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Abstract We identified the neurons comprising the Drosophila mushroom body (MB), an
associative center in invertebrate brains, and provide a comprehensive map describing their
potential connections. Each of the 21 MB output neuron (MBON) types elaborates segregated
dendritic arbors along the parallel axons of ~2000 Kenyon cells, forming 15 compartments that
collectively tile the MB lobes. MBON axons project to five discrete neuropils outside of the MB and
three MBON types form a feedforward network in the lobes. Each of the 20 dopaminergic neuron
(DAN) types projects axons to one, or at most two, of the MBON compartments. Convergence of
DAN axons on compartmentalized Kenyon cell-MBON synapses creates a highly ordered unit
that can support learning to impose valence on sensory representations. The elucidation of the
complement of neurons of the MB provides a comprehensive anatomical substrate from which
one can infer a functional logic of associative olfactory learning and memory.

DOI: 10.7554/eLife.04577.001

Introduction

Neural representations of the sensory world give rise to appropriate innate or learned behavioral
responses. Innate behaviors are observed in naive animals without prior learning or experience,
suggesting that they are mediated by genetically determined neural circuits. Responses to most
sensory stimuli, however, are not innate but experience-dependent, allowing an organism to
respond appropriately in a variable and uncertain world. Thus, most sensory cues acquire behav-
ioral relevance through learning. In Drosophila melanogaster, a number of different forms of
learning have been observed in response to sensory stimuli (Siegel and Hall, 1979; Liu et al.,
1999, 2006; Masek and Scott, 2010; Schnaitmann et al., 2010; Ofstad et al., 2011; Vogt et al.,
2014). In associative olfactory learning, exposure to an odor (conditioned stimulus, CS) in associ-
ation with an unconditioned stimulus (US) results in appetitive or aversive memory (Quinn et al.,
1974, Tempel et al., 1983; Tully and Quinn, 1985). Olfactory memory formation and retrieval in
insects require the mushroom body (MB) (Heisenberg et al., 1985; de Belle and Heisenberg, 1994,
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elLife digest One of the key goals of neuroscience is to understand how specific circuits of brain
cells enable animals to respond optimally to the constantly changing world around them. Such
processes are more easily studied in simpler brains, and the fruit fly—with its small size, short life
cycle, and well-developed genetic toolkit—is widely used to study the genes and circuits that
underlie learning and behavior.

Fruit flies can learn to approach odors that have previously been paired with food, and also to
avoid any odors that have been paired with an electric shock, and a part of the brain called the
mushroom body has a central role in this process. When odorant molecules bind to receptors on
the fly's antennae, they activate neurons in the antennal lobe of the brain, which in turn activate
cells called Kenyon cells within the mushroom body. The Kenyon cells then activate output neurons
that convey signals to other parts of the brain.

It is known that relatively few Kenyon cells are activated by any given odor. Moreover,
it seems that a given odor activates different sets of Kenyon cells in different flies. Because the
association between an odor and the Kenyon cells it activates is unique to each fly, each fly
needs to learn through its own experiences what a particular pattern of Kenyon cell activation
means.

Aso et al. have now applied sophisticated molecular genetic and anatomical techniques to
thousands of different transgenic flies to identify the neurons of the mushroom body. The resulting
map reveals that the mushroom body contains roughly 2200 neurons, including seven types of
Kenyon cells and 21 types of output cells, as well as 20 types of neurons that use the neurotransmitter
dopamine. Moreover, this map provides insights into the circuits that support odor-based learning.
It reveals, for example, that the mushroom body can be divided into 15 anatomical compartments
that are each defined by the presence of a specific set of output and dopaminergic neuron cell
types. Since the dopaminergic neurons help to shape a fly's response to odors on the basis of
previous experience, this organization suggests that these compartments may be semi-autonomous
information processing units.

In contrast to the rest of the insect brain, the mushroom body has a flexible organization that is
similar to that of the mammalian brain. Elucidating the circuits that support associative learning in fruit
flies should therefore make it easier to identify the equivalent mechanisms in vertebrate animals.
DOI: 10.7554/eLife.04577.002

Dubnau et al., 2001; McGuire et al., 2001), an associative center in the protocerebrum (Figure 1
and Video 1).

Olfactory perception in the fly is initiated by the binding of an odorant to an ensemble of olfactory
sensory neurons in the antennae, resulting in the activation of a distinct and topographically fixed
combination of glomeruli in the antennal lobe (Figure 1A,B; reviewed in Vosshall and Stocker (2007),
Masse et al. (2009)). Most antennal lobe projection neurons (PNs) extend dendrites to a single glo-
merulus and project axons that bifurcate to innervate two brain regions, the lateral horn and the MB
(Stocker et al., 1990; Wong et al., 2002, Jefferis et al., 2007). The invariant circuitry of the lateral
horn is thought to mediate innate behaviors, whereas the MB translates olfactory sensory information
into learned behavioral responses (Heisenberg et al., 1985). The PN axons synapse onto the den-
drites of the Kenyon cells (KCs) in the MB calyx; the parallel axons of the KCs form the MB lobes.
Odors activate sparse subpopulations of KCs distributed across the MB without spatial preference
(Turner et al., 2008; Honegger et al., 2011; Campbell et al., 2013). Anatomical and physiological
studies reveal that each KC receives on average 6.4 inputs from a random combination of glo-
meruli; that is, knowledge of a single input to a KC provides no information about the identity of the
additional inputs, and connections differ in different flies (Murthy et al., 2008; Caron et al., 2013,
Gruntman and Turner, 2013). Thus, the calyx of the MB discards the highly ordered structure of the
antennal lobe. A restoration of order must therefore be imposed downstream to link the KC represen-
tation to an appropriate behavioral output.

