-

View metadata, citation and similar papers at core.ac.uk brought to you byf’f CORE

provided by Edinburgh Research Explorer

Edinburgh Research Explorer

Metamorphosis of the Mushroom Bodies; Large-Scale
Rearrangements of the Neural Substrates for Associative
Learning and Memory in Drosophila

Citation for published version:

Armstrong, JD, de Belle, JS, Wang, Z & Kaiser, K 1998, 'Metamorphosis of the Mushroom Bodies; Large-
Scale Rearrangements of the Neural Substrates for Associative Learning and Memory in Drosophila’
Learning and Memory, vol 5, no. 1, pp. 102-114. DOI: 10.1101/Im.5.1.102

Digital Object Identifier (DOI):
10.1101/Im.5.1.102

Link:
Link to publication record in Edinburgh Research Explorer

Document Version:
Publisher's PDF, also known as Version of record

Published In:
Learning and Memory

General rights

Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.

Take down policy

The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

OPEN o ACCESS

Download date: 28. Apr. 2017


https://core.ac.uk/display/28969481?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1101/lm.5.1.102
http://www.research.ed.ac.uk/portal/en/publications/metamorphosis-of-the-mushroom-bodies-largescale-rearrangements-of-the-neural-substrates-for-associative-learning-and-memory-in-drosophila(28664b2a-ec50-4139-a754-ab7278e93ba2).html

Downloaded from learnmem.cshlp.org on May 30, 2013 - Published by Cold Spring Harbor Laboratory Press

Metamorphosis of the Mushroom Bodies; Large-Scale
Rearrangements of the Neural Substrates for Associative Learning
and Memory in Drosophila

J. Douglas Armstrong, J. Steven de Belle, Zongsheng Wang, et al.

Learn. Mem. 1998 5: 102-114
Access the most recent version at doi:10.1101/Im.5.1.102

References This article cites 30 articles, 9 of which can be accessed free at:
http://learnmem.cshlp.org/content/5/1/102.full.html#ref-list-1

Article cited in:
http://learnmem.cshlp.org/content/5/1/102.full.html#related-urls

Email alerting Receive free email alerts when new articles cite this article - sign up in the box at the
service top right corner of the article or click here

To subscribe to Learning & Memory go to:
http://learnmem.cshlp.org/subscriptions

Cold Spring Harbor Laboratory Press


http://learnmem.cshlp.org/lookup/doi/10.1101/lm.5.1.102
http://learnmem.cshlp.org/content/5/1/102.full.html#ref-list-1
http://learnmem.cshlp.org/content/5/1/102.full.html#related-urls
http://learnmem.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=learnmem;5/1/102&return_type=article&return_url=http://learnmem.cshlp.org/content/5/1/102.full.pdf
http://learnmem.cshlp.org/subscriptions
http://learnmem.cshlp.org/
http://www.cshlpress.com

Downloaded from learnmem.cshlp.org on May 30, 2013 - Published by Cold Spring Harbor Laboratory Press

Metamorphosis of the Mushroom Bodies;
Large-Scale Rearrangements of the Neural
Substrates for Associative Learning

and Memory in Drosophila

J. Douglas Armstrong,** J. Steven de Belle,?* Zongsheng Wang,*

and Kim Kaiser*

"Division of Molecular Genetics
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Glasgow G11 6NU, UK
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Abstract

Paired brain centers known as
mushroom bodies are key features of the
circuitry for insect associative learning,
especially when evoked by olfactory cues.
Mushroom bodies have an embryonic
origin, and unlike most other brain
structures they exhibit developmental
continuity, being prominent components of
both the larval and the adult CNS. Here, we
use cell-type-specific markers, provided by
the P{GAL4} enhancer trap system, to follow
specific subsets of mushroom body intrinsic
and extrinsic neurons from the larval to the
adult stage. We find marked structural
differences between the larval and adult
mushroom bodies, arising as the
consequence of large-scale reorganization
during metamorphosis. Extensive, though
incomplete, degradation of the larval
structure is followed by establishment of
adult specific & and B lobes. Kenyon cells of
embryonic origin, by contrast, were found
to project selectively to the adult y lobe. We
propose that the ¥ lobe stores information
of relevance to both developmental stages,
whereas the a and B lobes have uniquely
adult roles.

SPresent address: Department of Biological Sciences, Uni-
versity of Nevada, Las Vegas, Nevada 89154-4004 USA.
“Corresponding author.

Introduction

Recent years have seen the accumulation of a
large body of evidence implicating the adult Dro-
sophila mushroom bodies (MBs) in olfactory asso-
ciative learning and memory: Single-gene mutants
selected for gross defects in adult MB structure
exhibit corresponding defects in olfactory associa-
tive learning (Heisenberg et al. 1985; Heisenberg
1989; Brotz et al. 1996; de Belle and Heisenberg
1996). Mutations in several genes expressed pre-
dominantly in the MBs cause defective olfactory
learning: for example dunce (dnc), rutabaga (rut),
DCO, and Pka-R1 (Nighorn et al. 1991; Han et al.
1992; Skoulakis et al. 1993; Goodwin et al. 1997),
which encode elements of the cCAMP signaling cas-
cade implicated in memory formation across a
range of animal phyla (Hawkins et al. 1993);
volado a member of the «-integrin gene family
(Grotewiel et al. 1998); and leonardo a member of
the 14.3.3 gene family (Skoulakis and Davis, 1996).
Associative odor learning is virtually abolished in
flies in which the MBs have been selectively ab-
lated by hydroxyurea (HU) treatment during a criti-
cal window of larval development (de Belle and
Heisenberg 1994). Finally, specific disruption of
G-protein coupled pathways in the MBs causes ex-
treme learning defects (Connolly et al. 1996).

