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Abstract
Subpopulations of Kenyon cells, the intrinsic neurons of the insect mushroom bodies, are typically
sequentially generated by dedicated neuroblasts that begin proliferating during embryogenesis.
When present, Class III Kenyon cells are thought to be the first born population of neurons by
virtue of the location of their cell somata, farthest from the position of the mushroom body
neuroblasts. In the adult tobacco hornworm moth Manduca sexta, the axons of Class III Kenyon
cells form a separate Y tract and dorsal and ventral lobelet; surprisingly, these distinctive
structures are absent from the larval Manduca mushroom bodies. BrdU labeling and
immunohistochemical staining reveal that Class III Kenyon cells are in fact born in the mid-larval
through adult stages. The peripheral position of their cell bodies is due to their genesis from two
previously undescribed protocerebral neuroblasts distinct from the mushroom body neuroblasts
that generate the other Kenyon cell types. These findings challenge the notion that all Kenyon
cells are produced solely by the mushroom body neuroblasts, and may explain why Class III
Kenyon cells are found sporadically across the insects, suggesting that when present, they may
arise through de novo recruitment of neuroblasts outside of the mushroom bodies. In addition,
lifelong neurogenesis by both the Class III neuroblasts and the mushroom body neuroblasts was
observed, raising the possibility that adult neurogenesis may play a role in mushroom body
function in Manduca.

Introduction
The mushroom bodies of the insect brain play a role in a multitude of higher functions
including sensory integration, attention-like processes and olfactory processing and
olfactory learning (Li et al., 1999; Perez-Orive et al., 2002; Blum et al., 2009; van
Swinderen and Brembs, 2010). The mushroom bodies are composed of morphologically and
functionally distinct subpopulations of intrinsic neurons called Kenyon cells (Farris, 2005b).
Kenyon cell dendrites form the mushroom body calyces, which receive sensory input that in
most insects arises predominantly from first-order olfactory centers, the antennal lobes.
Kenyon cell axons form a thick tract into the protocerebrum called the pedunculus, then
bifurcate to form the medial and vertical lobes.
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Kenyon cell subpopulations are produced sequentially during development, and their cell
bodies and axonal processes are organized by birthdate in the adult mushroom bodies (Farris
et al., 1999; Farris and Strausfeld, 2001; Kurusu et al., 2002; Farris and Sinakevitch, 2003).
In all insect species studied to date, Kenyon cells appear to be generated by dedicated
mushroom body neuroblasts located near the center of the calyx (Ito et al., 1997), and their
somata are passively pushed outwards by continuing rounds of neurogenesis so that the
earliest born cells are located at the periphery of the Kenyon cell body cluster, farthest from
the position of the neuroblasts (Farris et al., 1999; Farris and Strausfeld, 2001; Malaterre et
al., 2002). Studies in the fruit fly Drosophila melanogaster have shown that the mushroom
body neuroblasts, which begin neurogenesis in the embryo and are continually mitotically
active through the mid-pupal stage, are the sole source of Kenyon cells (Ito and Hotta, 1992;
Ito et al., 1997).

In some insects, the mushroom bodies contain a distinct population of mushroom body
intrinsic neurons, the Class III Kenyon cells, that often receive input from gustatory centers
in the deutocerebrum, tritocerebrum and subesophageal ganglion (Weiss, 1981; Frambach
and Schürmann, 2004; Farris, 2008c). Class III Kenyon cells are further typified by a unique
morphology in which their axons form separate “lobelets” outside of the medial and vertical
lobes, and may also form a separate accessory calyx with their dendrites (Weiss, 1981;
Farris and Strausfeld, 2003; Farris, 2008c). Despite these unique features, Class III Kenyon
cells are considered true mushroom body intrinsic neurons, largely because they all possess
tiny, cytoplasm-poor cell bodies and share a high affinity for the anti-DC0 polyclonal
antibody (Farris and Strausfeld, 2003; Farris et al., 2004; Farris, 2005a; Sjöholm et al., 2006;
Farris, 2008a; Farris, 2008c; Fukushima and Kanzaki, 2009). The anti-DC0 antibody
recognizes the catalytic subunit of Drosophila protein kinase A, which like other
components of the cAMP signaling pathway is highly expressed in Kenyon cells and is
important for the learning and memory functions of the mushroom bodies (Skoulakis et al.,
1993). Class III Kenyon cell bodies are located at the periphery of the Kenyon cell soma
clusters in the dorso-posterior protocerebrum; they are thus presumed to be generated by the
mushroom body neuroblasts at the earliest stage of mushroom body development, and their
cell bodies pushed to the farthest edges of the soma clusters by adulthood (Farris and
Strausfeld, 2003). Aside from this inference, however, little is known about the origin of
Class III Kenyon cells and the development of the unique structures formed by their axons
and dendrites.