Three classes of KCs extend parallel fibers that form the y, a'/B’, and o/ lobes of the MB, where
they form synapses with a relatively small number of MB output neurons (MBONSs; Figure 1C)
(Crittenden et al., 1998, Ito et al., 1998; Strausfeld et al., 2003; Lin et al., 2007, Tanaka et al., 2008,
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Figure 1. Anatomy of olfactory pathways in the adult fly brain. (A) An image of the adult female brain showing the
antennal lobes (AL) and subregions of the mushroom bodies (MB; see panel B for more detail). The image was
generated using a 3D image rendering software (FluoRender) (Wan et al., 2009, Wan et al., 2012). The

51 glomeruli of the AL extend projection neurons (PN) to the calyx of the MB and the lateral horn (LH). There are

a total of ~200 PN; é from the DL3 glomerulus are shown. See Video 1 for an introduction to olfactory circuit.

(B) Subregions within the MB. The y lobe, calyx, and pedunculus (ped) are displayed separately from other lobes;
their normal positions are as shown in panel A and Video 1. Color-coding is as in panel A. See below for a
detailed description of dorsal accessory calyx (JAC) and ventral accessory calyx (vAC). (C) A schematic representation
of the key cellular components and information flow during processing of olfactory inputs to the MB (see text for
references and more details). Olfactory receptor neurons expressing the same odorant receptor converge onto a
single glomerulus in the AL. A small number (generally 3-4) of PNs from each of the 51 AL glomeruli innervate the
MB calyx where they synapse on the dendrites of the ~2000 Kenyon cells (KCs) in a globular structure, the calyx.
Each KC exhibits, on average, 6.4 dendritic ‘claws’ (Butcher et al., 2012), and each claw is innervated by a single
PN. There is little order in connection patterns of PNs to KCs. The axons of the KCs project in parallel anteriorly
through the pedunculus to the lobes, where KCs terminate onto the dendrites of MB output neurons (MBONSs).
KCs can be categorized into three major classes a/B, a’/f’, and y based on their projection patterns in the lobes
(Crittenden et al., 1998). The B, B', and y lobes constitute the medial lobes (also known as horizontal lobes), while
the a and o' lobes constitute the vertical lobes. These lobes are separately wrapped by ensheathing glia (Awasaki
et al., 2008). The a/f and /B’ neurons bifurcate at the anterior end of the pedunculus and project to both the
medial and vertical lobes (Lee et al., 1999). The y neurons project only to the medial lobe. Dendrites of MBONs
and terminals of modulatory dopaminergic neurons (DANSs) intersect the longitudinal axis of the KC axon bundle,
forming 15 subdomains, five each in the a/B, o'/f’, and y lobes (numbered a1, a2, and a3 for subdomains in the a
lobe from proximal to distal) (Tanaka et al., 2008). Additionally, one MBON and one DAN innervate the core of
the distal pedunculus intersecting the a/f KCs (pedc, see below). There are seven types of KCs; five of the seven
types have their dendrites in the main calyx, while those of the yd cells form the vAC (Aso et al., 2009; Butcher
et al., 2012) and those of the a/Bp cells the dAC (Tanaka et al., 2008). The accessory calyces are thought to
Figure 1. Continued on next page
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Figure 1. Continued

receive non-olfactory input since they do not receive input from the PNs from the AL (Tanaka et al., 2008).
Different KCs occupy distinct layers in the lobes as indicated (p: posterior; c: core; s: surface; m: medial; a: anterior;
and d: dorsal). Some MB extrinsic neurons extend processes to only a specific layer within a subdomain, defining
elemental subdivisions in the lobes, or ‘synaptic units’ as proposed by Tanaka et al. (2008).

DOI: 10.7554/eLife.04577.003

Busch et al., 2009). The MBONs have dendrites
in the MB lobes and project axons to neuropils
outside of the MB. Modulatory input neurons,
including dopaminergic neurons (DANs) and octo-
paminergic neurons (Nassel and Elekes, 1992,
glomerulus Tanaka et al., 2008; Busch et al., 2009, Mao and
(BL3) Davis, 2009), also innervate the MB lobes. The
MBONs and DANs send their processes to ster-
eotyped locations, defining spatially restricted
'subdomains’ in each lobe (Ito et al., 1998; Tanaka
et al., 2008, Mao and Davis, 2009; Pech et al.,
2013). However, these studies did not establish
the precise anatomical relationships between

antennal lobes

s the subdomains; knowledge of these relation-
st ety o RO Bprssiog e Sanne e TSEepIor Sk TvrgR B0 0 T ships will be required to understand the structure
the 51 glomeruli of the antennal lobes, where they synapses on the projection neurons. . . .

Six projection neurons from the DL3 glomensdus are shown. and |09|C Of M B Cl rCUItS-

The DANs are the most prevalent modulatory
neurons in the MB and dopamine is thought to
act locally to modify KC-MBON synapses (Aso
et al., 2010; Waddell, 2013). In accord with this
model, DAN activity is required during learning
(Schwaerzel et al., 2003; Aso et al., 2010, 2012; Burke et al., 2012; Liu et al., 2012) and exogenous
activation of DAN subpopulations can serve as an US in associative learning paradigms (Schroll et al.,
2006; Claridge-Chang et al., 2009; Aso et al., 2010, 2012; Burke et al., 2012, Liu et al., 2012).
In addition, D1-like dopamine receptors in the KCs are necessary to form olfactory memories (Kim
et al., 2007).

Different populations of DANs are activated by USs of different valence; see Figure 1A of the
accompanying paper (Aso et al., 2014) for summary (Riemensperger et al., 2005; Mao and Davis,
2009, Liu et al., 2012; Das et al., 2014). Genetic manipulation has also implicated specific subsets of
MBON:Ss in the mediation of learned appetitive and aversive behaviors (Sejourne et al., 2011, Pai
et al.,, 2013, Placais et al., 2013; Aso et al., 2014). These experiments implicate the DANs as the
source of the learning cue and the MBONSs as the mediators of behavioral output. The elucidation of
the connections between KCs, DANs, and MBONs should provide insight into a problem shared by
invertebrate and vertebrate nervous systems: how is meaning imposed on an unstructured ensemble
of neurons and how is imposed valence translated into an appropriate behavioral response?