Olfactory associative learning is not an adult-
specific trait, however. Drosophila are capable of
olfactory learning as larvae (Aceves-Pina and Quinn
1979), and appear able to recall their training as
adults (Manning 1967; Jellies 1981; Cambiazo et al.
1994). Assuming that the latter ability conforms to
current synaptic models for basic learning pro-
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cesses (Hawkins et al. 1993), one might expect the
neuropil(s) responsible for memory retention to
persist, as do the MBs (see below) through the
otherwise large-scale neuronal reorganization that
takes place during metamorphosis.

The adult Drosophila MBs are large paired
neuropils emanating from cell bodies in the caudo-
dorsal protocerebrum (Power 1943). They com-
prise some 2000-3000 intrinsic neurons, Kenyon
cells (KCs), the precise number depending on a
range of genetic and environmental factors
(Technau and Heisenberg 1982; Technau 1984;
Heisenberg et al. 1995). KC cell bodies each send
a single neurite into a region of dendritic arboriza-
tion known as the calyx. The latter is innervated
largely by efferents from the paired antennal lobes
(ALs), the first relay station for chemosensory pro-
cessing (Stocker 1994). KC axons project rostrally
from beneath the calyx as a densely packed and
stalk-like structure known as the pedunculus. At
the frontal margin of the brain, the latter gives rise
to a number of projections: a small lateral spur (or
knee); one dorsally projecting lobe («); and two
medially projecting lobes (B and v) (see Yang et al.
1995). As we show here, there is an additional
dorsally projecting lobe, which we call 3. A sum-
mary diagram of the adult Drosophila MBs is
shown in Figure 1.

MBs, unlike most other elements of the adult
brain, exhibit developmental continuity. The KCs
arise from just four mushroom body neuroblasts
(MBNbs) per hemisphere (Ito and Hotta 1992).
These begin proliferating in the embryo and are
continually active until late pupal stage. In addition
to KCs, the four MBNbs also give rise to a small
population of glia in the KC cortex (Ito et al. 1997).
Rudimentary MBs, topologically similar to the adult
MBs, first become apparent between stages 14 and
17 of embryonic development (Tettamanti et al.
1997). They continue to grow by the addition of
newly born KCs throughout larval development.
During metamorphosis, much of the larval brain is
remodeled via a process of neural degeneration,
birth, and regrowth. In the case of the MBs, KC
fiber number drops sharply during the first few
hours of metamorphosis, but then rises again
within 24 hr. KC body humber appears to increase
steadily throughout the same period (Technau and
Heisenberg 1982). These observations were taken
to imply massive degeneration of larval KC axons,
and regrowth of imaginal fibers from existing KC
bodies. Approximately 500 relatively narrow KCs
forming a core element of the developing pedun-

&
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Ca

pad

Figure 1: Drosophila mushroom bodies. (Top) Sche-
matic representation of the adult Drosophila olfactory
system. Olfactory input from sensory receptors on the
antennae reaches the antennal lobes (al) via the antennal
nerve (an). The glomerular arrangement of the AL is in-
dicated. The AL also receives olfactory input from the
maxillary palps (not shown). Among the outputs of the
AL is the antennal glomerular tract (agt), projecting cau-
dally toward the MB calyx (ca), and then to the lateral
protocerebrum. The calyx contains the dendritic arbors
of KCs and is half contained within a rind of KC cell
bodies (cb). KC axons arising within the calyx project
rostrally via a stalk-like structure known as the pedun-
culus (ped). Upon reaching the rostral margin of the
central brain, the pedunculus gives rise to a spur-shaped
lateral projection (sp), and to four lobes («,B,y,3). B and
v project toward the midline, where they almost abut. «
and 3 project to the dorsal margin of the brain. MBs
exhibit a clear and continuous fourfold symmetry within
the cell body layer (four adjacent ““clouds”), the calyx
and the pedunculus (four internal tracts, each of which
has a concentric organization). As they transit the pe-
dunculus the four tracts merge, and it is their projections
that form the o and B lobes. Surrounding the four pe-
duncular tracts is a sheath of KC fibers projecting via the
spur to form the vy lobe and at least some elements of the
d lobe. The inset is a schematic representation of a cross-
section though the pedunculus, illustrating its internal
organization. (Bottom) Surface-rendered models of late
third instar larval (/eft) and adult (right) MBs as visualized
in P{GAL4} line 201Y. The main MB structures are in-
dicated, with the exception of the adult & lobe, which is
not encompassed by the expression pattern of line 201Y.

culus were interpreted as a nondegenerating sub-
set, possibly acting as a guide for newly extending
KC axons.
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KCs of the adult MBs fall into at least three
broad classes (Yang et al. 1995). One class is that of
KCs projecting to the o and B lobes alone, and
which exhibit longitudinal fourfold symmetry
within the cell body layer (four clusters), the calyx
(four quadrants), and the pedunculus (four tracts).
Each of the four peduncular tracts is constructed
from a number of concentric elements, apparently
continuous with concentric “shells’ of the « and 8
lobes. A second class is that of KCs projecting to
the v lobe alone. Although these KCs must arise
from the same four neuroblasts as do the o/ lobe
KCs, they exhibit no obvious fourfold symmetry.
Rather, cell bodies and dendrites of this class ap-
pear evenly distributed across the cell body layer
and within the calyx. Within the pedunculus, KC
axons of this class form a sheath that surrounds the
four tracts described above. They subsequently
project to the -y lobe via the spur, a route not taken
by a and B fibers. Some KC axons appear to
project to both the y and 3 lobes, and thus consti-
tute a third class, distinct from that which projects
to the v lobe alone.