The tobacco hornworm moth Manduca sexta is an important model system for studies of the
development and function of the olfactory system and olfaction-driven behavior (Rössler et
al., 1999; Daly et al., 2004; Ito et al., 2009; Lei at al., 2009). Most attention has focused on
the antennal lobe, and very little is known about the structure and development of the
mushroom bodies in this species despite their being a major target of antennal lobe output.
From neuroarchitectural and developmental standpoints, Manduca mushroom bodies are
also of interest because Class III Kenyon cells have been observed in their mushroom bodies
and those of other moths belonging to the order Lepidoptera, where their axons form a
morphologically unique Y tract and lobelets (Pearson, 1971; Sjöholm et al., 2005;
Fukushima and Kanzaki, 2009; Huetteroth et al., 2010). The present study describes the
morphology and development of the Manduca mushroom bodies, with particular emphasis
on the developmental origin of Class III Kenyon cells and the morphogenesis of their unique
neuropils.
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Methods
1.1 Insects

All moths were reared under standard rearing conditions (Bell and Joachim, 1976). Larvae
were staged according to head capsule width. At the onset of wandering (W0) in the fifth
larval instar, larvae were placed in individual pupation chambers and collected as needed
throughout the four day wandering stage and the 18 day pupal stage. At pupal stage 17,
individuals were placed into brown paper bags and kept in an incubator (Percival Scientific
I66VLC8, Perry, IA) in a reversed 16/8 light/dark cycle at 25° C and 75% relative humidity.

1.2 Anti-DC0 and phalloidin labeling
Anti-DC0 is a polyclonal antibody derived against the catalytic subunit of protein kinase A
in Drosophila melanogaster (Skoulakis et al., 1993). This antibody has a high affinity for
mature Kenyon cell populations across a wide range of insect species (Farris and Strausfeld,
2003; Farris et al., 2004; Farris, 2005a; Farris, 2008a; Farris, 2008c). Fluorophore-
conjugated phalloidin labels filamentous actin enriched in extending axons and dendrites of
newborn Kenyon cells (Farris et al., 2004).

Prior to brain dissection, insects were chilled on ice until immobile. Brains were dissected in
O’Shea-Adams saline (O’Shea and Adams, 1981) and fixed in 4% paraformaldehyde (PFA)
in phosphate-buffered saline (PBS, pH 7.2) overnight at 4° C. Fixed brains were washed 3 ×
10 min in PBS, embedded in 8% agarose and vibratome sectioned at 80 μm. Sections were
transferred to a 24-well culture dish and washed 3 × 10 min in PBST (PBS with 0.1% Triton
X-100), then blocked in 10% normal goat serum (NGS) in PBST for at least an hour at room
temperature on an orbital shaker. The blocking solution was then removed and replaced with
a primary antibody solution consisting of 1% NGS in PBST and the anti-DC0 primary
antibody (a generous gift of Dr. Daniel Kalderon) at a 1:1000 concentration. Tissue was
incubated in the primary antibody overnight at room temperature.

