quite clear that the
different lamina monopolar cells communicate to different
sets of Tm and TmY (see section 3.3.4.).

Therefore, the large number of columnar neurons re-
flects the segregation of many parallel functional pathways,
which are all retinotopically organized. There are clearly
many types of columnar neurons in each column, each with
a similar field of view, so that this segregation into parallel
functional pathways is overlaid on and has to be distin-
guished from the existence of parallel pathways imposed
upon the optic neuropiles by the repetitive organization
of the retina. While the parallel neurons of the same kind
in different columns specify spatial information, the parallel
neurons of different type inside the same column specify
different ‘meanings’ of visual information. Activity labeling
experiments (Buchner et al. 1984; Bausenwein 1988) suggest
that the specification of ‘meaning’ increases centripetally.

The peripheral segregation of functional pathways is
one of the main postulates derived from our anatomical
description of the visual system. It is supported by physio-
logical evidence from larger flies and by specific behavioral
defects of structural mutants of the optic lobe in Drosophila
as will be discussed below.

7. Is the structural organization of the optic lobe adapted
for independent genetic modifiability of functions?

Brains are the result of evolutionary change. This should
be reflected in their structure, which is not expected to be
optimized for the execution of present functions alone (e.g.,
Dumont and Robertson 1986). Only such brain organiza-
tions survived that could readily be modified in the course
of evolution. If different functional pathways share com-
mon building blocks (e.g., receptor cells, movement detec-
tors), independent evolution of functions by genetic modifi-
cation of these common elements is not possible. Therefore,
a peripheral separation of neuronal pathways for diverse
visual functions might have been of selective advantage.
As a consequence, visual functions can be altered at several
levels rather specifically by mutations. If we assume that
the neuronal cell types of different functional pathways are
specified by different (although overlapping) sets of genes,
the optic lobe provides an abundance of target sites for
visual function-specific gene actions. This has been experi-
mentally confirmed by the isolation of Drosophila mutants
with defects in certain behavioral subroutines only (Benzer
1971; Fischbach and Heisenberg 1981, 1984 ; Hall 1982).
Recent advances in vision research in insects have em-
phasized the existence of parallel visual pathways (for re-
views see Wehner 1983; Heisenberg and Wolf 1984; Fisch-
bach and Heisenberg 1984; Hardie 1986). In Drosophila,
movement detection relies solely on receptors R1-6 (Heisen-
berg and Buchner 1977), while in fast phototaxis adult Dro-
sophila use R7 and R8 receptors at high light intensities
only (Hu and Stark 1977). In many cases different functions
rely on input derived from different sets of photoreceptors



(Wada 1974; Wehner 1983; Strausfeld and Wunderer 1985).
In extreme cases this may even result in divided compound
eyes and optic lobes, e.g., in males of the mayfly Baetis
rhodani (Nissel 19882a). In Calliphora and Musca examples
for a nearly complete regional separation of visual functions
include the sexual dimorphism in chasing behavior (Land
and Collett 1974). A dorso-frontal region of the eye of
male Musca domestica has specialized R7 receptors (Fran-
ceschini et al. 1981), which terminate in the lamina and
synapse preferentially upon L3 neurons (Hardie 1983). At
the isotopic position of the lobula, male-specific interneur-
ons are found (Hausen and Strausfeld 1980). Thus, the sex-
ually dimorphic behavior of Musca nicely exemplifies not
only that specific behaviors use modified neuronal path-
ways, but also that these pathways are under genetic con-
trol. It is in Drosophila that the gentic control of different
functional pathways can best be analyzed.

We hope that some of the data presented in this paper
will serve as a wild-type reference for detailed structural
characterizations of optic lobe mutants, and that the com-
parison thereby enabled will help to elucidate structure-
function relationships in the visual system of the fly as well
as to unravel genetic and epigenetic algorithms (Stent 1981)
combined in its development.
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