The MB subdivisions described above were
largely identified using the P{GAL4} enhancer-trap
system, which has provided an unprecedented set
of cell-type-specific neural markers (Yang et al.
1995). Here we follow the development of various
P{GAL4} expression patterns at timed intervals
through metamorphosis. Furthermore, we have
used the HU ablation technique to assess the con-
tribution of prelarval MB elements to the larval and
adult structures.

Combined, these approaches have allowed us
to address the following: Does each of the four
MBNbs contribute to all adult lobes, or do the dif-
ferent lobes arise from different neuroblasts? If any
of the embryonic KCs survive to adulthood, we
would expect to find them in whichever of the MB
structures forms earliest during development. Is
this the ~v-lobe, as previously hypothesized (Yang
et al. 1995)? What are the structural features of the
larval MBs and how do these relate to the adult
structures? Some, but not all, KC axons have been
shown to degenerate during early metamorphosis
(Technau and Heisenberg 1982). Is this degenera-
tion widespread or is it restricted to specific MB
substructures.

In addition to P{GAL4} lines marking the KCs,
we have lines that mark putative AGT (Fig. 1; MB
input) and v lobe exit (MB output) neurons. The
effects of HU ablation on their projection patterns
is described.

104

Materials and Methods

DROSOPHILA

The lines described here were isolated from a
screen of 1800 independent P{GAL4} lines for pat-
terns of expression in adult brain (Yang et al. 1995;
Table 1). The UASg-lacZ secondary reporter line,
homozygous for an insertion on the second chro-
mosome, was provided by Andrea Brand (Brand
and Perrimon 1993). Flies were maintained on
standard corn meal/yeast/agar medium at
25 £ 1°C and 40% relative humidity with a 12-hr
light/12-hr dark regime.

COLLECTION OF PUPAE

Newly immobile prepupae were collected at
30-min intervals, sexed, and timed. They were then
reared singly under the same conditions as normal
pupae until ready for dissection. Both male and
female pupae were dissected at 4-hr intervals
(sometimes 2 hr). Dissection times were accurate
to £5 min and collection times to +30 min.

HU ABLATION

In the newly hatched larva, most neuroblasts
are dormant with the exception of the four MBNbs
and a single other that contributes to the AL (de
Belle and Heisenberg 1994; Prokop and Technau
1994; Stocker et al. 1997).

HU ablation was performed according to de
Belle and Heisenberg (1994). Newly hatched larvae
(30 min = 30 min after larval hatching) were fed a
4-hr pulse of heat-killed yeast suspension contain-
ing HU at either 10 or 50 mg/ml concentration.
Control animals were fed yeast only. Larvae were
then transferred to standard medium without HU.
The success of ablation was determined by exami-
nation of autofluorescent brain sections from rep-
resentative individuals. No significant difference
between using HU at either 10 or 50 mg/ml con-
centration was observed.

A minimum of 10 individual brains was exam-
ined by confocal microscopy for each ablated
P{GAL4} expression pattern. With the exception of
X-linked insertions, both male and female brains
were examined, but no differences were observed.

IMMUNOHISTOCHEMISTRY

Intact adult brains were dissected under phos-
phate-buffered saline (PBS), fixed in 4% paraform-
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Table 1: HU ablation

) Relevant adult expression pattern
P{GAL4} Insertion
line site AN AL AGT « B v d v-exit Reference
30Y 70E - - + - Yang et al. (1995)
43Y 2C - - + this study
201y 56D - - + Yang et al. (1995)
238Y 48C - - - - + Yang et al. (1995)
¢35 44A - - - - - Yang et al. (1995)
c133 11D + + this study
c492b 49C - - - - - this study
c739 40A - - - Yang et al. (1995)
c742 8C + + this study
c772 42A - - - + - Yang et al. (1995)

Summary of the effect of HU ablation on the lines examined. The neuropil regions are as follows: (AN) antennal afferents
via antennal nerve; (AL) antennal lobe intrinsic neurons; (AGT) neurons in the antennoglomerular tract; (a) KC axons in
the a lobe; (B) KC axons in the B lobe; (y) KC axons in the -y lobe; (8) KC axons in the 8 lobe; (y-exit) MB extrinsic neurons
connecting with the v lobe. (+) Some (though not necessarily all) of the axons are present after HU treatment; (-) axons

in which staining is lost after HU treatment.

aldehyde for 30 min, and washed twice for 1 hr
in PAT (PBS containing 1% Sigma cold fraction
V bovine serum albumin and 1% Triton X-100).
They were incubated overnight in 3% normal goat
serum (Scottish Antibody Production Unit) con-
taining rabbit polyclonal anti-B-gal antibody (Cap-
pel) diluted 1:2000 in PAT; washed three times
in PAT for 1 hr; incubated overnight with second-
ary antibody (fluorescein-labelled goat anti-rabbit
1gG; Vector Labs) diluted 1:250 in PAT; washed
twice for 1 hr in PAT, and once for 5 min in PBS.
All of the above was carried out at room tempera-
ture. Stained brains were mounted in VectaShield
(Vector).