In this study, we developed new genetic reagents and used them to identify the cell types and
projections of the neurons comprising the MB lobes. These data provide insight into the potential con-
nections in the MB and suggest how the MB may mediate learned behaviors. We found that the MB
lobes are composed of ~2200 neurons that include 7 KC, 21 MBON, and 20 DAN cell types. The
MBON:Ss of a given type exhibit spatially stereotyped dendritic arbors in the MB lobes that form 15
compartments that collectively tile the lobes. Each DAN cell type projects axons to one or at most two
of the compartments defined by the MBONSs. The alignment of DAN axons with compartmentalized
KC-MBON synapses creates an isolated unit for learning that can transform the disordered KC repre-
sentation into ordered MBON output. The MBON axons project to five discrete neuropils outside of
the MB, providing loci for the convergence of all the information necessary for learned associative
responses. The elucidation of the full complement of MB neurons and the details of their projections
provide an anatomical substrate from which we can infer a functional logic of olfactory learning and
memory.

Video 1. Introduction to MB anatomy and the olfactory
circuit.
DOI: 10.7554/eLife.04577.004
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Results

We designed a genetic approach to examine the architecture of the MB circuit and identified most, if
not all, of the neurons innervating the MB lobes. We screened adult brains from 7000 GAL4 lines
driven by known enhancers (Pfeiffer et al., 2008; Jenett et al., 2012) to identify lines containing
neurons that innervate the MB lobes. These GAL4 drivers typically label many other neurons, making
it difficult to disambiguate the projection patterns of the labeled MB neurons. We therefore identified
lines with overlapping expression patterns for the MB neurons and used the split-GAL4 strategy (Luan
et al., 2006; Pfeiffer et al., 2010) to identify lines with more restricted expression in the MB (Figure 2).
After screening 2500 such intersections, we obtained more than 400 split-GAL4 combinations that had
strong expression in the MB neurons. Most split-GAL4 lines that drive expression in MBONs or DANs
contain a small number of neurons that share virtually identical morphologies and exhibit bilateral
symmetry, and this profile is maintained across different individuals (Figure 2—figure supplements 3-6
and data not shown). The split-GAL4 lines that label the KC contain far greater cell numbers (75-600)
(Figure 2—figure supplement 2). These split-GAL4 lines allowed us to classify the MB neurons into
cell types (Figure 3 and Videos 2-4). We operationally define a cell type as a single neuron (per hem-
isphere) or a group of neurons that is not further subdivided in any of the 7000 GAL4 lines. Moreover,
neurons within most cell types exhibit indistinguishable morphology. Importantly, we identified on
average 12 GAL4 drivers that label the same cell type within the set of 7000 lines, indicating that the
screen was near saturation in our large GAL4 collection.

We employed an independent approach, photoactivatable GFP (PA-GFP) tracing (Patterson and
Lippincott-Schwartz, 2002; Datta et al., 2008; Ruta et al., 2010), to verify the results of the split-
GAL4 experiments and determine whether the neuron types identified in our screen represent the full
complement of MBONs and DANSs. Photoactivation of the MB labels all neurons that express PA-GFP
and project to the MB (Figure 4A,; for limitations, see ‘Materials and methods’). Photoactivation of the
MB lobes in flies expressing PA-GFP pan-neuronally (except in the KCs) resulted in labeling of eight
individual neurons and five clusters of neuronal cell bodies (Figure 4, see ‘Materials and methods’).
The number and position of these PA-GFP labeled neurons matched well with the cells identified in the
split-GAL4 lines.

We performed a more refined analysis by photoactivating individual subdomains of the MB lobes
(Figure 5). By labeling processes of specific MBONs or DANs, we could decorate individual subdo-
mains of the MB lobes (Figure 1C and see below) (Tanaka et al., 2008), allowing focal photoactivation
and subsequent identification of the full complements of neurons innervating each lobe subdomain.
Photoactivation of individual subdomains confirmed the results obtained from the genetic approach
(Figure 5), but the photoactivation experiments also revealed two MBONSs not identified in the split-
GAL4 lines. These MBONs were subsequently identified in the VTI-GAL4 collection, allowing us to
characterize their projections (Figure 5—figure supplement 1).

The split-GAL4 approach identified 20 DAN types of the PPL1 and PAM clusters that innervate the
MB. We identified about 30% less DANs in the PAM cluster in our collection of split-GAL4 lines com-
pared to the number estimated by PA-GFP and anti-dopamine immunoreactivity (Figure 5) (Liu et al.,
2012). However, these additional DANs exhibit innervation patterns similar to those of the split-GAL4
lines (see below), and therefore we assume that they either represent closely related cell types or that
some of our split-GAL4 drivers are stochastic in their expression and fail to label all members of a cell
type. Taken together, these data indicate that each cell type defined by our criteria likely represents an
irreducible group of equivalent cells, and that the split-GAL4 screen and PA-GFP tracing identified
perhaps all of the neurons in the MB lobes.

These complementary analyses allowed us to make a comprehensive list of cell types comprising
the MB lobes (Table 1). We selected 92 split-GAL4 lines representing the best examples for single cell
types as well as combinations of related cell types; these split-GAL4 lines will facilitate further anatom-
ical and functional characterization of the MB cell types (see Figure 2—figure supplements 1-6,
Supplementary file 1, www.janelia.org/split-gal4, and ‘Materials and methods’). In this study, we
focus on the three major classes of neurons that provide the input and output of the MB lobes: 7 types
of KCs, 21 types of MBONSs, and 20 types of DANs (Figure 3 and Videos 2-4).