The following day, tissue was washed 6 × 20 min in PBST and then placed in a secondary
antibody solution of 1% NGS in PBST with Texas Red-conjugated goat anti-rabbit
secondary antibody (Jackson Immunochemicals, West Grove, PA) added at a 1:200
concentration. Alexa 488-conjugated phalloidin (Invitrogen (Molecular Probes), Eugene,
OR) was also added to the solution at a 1:500 concentration, and tissue was incubated
overnight on the orbital shaker at room temperature. The next day, tissue was washed 6 × 20
min in PBST and cleared in 60% glycerol in PBS for 30 min and 80% glycerol in PBS for
1h. Sections were coverslipped under 80% glycerol in PBS and viewed using an Olympus
Fluoview 1000 confocal microscope. Image stacks were captured on the confocal and saved
as AVI files, opened in NIH Image and broken into TIFF files of individual optical sections.
Projections of portions of the stack were made in Adobe Photoshop CS4 (Adobe Systems
Incorporated, USA) using the “lighten” function, and color balance, contrast and brightness
adjusted as needed.

1.3 BrdU Labeling
For labeling of neuroblasts and their immediate progeny in late larvae, pupae and adult
moths, 25 mg/ml 5′-bromo-2-deoxyuridine (BrdU) in O’Shea-Adams saline was loaded into
a 1cc tuberculin syringe and injections made using a 31ga needle into cold-anesthetized
insects. For first and second instar larvae that were too small for injections, the insects were
chilled until immobile and a droplet of BrdU solution placed on their mouthparts. The
insects ingested the solution as they revived from the cold anesthesia. All BrdU-treated
insects were allowed to revive at room temperature for 4-24 hours, after which they were
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again chilled on ice and their brains dissected, fixed, embedded and sectioned as described
previously.

For birthdating of Kenyon cell populations, BrdU treatment was performed as described
above. Insects were then allowed to continue development until the late pupal stage and then
processed for BrdU immunostaining.

Prior to BrdU immunostaining, fixed and sectioned tissue was washed 3 × 10 min in PBST,
then incubated in 2N HCl for 40 minutes at room temperature to denature the DNA and
allow access to the anti-BrdU antibody. After acid treatment, tissue was washed 3 × 5
minutes in PBST and placed in 10% NGS blocking solution for one hour. Mouse anti-BrdU
(Becton-Dickinson, Franklin Lakes, NJ) was added at a 1:500 concentration to a 1% solution
of NGS in PBST, and the tissue was incubated in this solution overnight at room
temperature. Tissue was also double labeled with the anti-DC0 antibody as described above.

The next day, the primary antibody solution was removed and the tissue washed 6 × 20
minutes prior to incubation overnight in Alexa 488-conjugated goat anti-mouse secondary
antibody (Invitrogen (Molecular Probes), Eugene, OR) added at a 1:200 concentration to a
solution of 1% NGS in PBST. Texas Red conjugated goat anti-rabbit secondary for
visualization of the anti-DC0 antibody was also added at this time. The following day, the
tissue was washed, cleared, coverslipped and viewed as described above.

1.4 Fluorescent dextran tracing
Live larvae or pharate adults were cold anesthetized and the brains removed rapidly in cold
O’Shea-Adams saline. Pharate adults were used because brains removed from eclosed adults
typically did not remain alive long enough to allow complete filling of the targeted neurons
(R.J. Bayline, personal communication). To apply the fluorescent dextrans, the tip of a
pulled glass electrode was broken against a glass slide and then coated in a concentrated
solution of Texas Red- or fluorescein-conjugated 3000 MW dextran (Molecular Probes, Inc.
(Invitrogen), Eugene, OR) that had been dried at room temperature to a gel-like consistency.
The dextran-coated electrode was applied to the subesophageal ganglion by hand to label
outputs from centers receiving gustatory input from the proboscis (Kent and Hildebrand,
1987; Kvello et al., 2006), to the optic lobes, or to the antennal lobes. Brains were then
incubated in O’Shea-Adams saline for 2-4h on a rapidly rotating orbital shaker, after which
they were fixed in 4% paraformaldehyde in PBS, embedded in agarose, sectioned and
cleared, and viewed on the confocal microscope.