CONFOCAL MICROSCOPY, 3D RECONSTRUCTION,
AND IMAGE PROCESSING

Whole-mount stained brains were examined
with a Molecular Dynamics Multiprobe laser scan-
ning confocal microscope. The excitation (480
nm) and emission (530 £ 15nm) barrier filters
used were appropriate to the fluorescein-based
label of the secondary antibody. Either a single
brain hemisphere or the central brain region
alone was scanned. Three dimensional reconstruc-
tions (maximum intensity) were performed using
the program ImageSpace 3.1 (Molecular Dynam-
ics).
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Results

HU ABLATION OF MBs

Ten independent P{GAL4} lines were sub-
jected to HU treatment (Table 1). Adult brains
were subsequently dissected, stained, and exam-
ined. Both by autofluorescence (not shown) and
by confocal microscopy (Figs. 2-5), non-MB neu-
ropil, with the exception of the ALs, appears unaf-
fected by HU treatment. This further confirms that
HU treatment affects only neuroblasts giving rise to
the MBs and ALs.

Eight of the HU-treated P{GAL4} lines normally
show GAL4-dependent B-gal expression in the
adult MBs, though in different subpopulations of
KCs. For five of these lines, three of which are
illustrated in Fig. 2, HU treatment causes complete
ablation of the adult KC staining pattern (see Table
1). For the three other lines, by contrast, we con-
sistently observe KC fibers that survive ablation
(Fig. 3), indicating an origin prior to larval hatch-
ing. In each case, the surviving fibers (C50 or less
per line) have medial projections that closely re-
semble the projection patterns of v lobe neurons
(see Yang et al. 1995); no projections to the «, B,
or & lobes were seen. In summary a subset of em-
bryonic KCs, comprising a fraction of the normal v
lobe, clearly survives to adulthood.

Of the 300 brains that we examined, 7 showed
evidence of incomplete ablation (Fig. 4). Partially
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Unablated

Ablated

Figure 2: HU ablation of postembryonic KCs. Three-
dimensional reconstructions of adult brains from the in-
dicated P{GAL4} lines. (Notches) Approximate position
of the midline in each panel. (c739) The normal expres-
sion pattern reveals the « and B lobes of the MBs, in-
trinsic neuronal components of the ALs (weak), the el-
lipsoid body—a component of the central complex
(weak), together with elements of the optic lobes (ol) and
the subesophageal ganglion (sog). (c492b) The normal
pattern reveals large numbers of KCs within the «, B, and
v lobes (o and B less clear in this reconstruction), intrin-
sic neurons of the ALs (al), the giant fiber (gf, partly
obscured by MB staining), and elements of the optic
lobes. (c35) The normal pattern extends widely through
central brain neuropil but is strongest within the MBs («,
B, v, and ). In each case, the ablated pattern is selec-
tively and completely depleted for MB and AL staining.
Surrounding neuropil, as far as can be determined, ap-
pears normal.

ablated MB patterns in each case resembled the
corresponding nonablated pattern with respect to
lobe number and gross morphology. They were
substantially thinner, however, and lacked evi-
dence for fourfold symmetry at any level of orga-
nization. We infer that each of the observed partial
ablation patterns represents the progeny of a single
surviving MBNb and, thus, that the contribution of
each MBND to the four lobes is equivalent (see also
Ito et al. 1997).
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ABLATION OF MB EXTRINSIC NEURONS

Four of the P{GAL4} lines described in Table 1
exhibit reporter expression within MB extrinsic
neurons. Line ¢133 reveals staining of what appear
to be AGT fibers (see Fig. 1) connecting the ALs and
the MB calyx (Fig. 5). HU treatment does not ob-
viously affect the projection pattern of these neu-
rons. However, HU treatment was shown to ablate

Unablated Ablatad

— 2

Figure 3: Survival of embryonic KCs. Three-dimen-
sional reconstructions of adult brains from the indicated
P{GAL4} lines. (201Y) The normal expression pattern
reveals core elements of the a and B lobes, v lobes,
together with just a few other neurons. (30Y) Relatively
extensive expression within the central brain includes
strong MB staining (all four lobes). (c772) Again, rela-
tively extensive expression within the central brain,
strong MB staining (within all four lobes), and also a
group of AL interneurons. In each case, the ablated pat-
tern is selectively depleted for all MB staining except for
a small group of KCs, different numbers in each case,
projecting towards the mid-line. After ablation, so few
KCs remain relative to surrounding neuropil that three-
dimensional reconstructions of the entire brain tend to
obscure them. The reconstructions shown are only of the
lobe regions. In sections, however, surviving KCs can be
followed from cell bodies of expected shape and size in
the expected dorsoposterior location. They project to a
very small calyx and send their axons through a narrow
pedunculus.
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Figure 4: Partial ablation-unilateral. Three-dimen-
sional reconstructions of partially ablated MBs from the
indicated lines. All lobular elements of the normal adult
pattern are represented in each case. The lobes are,
however, much thinner that their nonablated counter-
parts (cf. Figs. 2,3). The « and B lobes of 201Y are not
visible in this reconstruction but can be seen in the sec-
tions from which it was created. This is consistent with
the results of a similar study by Ito et al. (1997).

other groups of AGT neurons in another study
(Stocker et al. 1997).The other three lines, the
clearest example of which is shown in Figure 5
(c742), have staining patterns corresponding to a
group of fibres connecting the tip of the v lobe to
a rostral area of the medial protocerebrum. Again,
HU ablation has no obvious effect on their projec-
tion patterns. In particular, the bulbous shape
corresponding to the tip of the normal v lobe is
retained.