The Kenyon cells
Each MB contains ~2000 KCs that are sequentially generated from four neuroblasts (Ito et al., 1997;
Lee et al., 1999; Zhu et al., 2003; Lin et al., 2007). The dendrites of the KCs form the MB calyx and
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Figure 2. Generation of split-GAL4 drivers for the MB neurons. An example of the use of the split-GAL4 approach
to generate a driver line specific for MBON-a'2 (see Table 1 for the naming convention of MBONs and DANs).
R20G03-GAL4 in attP2 (left) and R19F09-GAL4 in attP2 (center) both show expression in MBON-a'2 when crossed
to pJFRC2-10XUAS-IVS-mCD8::GFP in attP2 and in many other neurons that differ between the two GAL4 lines.
The optic lobes (OL), central brain (CB), and ventral nerve cord (VNC) are indicated. The enhancer fragments from
these lines were used to generate the fly line MB0O18B carrying both R20G03-p465ADZp in attP40 and R19F09-
ZpGAL4DBD in attP2 (right). The p65ADZp and ZpGAL4DBD proteins are themselves inactive; the reconstitution
of an active GAL4 transcription factor requires heterodimerization that occurs only in cells expressing both proteins
(Luan et al., 2006; Pfeiffer et al., 2010). This approach, therefore, labels cells in which both enhancers are active.
The arrow indicates the cell body of one MBON-a'2 cell visualized using pJFRC225-5xUAS-IVS-myr::smGFP-
FLAG reporter in VKO0OOOS5 (white). Neuropils were visualized with nc82 antibody (orange). Genotypes of 92
split-GAL4 lines and the cell types they label are listed in Supplementary file 1 and raw confocal images are
available online (http://www.janelia.org/split-gal4). The expression pattern observed using a split-GAL4 line
depends to some extent on the UAS reporter construct used, as illustrated in Figure 2—figure supplement 1.
Expression patterns of split-GAL4 lines for KCs (Figure 2—figure supplement 2), PPL1-cluster DANs (Figure 2—figure
supplement 3), PAM cluster DANs (Figure 2—figure supplement 4), and MBONs (Figure 2—figure
supplement 5) are shown. We also generated split-GAL4 lines for a variety of other modulatory cell types that
project to the MB including serotonergic, GABAergic, octopaminergic, and peptidergic neurons (Figure 2—figure
supplement 6). We chose lines with minimal off-target expression in neuronal and non-neuronal cells (Figure 2—figure
supplement 7) to facilitate the use of these lines in future functional analyses to manipulate the activity of
individual cell types.

DOI: 10.7554/eLife.04577.005

The following figure supplements are available for figure 2:

Figure supplement 1. Expression pattern of split-GAL4 drivers with various reporters.
DOI: 10.7554/eLite.04577.006

Figure supplement 2. Expression patterns of split-GAL4 drivers for KCs.

DOI: 10.7554/eLite.04577.007

Figure supplement 3. Expression patterns of split-GAL4 drivers for PPL1 cluster DANS.
DOI: 10.7554/eLife.04577.008

Figure supplement 4. Expression patterns of split-GAL4 drivers for PAM cluster DANs.
DOI: 10.7554/eLite.04577.009

Figure supplement 5. Expression patterns of split-GAL4 drivers for MBONSs.

DOI: 10.7554/eLite.04577.010

Figure supplement 6. Expression patterns of split-GAL4 drivers for other modulatory input cells.
DOI: 10.7554/eLife.04577.011

Figure supplement 7. Examples of off-targeted non-neuronal expression.
DOI: 10.7554/eLite.04577.012

their parallel axons form the three MB lobes (Figure 1) (Crittenden et al., 1998). The main calyx pri-
marily receives olfactory input from the antennal lobe, whereas the smaller ventral and dorsal acces-
sory calyces are thought to receive non-olfactory input (see Figure 1C) (Tanaka et al., 2008; Butcher
et al., 2012). The KCs have been divided into three classes, y, a'/f’, and /B, with each class projecting
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Figure 3. MB cell types. Registered images of KCs (A; Video 2), MBONSs (B; Video 3), and DANs (C; Video 4).
After alignment to the standard brain and segmentation, different colors were assigned to each cell type, while the
outlines of the neuropils of the brain are shown in light gray. These images illustrate the overall extent and position
of these cell types in the brain; the morphology of individual cell types can be seen in Videos 2-4. For MBONSs,
the two neurons found upon PA-GFP tracing experiments (see below) are not included, thus the image represents
19 different MBON cell types. These are the three major intrinsic and extrinsic neuron types innervating the MB
lobes. Additionally, there are two intrinsic neurons (MB-APL and MB-DPM) and 10 extrinsic neuron types that
innervate the MB; see Table 1 for references. The extrinsic neurons with processes in the lobes include two types of
octopaminergic neurons (OA-VPM3 and OA-VPM4) and one type of peptidergic neuron (SIFamide). The extrinsic
neurons with processes in the calyx include two types of octopaminergic neurons (OA-VPM5 and OA-VUMa2),
one type of GABAergic neuron (MB-C1), one serotonergic neuron (MB-CSD), two types of DANs (PPL2ab-DANS),
and one neuron with dendritic arbors in the calyx and the proximal pedunculus as well as in the LH (MB-CP1). See
Figure 3—figure supplement 1 for images of some of these cell types.

DOI: 10.7554/elife.04577.015

The following figure supplement is available for figure 3:

Figure supplement 1. MBON-calyx and other modulatory neurons.
DOI: 10.7554/eLife.04577.016

axons to the eponymous lobe (Crittenden et al.,
1998; Lee et al., 1999). The split-GAL4 screen
and the analysis of the axonal projection patterns
of single cells revealed that these three classes of
KCs divide into seven cell types (Figure 3A and
Video 2). Each of the four neuroblasts contrib-
utes to each of the seven cell types and the den-
drites of the KCs generated from the different
neuroblasts remain segregated in the main calyx
(Lin et al., 2007). The parallel axon fibers of each
of the seven types of KCs occupy specific layers
within the y, a'/f’, and a/B lobes (Figures 6 and
7). Two KC types divide the y lobe into the main
and dorsal (d) layers, two types divide the a'/f’