Results
1.1 Morphology of the adult Manduca mushroom bodies and inputs to the calyces

Anti-DC0 labeling showed the mushroom bodies of adult Manduca sexta to be much like
those observed in other lepidopteran moths (Pearson, 1971; Sjöholm et al., 2005; Fukushima
and Kanzaki, 2009). Two fused, invaginated calyces in the dorsoposterior protocerebrum are
surrounded and filled by Kenyon cell bodies (Figures 1a-d). Ventral to the calyces the
pedunculus projects anteroventrally into the protocerebrum and gives rise to subdivided
vertical and medial lobes (corresponding to the segregated axons of γ, α’/β’, and α/β Kenyon
cells as observed in other moths; Figure 1a; Sjöholm et al., 2005; Fukushima and Kanzaki,
2009). Phalloidin labeling revealed a thin ingrowth core arising from a small number of
phalloidin-labeled Kenyon cell bodies at the center of each calyx, fusing in the pedunculus
and bifurcating into the vertical and medial lobes (Figures 1a-c). This suggests that Kenyon
cells are still growing into the mushroom bodies in the adult, as phalloidin heavily labels the
outgrowing axons of immature neurons (Farris and Sinakevitch, 2003; Farris et al., 2004).
Phalloidin also labeled the cell membrane of a large neuroblast-like cell at the center of each
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calyx (Figures 1b-c). 24h BrdU labeling confirmed the presence of a single mitotically
active neuroblast in the center of each calyx, which gave rise to one or two labeled cells in
this time period (Figure 1d). Neurogenesis as revealed by BrdU incorporation and phalloidin
labeling of outgrowing Kenyon cell processes persisted to day 12 of adult life, effectively
constituting lifelong mushroom body neurogenesis for this insect.

Two clusters of Class III Kenyon cell bodies are positioned anterolateral to the calyces; their
processes form two branches, one of which enters the base of the lateral calyx and the other
of which forms the Y tract (Figures 1e-g, i). The Y tract projects anterior to the pedunculus
and bifurcates to form dorsal and ventral lobelets atop the medial lobe. Lobelet morphology
was much like that observed in Spodoptera (Sjöholm et al., 2005); Manduca Class III
Kenyon cells did not form a medial lobelet as has been observed in Bombyx (Fukushima and
Kanzaki, 2009). Phalloidin also labeled two bundles of axons in the Y tract (Figures 1e-g),
suggesting that some Class III cells were still extending axons and were thus immature in
the adult. This finding was unexpected as the peripheral location of Class III Kenyon cell
bodies relative to the position of neuroblasts in the calyx would suggest that they are among
the earliest born mushroom body intrinsic neurons, and thus their development should be
complete long before adult eclosion. Instead, both phalloidin and BrdU labeling revealed the
presence of two proliferating neuroblasts amidst the Class III Kenyon cell somata (Figures
1h-i). This finding suggests that not only are Class III Kenyon cells in Manduca not an early
born population of Kenyon cells, but that they are produced by two neuroblasts lying outside
the calyces, distinct from the mushroom body neuroblasts located at each calyx center.
These findings were confirmed by a detailed reconstruction of Manduca mushroom body
development during the larval and pupal stages (see following sections).

Phalloidin and anti-DC0 double labeling combined with fluorescent dextran fills in the adult
revealed three calycal subcompartments, two of which could be correlated with zones of
afferent input. The majority of the calyx neuropil received afferent input from the antennal
lobe via the inner antennocerebral tract (Figure 1i). A separate ventroposterior neuropil
contained diffuse microglomeruli and received input from the gustatory center of the
subesophageal ganglion (Figure 1j; Jørgensen et al., 2006), suggesting that this neuropil is
an accessory calyx, perhaps composed of Class III Kenyon cell dendrites. The dorsal lips of
the calyces were defined by their minute microglomeruli and exclusion by projection neuron
inputs from the inner antennocerebral tract (Figure 1a, i). Neither this nor any other calyx
subcompartment received input from the optic lobes (data not shown); we were unable to
identify the source of input to this dorsal compartment. In Spodoptera, a similar dorsomedial
calyx compartment with unidentified afferent input has also been observed (Sjöholm et al.,
2005).