ABLATION OF AL INTRINSIC AND EXTRINSIC
NEURONS

Three of the lines selected for HU treatment
reveal staining corresponding to AL local interneu-
rons, which have ramifications throughout the AL
(Figs. 2, lines ¢739 and c492b, and 3, line c772).

MUSHROOM BODY DEVELOPMENT

The three patterns differ with respect to the num-
ber of stained cell bodies, implying different sub-
sets of such local interneurons. All are eliminated
by HU treatment.

Two other lines reveal expression in groups of
AL afferents that enter the AL via the antennal
nerve, and that arborize within different subsets of
AL glomeruli (Fig. 5). Bar an overall reduction of AL
size, HU treatment had no obvious effect on the
projection patterns of these neurons, or on the
morphology of the glomeruli.

LARVAL MBs

Among P{GAL4} lines that reveal the adult
MBs, approximately half also reveal the larval MBs
(Tettamanti et al. 1997). Examples of expression
patterns in the third instar larval MB are shown in
the first column of Figure 6. The larval MB is topo-
logically similar to that of the adult (see also Fig. 1),
comprising a cortical array of cell bodies, a calyx, a
pedunculus and a lobe system. Closer examination
of the larval MB reveals some striking differences
from the adult structure, however.

The most obvious difference is with respect to
the number of lobes. The larval MB appears to have
just two lobes; one projecting dorsally and one
projecting medially (see Figs. 1 and 6). Both lobes,
and in particular the medially projecting lobe, have
bulbous out-swellings at their tips (c.f. the adult vy
lobe; Yang et al. 1995). Also, unlike the adult struc-
ture, the larval pedunculus makes a turn towards
the midline before giving rise to the lobes. Close to
the point of bifurcation there is a small lateral pro-
jection that may be analogous to the adult spur.

Internally, the larval pedunculus appears to
have a simple concentric organization; each pat-
tern reveals one or more sheaths of fibers sur-
rounding an unstained core (Fig. 7). Unlike the
adult pedunculus, we find no evidence of a four-
fold symmetric internal tract system, although we
sometimes observe two tracts exiting the calyx to
join the pedunculus (e.g., line 30Y, Fig. 7). We do
see evidence for four loose clusters of cell bodies,
however, each of which is presumably derived
from a single MBNb (e.qg., line 30Y, Fig. 7).

Leaving aside for the moment the question of
developmental continuity, the clearest example of
the difference between the larval and adult MBs is
provided by line 201Y (Figs. 1 and 6). This line
exhibits reporter expression in the adult vy lobe
and in core elements of the adult « and B lobes.
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Figure 5: Ablation of MB and AL extrinsic
neurons. Three-dimensional reconstructions of
adult brains from the indicated P{GAL4} lines.
(c133) The normal expression pattern (left) re-
veals two relevant neuronal types. One enters
the AL via the AN, and terminates ipsi- and
contralaterally within a set of dorsomedial glo-
meruli. The second appears to correspond to a
subset of AGT fibers. These project ipsi- and
contralaterally to the calyx (ca) and to the lat-
eral protocerebrum/lateral horn (Ih). The ab-
lated pattern (right) is remarkably similar, ex-
cept for a reduction in volume of the AL. (c742)
The normal expression pattern (left) reveals
two relevant neuronal types. One enters the AL
via the AN, terminating ipsi- and contralater-
ally within a subset of glomeruli. The second
appears to correspond to y-exit fibers. Each
hemisphere contains a group of cell bodies
dorsomedial to the MB lobes that projects to a
region identical in shape and position to the tip

Unablated

— 20um

Ablated

of they lobe. Projections to the medial protocerebrum, and via a few longer fibers to the lateral protocerebrum, are
revealed. Additional and unrelated staining occurs within the lateral protocerebrum and the optic lobes. The ablated
pattern (right) is remarkably similar, except for a reduction in AL volume.

The latter are continuous with four tracts internal
to the pedunculus, whereas the former is continu-
ous with a sheath of fibers that surrounds them
(Yang et al. 1995). In the larval MB, in contrast,
201Y reveals outer shells of both larval lobes, con-
tinuous with an outer shell of the pedunculus
(Fig. 7).

Given that the larval and adult lobes appear to
have rather different internal structures, we con-
sider it inadvisable to use the same terminology to
describe them. For this reason, we will use the
terms o and B- when referring to the larval lobes.

DEGENERATION OF THE LARVAL MBs

KC expression patterns were followed at 2- to
4-hr intervals during the first 48 hr of postlarval
development, starting with newly immobile prepu-
pae. No obvious changes were seen for at least a
further 8 hr, that is, until (2 hr after puparium
formation (APF). Between that time and 16 hr APF,
all of the patterns undergo change, though to dif-
ferent extents (Fig. 6, second column). This is seen
at its most extreme in o, in which reporter ex-
pression appears to fragment and then to disappear
completely (Fig. 6, third column) in lines 201Y and
203Y. Changes of «" in other lines, although less
dramatic, always appear to be accompanied by a
reduction in diameter.