20 L

Kenyon cells i i . :
lobe into the middle (m) and anterior—posterior
Video 2. KCs. (ap) layers, and three KC types divide the a/B
DOI: 10.7554/elLife.04577.017 lobe into the posterior (p), core (c), and surface (s)

layers (Figures 6 and 7, also see Figure 1C).
Examination of single cell morphologies suggests
that each KC may form en passant synapses with target MBONs along the length of its axon, providing
each MBON with access to a large number of KC inputs. Five of the seven types of KCs elaborate their
dendrites in the main calyx, whereas two types of KCs (yd and a/Bp) have dendrites exclusively in the
ventral and dorsal accessory calyces, respectively (Figures 6A and 7A) (Lin et al., 2007, Tanaka et al.,
2008; Butcher et al., 2012).
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The five KC types (ymain, a'/B'ap, a'/B'm, a/Bc,
and a/Bs) that receive olfactory information are
each represented by hundreds of neurons per
hemisphere and have their dendrites in the main
calyx. Each KC cell type sends axonal projections
to a spatially segregated layer in the lobes. The
dendritic arbors of each KC type also tend to be
found in the same regions of the calyx (Lin et al.,
2007; Leiss et al., 2009), but those dendritic
. zones are largely overlapping and individual KCs

within a given cell type exhibit variable dendritic
projection patterns (Figures 6 and 7). Moreover,
e E the KCs receive input from an apparently random
MBONSs _ collection of glomeruli (Murthy et al., 2008;
Caron et al., 2013; Gruntman and Turner, 2013).
These features are in sharp contrast to most neu-
ronal cell types in the olfactory pathway of the fly
that are thought to consist of one to ten neurons
that exhibit stereotyped projections (Yu et al.,
2010), suggesting that their input and output
connections are genetically predetermined.
These observations suggest a unique function of
the KCs in the processing of olfactory information
(see 'Discussion’).

Video 3. MBONS.
DOI: 10.7554/eLife.04577.018

The MB output neurons

The MBONs extend dendrites that overlap with
the KC axons in the MB lobes and project axons
outside the MB. By determining the polarity of
each cell type using high-resolution confocal
imaging along with an analysis of the expression

20 of the presynaptic reporter synaptotagmin-

DANs smGFP-HA (Syt::smGFP-HA; Figure 8), we

identified 34 MBONSs that comprise 21 different

Video 4. PAM and PPL1 cluster DAN. cell types (Table 1, Figure 3B, Video 3). We
DOI: 10.7554/eLife.04577.019 employed immunostaining to identify MBON

types as either cholinergic, glutamatergic, or
GABAergic (Figure 9, Table 1). MBONs that
use the same neurotransmitter extend dendrites to adjacent regions of the lobes; cholinergic
MBONSs in the vertical (a and a’) lobes, glutamatergic MBONSs in the medial (8, B’, and y) lobes,
and GABAergic MBONSs in an area of the lobes at the intersection between these two regions
(Figure 9 and Video 5).

Fourteen MBON cell types consist of only one cell per hemisphere, six types contain two cells,
and one type eight cells per hemisphere. In split-GAL4 lines with expression in more than one neu-
ron, single-cell resolution was achieved by using the multicolor flp-out strategy (MCFO; Nern et al.,
in preparation, Figure 8). Single cell analysis revealed that each member of an MBON type exhibits
indistinguishable morphology as assessed by light microscopy, and these stereotyped projection
patterns are invariant across flies (see below for all cell types).

The 21 MBON types elaborate dendritic arbors in insular, segregated domains of the lobes that
we call compartments. MBON dendritic arbors within each compartment exhibit little, if any,
overlap with arbors in neighboring compartments (Figure 10). Computational alignment of the
dendritic arbors of each of the MBON types within a single reference brain revealed that these
compartments collectively tile the MB lobes with minimal overlap (Figure 10G,I,K). The alignment
reveals gaps between arbors at four compartment borders; staining of the MB lobes for the pre-
synaptic marker Bruchpilot (Figure 10—figure supplement 1) suggests that these gaps represent
areas of reduced synaptic density. Two-color labeling experiments confirmed that the dendritic
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A Pan-neuronal PA-GFP
(except KCs)
DsRed in KCs

o

Before photoactivation C After photoactivation

Photoactivate all MB lobes

Ventral medial (cluster 1)

'

Photoactivated GFP diffuses,
visualizing MB-associated neurons

Posterior lateral (cluster 2)