1.2 Morphology of the early larval mushroom bodies
The mushroom bodies of Manduca sexta larvae were notably simpler in structure than those
of the adult. Anti-DC0/phalloidin double labeling in all larval instars revealed a pedunculus
and unsubdivided medial and vertical lobes containing an ingrowth core of outgrowing
Kenyon cell axons with high affinity for phalloidin (Figures 2-4). The calyces of each
mushroom body were fused into a single spherical neuropil, penetrated by two phalloidin-
labeled tracts each arising from a cluster of newborn Kenyon cells generated by a single
neuroblast (arrows, Figures 2b, d). As in the adult, the cell membranes of neuroblasts and
their most recent progeny were prominently labeled with phalloidin (compare phalloidin
labeling in Figures 2b, d with BrdU labeling of neuroblast progeny in Figures 2a, c); thus,
we used phalloidin labeling as well as anti-BrdU labeling to localize neuroblasts and their
recent, immature progeny throughout development.
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Notably, the larval mushroom bodies appeared to completely lack anti-DC0 labeling of a Y
tract and lobelets (Figures 2-4). Only at the third instar did phalloidin labeling reveal a thin
tract of outgrowing axons in the anterior protocerebrum with a morphology matching that of
the adult Y tract (small arrowheads in Figure 3a, compare with sagittal view of adult Y tract
in Figure 3c). Like the axons of Class III Kenyon cells making up the adult Y tract, the
phalloidin-labeled axons in the third instar larva branched to send one collateral towards the
calyx and one into the protocerebrum. In the fourth instar larva, the developing Y tract had
extended deeper into the protocerebrum, nearly reaching the vertical lobe (Figure 3b).

As observed in the adult, outgrowing Class III Kenyon cell axons in the larva did not
originate from newborn neurons adjacent to the mushroom body neuroblasts dorsal to the
calyces, but rather originated from a cluster of newborn neurons positioned directly beneath
a large anterior protocerebral neuroblast (Figure 3a, b, d, e; large arrowhead); a neuroblast
surrounded by progeny was observed in a similar location in the second instar larva (Figures
2c, d), but no axon projections into the calyces and protocerebrum were visible at this
developmental stage (Figure 2d). This neuroblast was not visible in the first instar larva and
was perhaps quiescent like the majority of brain neuroblasts at this developmental stage
(Truman and Bate, 1988; compare number of neuroblasts and the outgrowing axons of their
progeny in first through fourth instar larvae, Figures 2 and 3).

Anti-DC0 labeling of the fourth instar larval mushroom bodies showed them to have the
same relatively simple structure as observed in earlier instars, although they were larger due
to the addition of Kenyon cells since that time (Figure 3f). Notably, the Y tract was still not
labeled with anti-DC0 at this stage, indicating that no were no mature neurons in the tract,
and that phalloidin labeling in earlier instars captured the first stages of Class III Kenyon
cell development. Class III Kenyon cells are thus not the earliest-born neurons in the
Manduca mushroom bodies as predicted by the peripheral position of their cell bodies in the
adult. Rather, their production begins in the second larval instar (Figures 2c, d), and process
outgrowth begins in the third instar. Most surprisingly, Class III Kenyon cells originate from
a protocerebral neuroblast extrinsic to the mushroom bodies (hereafter referred to as a Class
III neuroblast), not from the two mushroom body neuroblasts. This finding challenges the
canonical view that all intrinsic neurons of the mushroom bodies are produced by the
mushroom body neuroblasts.

1.3 Morphology of the late larval mushroom bodies
Phalloidin labeling in the feeding fifth instar larva revealed continued outgrowth of Class III
Kenyon cells into the Y tract (Figures 4a, b). At this developmental stage some preparations
showed that a second neuroblast had been recruited to produce Class III neurons, whereas
only one protocerebral neuroblast was observed in this position in earlier instars. Two
neuroblasts contributed Class III progeny for the remainder of postembryonic development.

To identify sources of afferent input to the larval mushroom bodies, fluorescent dextrans
were used to label outputs from the larval antennal lobes and subesophageal ganglia, which
receive olfactory and gustatory input from the head appendages, respectively (Kent and
Hildebrand, 1987). Dextran labeling of antennal lobe_projection neurons indicates that these
neurons project to and innervate the entire larval calyx (Figure 4c), while projection neurons
from the subesophageal ganglion arborize anterior to the calyces (Figures 4d, e). Two tracts
of phalloidin-labeled Class III Kenyon cell axons arising from the two Class III neuroblasts
were observed projecting to this region (arrowheads, Figure 4e). The tract of gustatory
projection neurons contained blebby processes reminiscent of growth cones (arrows Figures
4d), suggesting that gustatory inputs to newborn Class III Kenyon cells were just forming at
this developmental stage. This finding suggests that Manduca Class III Kenyon cells, like
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those in other insects, may receive input from gustatory projection neurons; in Manduca
these connections are newly generated in the late larva.