108

The apparent degeneration of at least some
elements of o" is accompanied by similar changes
within B, though for this lobe at least some stain-
ing persists in all of the lines examined, most ex-
tensively in lines that are the least affected with
respect to o*. Staining intensity in the pedunculus
was also reduced, with respect to that of the cell
body layer, in all of the patterns that we followed.

CONSTRUCTION OF ADULT MBs

Structures clearly recognizable as, and devel-
opmentally continuous with, the adult MB lobes
appear in most lines from [26 hr APF. Earliest to
appear is the medially projecting vy lobe, which
appears to grow out of the remnant of B-. Simul-
taneous appearance of « and 38 lobes occurs some-
what later, with a timing that varies from line to
line. Their earliest appearance is in lines 30V,
203Y, and 238Y, in which narrow o and B lobes
become visible almost as soon as the vy lobe be-
comes recognizable. In line 203Y, for which the
adult « and B lobes have characteristic unstained
cores, the newly formed o and B lobes exhibit
staining throughout. The unstained cores only be-
come apparent later than 36 hr APF. This is around
the same time that staining of « and B lobe cores
appears in line 201Y. By 40 hr APF, the «, B, and vy
lobes look very similar to those of the adult.
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Figure 6: Timed study of P{GAL4} expression patterns.
Three-dimensional reconstructions of lobe regions from
the indicated P{GAL4} lines (see also Table 2). Larval
and adult patterns are in the leftmost and rightmost col-
umns, respectively. Three representative pupal stages
are shown for each line. The second column corre-
sponds to early pupal development ({112 hr APF), the
third column to midpupal development ((24 hr APF),
and the fourth column to later pupal development ((36
hr APF).

Lying adjacent to, and to an extent coiling
around the adult o lobe we can discern a second
dorsally projecting structure. This lobe, which we
call 3, may be developmentally continuous with o,
and appears at the same time as the v lobe. The
relationship between o and & is most clearly seen
in lines 117Y and 238Y (Fig. 6). Discrete « and &
lobes persist to adulthood.

LARVAL ORIGIN OF THE ADULT vy LOBE

In all of the lines that we have examined, with
only a single exception (line c739), staining in the
larval MB lobes correlates with staining of the v
lobe in the adult MB. Furthermore, lines that stain
most extensively in the vy lobes show the least de-
gree of degradation during the initial phase of
metamorphosis (Fig. 6, lines 30Y, 117Y, and
238Y).

109

MUSHROOM BODY DEVELOPMENT

The expression pattern of line 201Y contains
KCs that survive HU treatment (Fig. 3), and that
form an adult “lobe” with a ~-like structure. Sur-
viving fibers can also be seen at the third larval
instar stage (Fig. 8), in which they project to both
of the larval lobes. This implies developmental con-
tinuity between the larval lobes and the adult v
lobe, rather than the adult o and B lobes. In the
unablated larval brain, 201Y staining (which must
include the HU-resistant subset) is restricted to an
outer shell of the pedunculus (Fig. 5). It thus ap-
pears, as we have hypothesized previously (Yang
et al. 1995), that the MB grows from the inside out,
such that the earliest fibers come to reside on the
outside.

Discussion

ADULT KCs OF EMBRYONIC ORIGIN

In newly hatched first instar larvae at the time
of HU treatment, the four MBNbs and a single lat-
eral neuroblast (LNb) are the only proliferating

30Y ped

‘1I.. '-ﬁ

Figure 7: The late larval MBs. Selected confocal sec-
tions through the late third instar larval cell body layer
(top left) and calyx (top right) of line 30Y, and through
the pedunculus of 30Y and two other lines (bottom). The
cell body region of 30Y appears as four clusters, each
surrounding an unstained core (presumably containing
the corresponding MBNbs). The junction between the
calyx and the pedunculus in line 30Y appears as two
tracts with unstained cores. These are continuous, with
the stained and unstained components of the 30Y pe-
dunculus. Staining of the larval pedunculus (bottom
panels) appears as one or more concentric rings sur-
rounding an unstained core.
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Figure 8: Effect of HU ablation on the lar-
val MBs. Three-dimensional reconstruction
of the MB pattern in HU-treated late third
larval instar 201Y. The ablated larval MB
shows all the features of the nonablated lar-
val pattern, albeit with much narrower
lobes.

neuroblasts in each brain hemisphere (Truman and
Bate 1988; Prokop and Technau 1991; Ito and
Hotta 1992). That HU ablates MB intrinsic fibers
(KCs) together with a group of AL neurons
(Stocker et al. 1997) conforms to this pattern of
neuroblast activity.

Here we describe the effects of larval HU ab-
lation on eight P[GAL4] lines with expression pat-
terns restricted to different subsets of the adult
KCs. In the case of five lines, not a single marked
KC was apparent in the adult brain. In three lines,
however, staining attributable to a small number of
KCs, consistent between individuals of the same
line, was clearly recognizable. Two possibilities for
their origin exist. They are either formed prior to
HU treatment, or they arise from neuroblasts active
at a later stage of development. Despite careful
BrdU incorporation studies, no additional MB neu-
roblasts have been found (Ito and Hotta 1992). We
thus conclude that at least some embryonic KCs
survive to adulthood.

The three surviving patterns are clearly differ-
ent from one another, at least in terms of KC num-
ber (Fig. 3). What they have in common are axonal
trajectories closely resembling those of normal
adult v lobe fibers (Yang et al. 1995), and they
occur only in lines that normally exhibit y lobe
staining. Surviving KCs contribute to merely a por-
tion of the v lobe, however, implying that some
(probably most) y-lobe neurons are born after lar-
val hatching. We see no evidence of « or B lobe
neurons surviving after complete ablation in any
line. Nor do we observe axons projecting to the &
lobe. These results are consistent with our previ-
ous hypothesis that KCs within the adult -y lobe are
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the earliest MB elements to arise during develop-
ment (Yang et al. 1995).