Low I~ THEM High

GFP fluorescence

Figure 4. |dentification of neurons innervating the MB lobes by PA-GFP tracing. (A) Schematic representation of the experiment. PA-GFP was expressed
pan-neuronally, using a synaptobrevin-GAL4 driver, except in the KCs where GAL4 activity was suppressed by MB247-GAL80. Photoactivation of the MB
lobes was guided by a red fluorescent protein expressed broadly in the KCs (MB247-DsRed). A two-photon laser was used to achieve three-dimensional
precision of the photoactivation. Photoactivation results in an increase in the fluorescence of PA-GFP molecules in the processes of neurons innervating
the MB lobes. The photoactivated GFP molecules then diffuse throughout the cytoplasm of these neurons, revealing both cell bodies and processes
(see ‘Materials and methods' for details and limitations). (B) Baseline fluorescence of PA-GFP before photoactivation in the ventral medial (top; cluster 1
in panel D) or posterior lateral region of the brain (bottom; cluster 2 in panel D). Each panel represents a maximum intensity projection of z-stack images
obtained with two-photon microscopy. (C) Fluorescence of PA-GFP after photoactivation of the right MB lobes in the same brain regions as in (B). The
cell bodies as well as the processes of photoactivated neurons are labeled strongly with PA-GFP. The cell bodies of MB-DPM and MB-APL neurons were
also visualized. (D) MB extrinsic neurons as identified by PA-GFP tracing upon photoactivation of the right MB lobes. Shown here is a three-dimensional
reconstruction of a confocal stack. KCs are labeled in magenta (MB247-DsRed) and the cell bodies and the processes of photoactivated neurons are
shown in green (native PA-GFP fluorescence). Five clusters of cell bodies comprising more than two cells were detected reproducibly (see ‘Materials and
methods’) and are schematically indicated by the boxes (bottom): 1, ventral medial cluster; 2, posterior lateral cluster; 3, dorsal medial cluster; 4, anterior
lateral cluster; and 5, delineated by the dashed lines, the anterior medial cluster that includes the PAM-cluster DANs. PA-GFP labeling in the contralateral
(i.e., left) hemisphere includes the cell bodies of DANs (the PAM cluster DANs in the anterior medial region and the PPL1 cluster DANs in the posterior
lateral region), as they innervate the MB lobes bilaterally. Eight individual neurons were also detected, which include MB-APL and MB-DPM in the
ipsilateral hemisphere, and one MBON-B1>a, one MBON-y4>y1y2 (closed arrow), one MBON-y3, and one MBON-y3B'1 (open arrow) in the contralateral
hemisphere, because these extend dendrites in the contralateral MB lobes (see below). In addition, one cell body ventral to the calyx (arrowhead) and
one cell body ventral lateral to the antennal lobe were reproducibly observed, which represent MBONs not identified in the split-GAL4 lines (see Figure 5G
and Figure 5—figure supplement 1, also see '‘Materials and methods’). The comparison of number of cells identified in split-GAL4 lines and in the
PA-GFP tracing experiments is as follows: cluster name; cell counts by split-GAL4 lines, cell counts by PA-GFP tracing (sample size): (1) Ventral medial;
5,5.2 £0.8 (n = 5). (2) Posterior lateral; 14-15, 15.9 £ 2.1 (n = 9). (3) Dorsal medial; 4, 5.4 + 1.2 (n = 13). (4) Anterior lateral; 8-10, 5.9 = 2.0 (n = 8). Note
that the split-GAL4 line labeling the MBON-f'1 type, which comprises of 7-9 cells in the anterior lateral cluster (MB078C, see Table 1) includes at least
three cells that exhibit very sparse dendritic arbors in the MB lobes as examined by multicolor flp-out experiments (data not shown). This was also
observed in an independent experiment, in which the "1 compartment was specifically photoactivated (Figure 5B) and may account for the fact that PA-GFP
experiments identified fewer cells than the split-GAL4 lines in the anterior lateral cluster. It was not feasible to accurately count the large number
of cells in the anterior medial cluster (cluster 5; indicated as a dashed box) comprising mostly the PAM DANs and several MBONSs such as MBON-a
(see Figure 5 and ‘Materials and methods’). Genotype of the fly was yw/yw; UAS-C3PA-GFP(attP40),MB247-DsRed/UAS-SPA-GFP(attP40),MB247-GALS80;
NSyb-GAL4/UAS-C3PA-GFP(attP2),UAS-C3PA-GFP(VK00005), UAS-C3PA-GFP(VK00027).

DOI: 10.7554/eLife.04577.020

arbors of different MBONSs are segregated in spatially stereotyped compartments (Figure 11A-C).
We observed ensheathing glia at the borders between the MB lobes but not between the MBON
compartments in each lobe (Figure 11J-L).
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Dye
Injection

Figure 5. Identification of the MB extrinsic neurons innervating each MB lobe compartment by PA-GFP tracing. We photoactivated each of the 15 MB
lobe subdomains (Figure 1C), or compartments (see below), individually to provide an independent approach to identify the extrinsic neurons associ-
ated with each compartment. PA-GFP was expressed pan-neuronally using a synaptobrevin-QF driver (see ‘Materials and methods’) but was suppressed
in a/B and y KCs using MB247-QS. Note that the a'/B’ KCs were visualized when compartments in the o'/ lobes were photoactivated (e.g., panel B).
Different split-GAL4 lines (e.g., MBON lines for panels A and B, and DAN lines for panels C and D) were used to drive expression of membrane-targeted
red fluorescent protein (myr::tdTomato) to demarcate a specific compartment within the lobes for photoactivation. The photoactivated samples were
subsequently immunostained for a marker of dopaminergic cells (tyrosine hydroxylase [not shown] or dopa-decarboxylase [DDC, see panels E and F]) to
classify individual photoactivated neurons as MBONs or DANs (see ‘Materials and methods'). (A-D) Each panel shows a diagram of the experiment and
a three-dimensional reconstruction of confocal images showing DANs and MBONSs innervating the photoactivated compartment. Photoactivation was
performed unilaterally (i.e., right) as indicated in the diagram. Native PA-GFP fluorescence is shown alone in gray scale in the middle panel and in green
in the bottom panel together with myr::tdTomato signals driven by the indicated split-GAL4 in magenta; overlap is white. We identified all of the MBONSs
found in the split-GAL4 lines by photoactivation of each compartment (arrows and data not shown). We also identified DANs innervating each compartment
(for example, myr::tdTomato negative and PA-GFP positive cells in panels A and B). We noted additional DANs in the PAM cluster that are not labeled
by the split-GAL4 lines (green cell bodies in panels C and D). We therefore counted PAM cluster DANs associated with each medial lobe compartment
based on these PA-GFP experiments (see ‘Materials and methods’). The comparison of numbers of DANs in the PAM cluster identified in split-GAL4
lines and in the PA-GFP tracing experiments (i.e., photoactivated cells positive for tyrosine hydroxylase or dopa-decarboxylase) is as follows: compart-
ment name; cell counts by split-GAL4 lines, cell counts by PA-GFP tracing (sample size): y1; 13 (as mixtures of PAM-y4 and PAM-y4>y1y2 in MB312B), 3.8
+ 1.3 (n =5). y2; 13 (as mixtures of PAM-y4 and PAM-y4>y1y2 in MB312B), 7.8 + 2.2 (n =6).y3; 9 (MB441B), 23.6 + 6.3 (n = 5). y4; 13 (as mixtures of
PAM-y4 and PAM-y4>y1y2 in MB312B), 17.3 £ 1.3 (n = 6). y5; 8 (MB315C), 21.5 = 1.3 (n = 6). B'1; 14 (as mixtures of PAM-B'1ap and PAM-"1m in MB025B),
Figure 5. Continued on next page
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Figure 5. Continued