The number of KCs at hatching has been pre-
viously estimated as [B0O (Technau and Heisen-
berg 1982). Here, we observe little more than 100
adult KCs in the three surviving patterns com-
bined. Whereas the lines we chose to examine en-
compass large numbers of KCs, in combination
representing a substantial proportion of the total
KC count, they may just fail to include expression
patterns corresponding to the unaccounted 200 fi-
bers. Alternatively, some of the embryonic fibers
may be lost during larval and pupal development.

RELATIONSHIP BETWEEN THE FOUR MBNbs

Adult MBs exhibit clear fourfold symmetry
(Yang et al. 1995). Fibers that project to the « and
B lobes emanate from four clusters of cell bodies;
occupy four quadrants of the calyx; and are con-
tained within four tracts internal to the pedunculus
(Fig. 1). In contrast, KCs associated with the -~y
lobes appear to be diffusely scattered across the
cell-body region (Fig. 1; Yang et al. 1995); they
reveal the entire calyx volume; and they form a
sheath in the pedunculus, not obviously subdi-
vided, that surrounds the four internal tracts. We
have previously hypothesized a causal relationship
between the fourfold symmetry of the adult Dro-
sophila MBs and an origin from four equivalent
neuroblast precursors (Yang et al. 1995) Alterna-
tively, each neuroblast might give rise to a specific
class of Kenyon cell (e.g., each MBNb specific for
a particular lobe).
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Evidence presented here, and in another study
(Ito et al. 1997), favors the former interpretation.
In each of several partially ablated patterns we find
a much thinner than usual MB comprising a single
cell-body cluster; an undivided calyx; an undivided
pedunculus; and all of the normal lobes. Thus each
of the four cell-body clusters, calyx units, and pe-
duncular tracts would appear to arise from sepa-
rate, and largely if not entirely equivalent, neuro-
blasts. Each MBNDb also contributes a proportion of
v-lobe KCs, both before and after hatching. The
four MBNbs would thus appear largely equivalent
with respect to their contributions to the adult MB
(see also Ito et al. 1997). The four MBNbs are not
entirely equivalent in terms of patterns of gene
expression (and quite possibly function), how-
ever; one P{GAL4} line has been described that
reveals only two MBNbs and their progeny at a
very early stage of MB development (Tettamanti et
al. 1997).

LARVAL MBs

Use of the P{GAL4} system has allowed us to
describe the detailed structure of the late larval
MBs for the first time. Although topologically simi-
lar to the adult MBs, they have some distinct fea-
tures. In particular, we see only two lobes (o" and
BY) compared with the four lobes observed in the
adult. There is also a simple concentric organiza-
tion of the pedunculus rather than the fourfold
symmetrical arrangement of the adult. In terms of
lobe morphology, the two larval lobes appear most
like the adult y lobe, having bulbous out-swellings
at their tips. In addition to the two lobes, the larval
MB exhibits a spur-like structure; a spur, continu-
ous with the v lobe, is also seen in the adult MB
(Yang et al. 1995). Despite absence of fourfold
symmetry in the pedunculus, the larval KC cell
bodies are clearly arranged as four clusters, each
presumably arising from, and surrounding, one of
the four MBNbs.

Although the core of the larval pedunculus is
known to contain KCs (Technau and Heisenberg
1982), we have yet to find a line that reveals it.
Because we selected our lines on the basis of adult
MB expression, it may be that the core fibers are a
larval-specific feature with their own gene expres-
sion characteristics. Alternatively, we may just not
have looked at enough lines, or the core fibers may
be too young to have accumulated sufficient g-gal
reporter.
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MB METAMORPHOSIS

Significant changes in MB expression patterns
are observed during metamorphosis. In the case of
several lines (see Table 2) the changes were so
sudden and dramatic that they could only be rea-
sonably attributed to abrupt changes in enhancer
activity (Armstrong and Kaiser 1997). For the pur-
poses of this study we describe only lines in which
we observe gradual changes in their expression
patterns. Taken together, they present a relatively
consistent developmental story.

Puparium formation is associated with a signifi-
cant reduction in the number of KC profiles seen
in cross-sections of the pedunculus (Technau and
Heisenberg 1982). Having dropped by almost 50%
by 12 hr APF, the number of profiles then climbs
again, reaching a plateau at [¥8 hr APF. Here we
describe a temporally correlated reorganization of
the MB lobes, first involving degeneration of the
two larval lobes, to an extent that varies from line
to line, and then a gradual appearance of the adult
structures. Lines that show the least evidence of
degeneration during early metamorphosis are
those that stain all four lobes of the adult MBs.

In light of the changes in KC fiber number
described by Technau and Heisenberg (1982), de-
generation of elements of the larval lobes is most
easily interpreted as degeneration of the relevant
KC axons. The extent and precise nature of the
degeneration is difficult to judge precisely, how-
ever. It is possible that all KCs participate, and that
““nondegenerating elements” of the staining pat-
terns represent an equilibrium between degenera-
tion and outgrowth. We suspect, however, that
persistent elements of lobular staining reflect per-
sistence of at least a proportion of larval KC axons
through to adulthood.

Our HU ablation studies imply that axons of
the earliest KCs come to reside in outer shells of
both the larval and the adult pedunculus. This is
consistent with growth of the MBs from the inside
out, such that the core of the pedunculus, at any
particular developmental stage, will contain the
youngest KC fibers. Fibers at the core of the devel-
oping pedunculus exhibit particularly thin axonal
profiles (Technau and Heisenberg 1982).

ORIGIN OF THE ADULT LOBES

A recognizable vy lobe first appears at [24-32
hr APF (Fig. 6; middle column). It appears to grow
out from the remains of B*, and is “‘complete” after
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Table 2:  Pupal development of P{GAL4} patterns

Developmental expression

early pupal mid-pupal late pupal adult
Line Site MB o B~ o B v & a B vy & a B vy & Reference
30Y 70E  ++  ++ ++ + ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ ++ Yangetal
(1995)
82y 7? + + ++ ++ + ++ ++ + this study
103y 2D ++ ++ ++ ++ ++ ++ ++ ++ Tettamanti et
al. (1997)
117Y 34C ++ + ++ + + 4+ 4+ ++ ++ ++ ++ ++ ++ ++ ++ Tettamanti et
al. (1997)
201Y 56D ++ @ ++ + ++ + o+ 4+ + o+ 4+ Yang et al.
(1995)
203Y 1C + + + + ++ ++ ++ ++ ++ ++ ++ Tettamanti et
al. (1997)
238Y 48C ++ 4+ 4+ + + 4+ ++ ++ ++ ++ ++ ++ ++ ++ ++ Yangetal
(1995)
c492b 49C ++ 4+ ++ this study
c739 40A ++ + + + o+ 4+ ++ ++ + ++  ++ Yang et al.
(1995)
c772 42A ++ ++ ++ ++ ++ ++ ++ ++ Yangetal.
(1995)

Summary of expression patterns from late third instar larval stage to adulthood. (++) Extensive staining; (+) more restricted
staining. Abrupt onset of reporter expression in lines 103Y, c492b, and c772 was interpreted as a temporal change in
enhancer activity. y lobe staining in line ¢739 was lost by the time of eclosion. y lobe staining in line 82Y is not always

present.

a further 8 hr. A recognizable & lobe appears at the
same time as the v lobe, and only in lines in which
we see persistent staining of o (30Y, 117Y, and
238Y), with which it may thus be developmentally
continuous. Axons of the & lobe appear to wrap
around the newly forming « lobe (Fig. 6; fourth
column, line 30Y, 117Y, and 238Y).

Staining corresponding to the adult « and B
lobes usually appears just after the formation of the
v and 8 lobes, becoming complete at (48 hr APF or
later. We have found no evidence for the adult «
and B lobes being developmentally continuous
with earlier structures. Appearance of a and
staining is accompanied by the first appearance of
tracts internal to the pedunculus. It is thus possible
that the o and B lobes are adult-specific structures.

OTHER ELEMENTS OF THE OLFACTORY SYSTEM

Given the results of Stocker et al. (1997) we
were surprised to find that HU ablation did not
dramatically alter the projection patterns of at least
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two classes of MB extrinsic neurons (putative input
via the AGT and putative y-lobe exit fibers). We
did, however, observe effects of ablation on the
AL, from which the AGT emanates. In particular,
many P{GAL4} lines that reveal the adult « and 8
lobes also reveal AL local interneurons that are ab-
lated by HU. Such neurons must therefore arise
from, or be dependent upon, the single LNb per
hemisphere that is active during the period of HU
treatment (Ito and Hotta 1992). It may be that most
or all of the intrinsic neurons of the adult AL arise
from just this neuroblast, ablation of which causes
a 32% reduction in AL volume (de Belle and Hei-
senberg 1994). Projection patterns of AL afferents
and efferents appeared largely unaffected by abla-
tion, as did what could be visualized of the glo-
merular architecture of the AL (cf. Stocker et al.
1997). That HU-ablated flies exhibit olfactory de-
fects (de Belle and Heisenberg 1994) may thus be
a specific consequence of the loss of AL intrinsic
neurons.

The intrinsic neuronal components of the MBs
and the ALs are morphologically different; in the
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former organized as long parallel fiber tracts and in
the latter ramifying widely between the various
glomeruli. Nevertheless, they would appear to ex-
hibit developmental parallels in the timing of neu-
roblast activity (Truman and Bate 1988; Prokop
and Technau 1991; Ito and Hotta 1992) and a de-
gree of commonalty in terms of their patterns of
gene expression (see above).

Although the primary roles of AL and MB neu-
ropils appear different, the above commonalties
may hint at a physiological and thus functional re-
lationship between the two classes of intrinsic neu-
rons. Morphological differences may be more a
matter of context than identity.

LARVAL AND ADULT MUSHROOM BODY FUNCTION

The striking differences at the levels of neuron
trajectory, gene expression and developmental his-
tory between KCs that comprise the o/ lobes and
those of the /3 lobes are highly suggestive of dif-
ferent functional roles.Though not yet demon-
strated, it seems reasonable to suppose that larval
olfactory learning, like adult learning, involves the
MBs. Furthermore, memory retention through
metamorphosis implies a developmentally continu-
ous structure. We suggest the «y and 8 lobes store
information of relevance to both developmental
stages, whereas the o and B lobes have uniquely
adult roles, for example, in courtship behavior (see
O’Dell et al. 1995).
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