12.8 = 1.3 (n = 4). B'2; 35 (sum of PAM-B'2a in MB109B, PAM-B'2m in MB032B, PAM-B'2p in MB056B, and PAM-B2B'2a in NP5272),41.3 + 6.6 (n = 4). B1; 5
(sum of PAM-B1 in MB063B and at least one PAM-B1 in MB194B), 6.6 = 1.1 (n = 5). B2; 11 (sum of PAM-B2B'2a in NP5272 and PAM-B2 in MB209B), 18.8 +
4.3 (n = 5). Thus, by simply summing the number of cells associated with these compartments, PA-GFP experiments identified ~154 DANs in the anterior
medial cluster (i.e., PAM cluster) as compared to 121 cells labeled by the split-GAL4 lines. Note these numbers include PAM DANs innervating multiple
compartments (PAM-y4>y1y2 and PAM-B2B'2a) and are therefore an overestimate. The split-GAL4 collection identified 98 DANs of 14 types in the PAM
cluster, whereas anti-dopamine immunostaining identified 115135 DANSs in the PAM cluster (Liu et al., 2012). (E) An example of immunostaining for
dopa-decarboxylase (DDC) upon photoactivation of a single compartment. The panels represent a single confocal section of the PAM cluster upon
photoactivation of the y5 compartment. (F) The y4y5 extrinsic neuron identified by the PA-GFP tracing and not in the split-GAL4 screen shown in D
(arrowhead) is DDC-negative and thus is likely an MBON. Images are maximum intensity projections. Dorsal is to the top and lateral is to the right. The
cell body of this y4y5 MBON is positioned between the PPLT and PPL2c DAN clusters. (G) Morphology of the y4y5 MBON identified by PA-GFP
experiments with subsequent dye injection. Diagram of the experiment (top): Texas-Red dye was iontophoresed into the cell body identified by
photoactivation (see ‘Materials and methods’). A three-dimensional reconstruction of a confocal stack with neuropil labeled by nc82 immunostaining
(gray) and the y4y5 MBON labeled by anti-Texas-Red immunostaining (red) is shown (bottom). The arrowhead indicates the cell body that is located
close to the posterior surface of the brain ventral to the MB calyx. This neuron as well as an additional MBON with its cell body ventral lateral to the
antennal lobe observed in PA-GFP experiments was found in a VI-GAL4 line (see Figure 5—figure supplement 1 for single cell morphologies).
Genotypes used: (A-F) yw/yw; MB247-QS,QUAS-C3PA-GFP,QUAS-SPA-GFP/QUAS-C3PA-GFP,QUAS-SPA-GFP,UAS-myr::tdTomato(attP40); NSyb-QF,UAS-
myr::tdTomato(attP2)/SplitGAL4DBD(attP2),SplitGAL4AD(VKO0027). Split-GAL4 lines used: (A) MB399C; (B) MB078C; (C) MB312C; and (D-F) MB315C.
Genotype of the animals in panel (G): yw/yw; MB247-GAL80,UAS-C3PA-GFP/UAS-SPA-GFP; NSyb-GAL4/UAS-C3PA-GFP (attP2),UAS-C3PA-GFP
(VK00005),UAS-C3PA-GFP (VK00027). Scale bars are 50 pm in (A-D) and (G), 5 pm in (E), and 20 pym (F).

DOI: 10.7554/elife.04577.021

The following figure supplement is available for figure 5:

Figure supplement 1. Two MBONs not identified in the split-GAL4 screen.
DOI: 10.7554/elite.04577.022

The MB lobes are divided into 15 distinct compartments containing the segregated dendritic arbors
of one or a small number of MBONSs (Figure 1C, Figure 12 and Figure 13). These compartments tile
the MB lobes, revealing a general organizational principle of the MB output. This organization is in
accord with an earlier proposal by Tanaka et al. (2008) that each of the y, a'/f’, and a/B lobes is di-
vided into five domains. 13 of the 21 MBON types extend dendrites to a single compartment, and 8
MBON types project to two compartments (Figure 12A-C). Most of the MBON types innervate KCs
from each of the layers within a compartment, but eight types restrict their dendritic arbors to specific
layers (Figure 11D, 12A,C,D).

The identification of the full complement of 21 MBON types highlights the extensive convergence
of 2000 KCs onto just 34 MBONSs, a number even smaller than the number of glomeruli in the AL. Thus,
the high-dimensional KC representation of odor identity is transformed into a low-dimensional MB
output. This suggests that the MBONSs do not represent odor identity but instead provide a represen-
tation that may bias behavioral responses (see ‘Discussion’).

Dopaminergic neurons

Two clusters of dopaminergic neurons (PPL1 and PAM) have previously been shown to project axon
terminals to specific regions within the MB lobes and transmit information about reward and punish-
ment to the MB to guide learning (Schwaerzel et al., 2003; Claridge-Chang et al., 2009; Mao and
Davis, 2009, Aso et al., 2010, 2012; Burke et al., 2012; Liu et al., 2012). Our split-GAL4 screen
identified over 100 DANs of 20 types (Figure 3C, Table 1 and Video 4). Each DAN type contains a
small number of neurons: DAN types from the PPL1 cluster contain one or two cells per hemisphere
and DAN types from the PAM cluster contain up to ~20 cells per hemisphere (Table 1, see Figures
14-16 for each cell type, see ‘Materials and methods' for classification).

The axon terminals of the DANs project to specific compartments and, similar to the dendrites
of MBON:s, tile the entire MB lobes (Figure 10H,J,L, 14-16 and Video 4). 17 of the 20 DAN types
project to only a single compartment (Figure 12). Two-color labeling and multicolor flp-out of DANs
innervating neighboring compartments show clear segregation of their axon termini (Figure 11E,F
and data not shown). Two-color labeling experiments revealed overlap of the axon termini of DAN
types and the dendritic arbors of cognate MBON types that innervate the same compartment (Figure
11G-I). Computational alignment to a single reference brain extends these observations to all DAN
types and further demonstrates that the DAN axon termini tile the MB lobes (Figure 10H,J,L). Thus,
different MBON types have access to largely equivalent input from the KCs but are modulated by
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Figure 6. KCs of the y and a'/B' lobes. Seven KC types identified by split-GAL4. Representative aligned images of each KC type (see also Figure 7) are
shown; the name of the cell type and the approximate number of cells per brain hemisphere are indicated. Three examples of single cell morphologies,
segmented from multicolor flip-out experiments, are presented for each cell type illustrating the branching pattern of the KC axons as they project through
the lobes. In the single cell images, the cell body, primary neurite, dendrites, and axon in the pedunculus have been false-colored green and axons in
the lobes are magenta. Based on co-expression in specific split-GAL4 lines and single cell morphologies, we have divided the KC population into 7 cell
types. The number of cells of each type was estimated by counting labeled nuclei in split-GAL4 lines (see ‘Materials and methods’) and is shown in
parentheses. (A) The yd KCs are thought to be of embryonic origin, because they are not included in a clonal analysis that visualized all post-embryonic
KCs (Lin et al., 2007; Yu et al., 2013), and they have morphological similarity to the embryonic born KCs of basal cockroaches (Farris and Strausfeld,
2003). Their dendritic arbors form a protrusion extending ventral lateral to the main calyx, which we named the ventral accessory calyx (vVAC). Their
axons occupy the most peripheral layer in the pedunculus, the ventral and anterior layers in the y1-y4 compartments, and the dorsal layer in y5. Single
cell morphologies (from MB028B and MB355B) reveal that the yd axons have more branches in y3—y5 than in y1 and y2. The vAC may be devoted to
non-olfactory inputs; the major types of olfactory projection neurons from the antennal lobe do not innervate this structure (Butcher et al., 2012). (B) The y
main KCs have their dendrites in the main calyx and their axons occupy about 75% of the volume of the y lobes. Single cell morphologies (from MB369B
and MB355B) reveal that each y main KC branches in all the five compartments of the y lobe. (C) The a’/B’ap KCs have dendrites in the main calyx and
project axons to the anterior and posterior layers of the a'/B’ lobes. Single cell morphologies (from MB461B and MB463B) reveal that axonal branches
from single KCs project to both '2a and B'2p, where they overlap with distinct sets of output and dopaminergic neurons (see below). (D) The a'/f'm KCs
have dendrites in the main calyx. In B2, their axons are located in the area between the bifurcating axons of a’/B'ap neurons shown in panel C. In the o’
lobe, their axons are medial to those of the a'/B'ap cells. Single cell images are from MB418B and MB349B.

DOI: 10.7554/elife.04577.013

different DANs (Figures 12 and 13). In classical learning paradigms, different DAN types respond to
different unconditioned stimuli (US) (Riemensperger et al., 2005; Mao and Davis, 2009; Burke et al.,
2012; Liu et al., 2012). The compartmental organization we observe suggests that the DANs may
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Figure 7. KCs of the a/B lobes. (A) The dendrites of the a/B posterior (a/Bp) KCs form a protrusion extending to the dorsal lateral side of the main calyx.
This structure has been called the accessory calyx, but we have renamed it as the dorsal accessory calyx (dAC) to distinguish it from the ventral AC (vAC)
(Figures 1C and 6A). The a/Bp KC axons project to the posterior layer of the a/B lobe. These are the firstborn a/f KCs and are also known as pioneer
a/B KCs (Lin et al., 2007). The single cell images were segmented from multicolor flp-out (MCFO) brains of MB469B and MB371B. (B) The o/ surface
(a/Bs) KCs have dendrites in the main calyx and project axons to the surface layer of the a/f lobes where they form a continuous layer surrounding the
a/B core KCs shown in (C). Single cell morphologies of cells (from MB185B) reveal that the a/Bs KCs have relatively smooth axonal projections in the
lobes. (C) The a/B core (a/Bc) KCs have dendrites in the main calyx. They are the last born KCs and their axons occupy the core of the pedunculus and
the a/B lobes. They can be morphologically subdivided into inner and outer core cells (Tanaka et al., 2008), although the border between the inner and
outer core is not well defined and we were unable to make a split-GAL4 driver line that labels only the outer core cells. Single cell morphologies (from
MB594B) reveal that the axons of the a/Bc cells have the fewest branches of the 7 types of KCs.

DOI: 10.7554/elife.04577.014

convey information about the US to specific MBON types. Dopamine release in specific compartments
may modify local KC-MBON synapses to bias behavioral output.

Interactions between the MBON compartments

We identified three MBONSs and one DAN type that appear to interconnect different compartments of
the MB lobes (Figure 12A, Figure 14—figure supplement 1E, and Figure 17A-D). Each of these
three MBONSs projects to the compartments of other MBONSs but not back to the compartment occu-
pied by its own dendrites. Thus information flows in one direction, and these MBON connections
could create a multi-layered feedforward network (Figure 17J, see 'Discussion’). 12 of the MBON
types receive input from the KCs but not from other MBONSs and therefore read out KC activity as a
single output layer. Most of the MBONs having dendrites in the o'/’ and y lobes provide such a single-
layer readout. In contrast, the glutamatergic MBON whose dendrites arborize in the y4 compartment
projects axons into the y1 and y2 compartments as well as to neuropils outside the MB (Figure 17A,G-I).
Thus, the y1 and y2 MBONSs have access to direct KC input as well as to the input provided by the
y4 MBON. The outputs of these two y lobe compartments thus reflect a two-layer feedforward net-
work. The readout of the a/f lobe is even more elaborate because the y1 MBON projects to all of the
compartments of the /B lobe (Figure 17C,E,F), and the 31 MBON projects to the al, a2, and a3
compartments (Figure 17B). The a1, a2, and a3 MBONSs thus represent a four-layer feedforward
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Figure 8. Identification of MBONSs and visualization of their single cell m