1.4 Morphology of the wandering larval and early pupal mushroom bodies
Formation of the lobelets by Class III Kenyon cell axons was first observed in the wandering
(late 5th instar) larva (Figures 5a-c). The lobelets were diffuse and labeled heavily with
phalloidin throughout the four day long wandering stage (W0-W3); the adult dorsal and
ventral lobelet morphologies were evident by W2-W3 (Figure 5c).

Neurogenesis by both the mushroom body neuroblasts and the Class III neuroblasts
continued throughout the wandering stage. Two groups of newborn Class III Kenyon cells,
each arising from a single neuroblast located at the periphery of the anterodorsal
protocerebrum, produced long phalloidin-labeled neurites that branched into the calyx and Y
tract (Figure 5d-f).

Metamorphosis of the calyx was first evident at W2-W3, as microglomerular structure was
lost and the calyx took on a uniform “mushy” appearance (Figure 5c-f). Large-scale
reorganization of Kenyon cell processes in the lobes was not observed. The unsubdivided
larval lobes are likely composed of γ Kenyon cells, as these neurons are observed to be
produced throughout the larval stage in holometabolous insects (Farris and Sinakevitch,
2003). The γ Kenyon cells underwent some modification in shape through metamorphosis in
Manduca, such that the medial lobe lengthened towards the midline and the vertical lobe
lengthened and curved anteriorly at its tip (data not shown). The processes of α’/β’, and α/β
Kenyon cells were added to the lobes during the pupal stage (Huetteroth et al., 2010; Figure
6f).

1.5 Morphology of the late pupal mushroom bodies
BrdU and phalloidin labeling showed continued neurogenesis by both the mushroom body
neuroblasts and Class III neuroblasts and the incorporation of their progeny into the
mushroom body calyces and lobes through the duration of the pupal stage (Figures 6a-d, 7).
Long-term BrdU treatments (pulse of BrdU at pupal stage P9, immunostaining at P15)
confirmed that cells produced by the Class III neuroblasts (Figures 7a-b) were incorporated
into the anterolateral clusters of Class III Kenyon cell bodies (Figures 7c-d). BrdU labeling
experiments performed during the pupal stage also revealed a great deal of gliogenesis
around the mushroom bodies and other brain neuropils (Figures 6c, 7).

Phalloidin labeling also revealed dense blobs of staining in the pedunculus of the mid-to late
pupa (Figure 6e). These blobs appear to correspond to dense neuropil “islands” in the
otherwise fibrous pedunculus of the adult (Figures 1a, i). Dextran fills to the protocerebrum
of pharate adults labeled large processes innervating these islands (Figure 6f), suggesting
that like some other insects (honey bee and cockroach, for example; Strausfeld and Li, 1999;
Strausfeld 2002), the mushroom bodies of Manduca may receive afferent input to the
pedunculus.

Also of interest during pupal development was the formation of the ventro-posterior calyx
neuropil beginning around P4, and increasing in size throughout the pupal stage (Figures 1i,
6e, 7a). The position of this neuropil is reminiscent of accessory calyces formed by Class III
Kenyon cells in other insects; like other accessory calyces, this structure receives gustatory
input in the Manduca adult (Figure 1k). Formation of a distinct accessory calyx neuropil by
Class III Kenyon cells has not been reported in any of the other Lepidoptera studied to date,
including the closely related sphingid Sphinx ligustri; in these species, Class III dendrites are
incorporated within the main calyx neuropil along with the dendrites of the other types of
Kenyon cells (Pearson, 1971;Sjöholm et al., 2005;Fukushima and Kanzaki, 2009). We were
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unable to confirm that Manduca Class III Kenyon cell dendrites make up this accessory
calyx-like structure; however, its morphology and source of afferent input suggest that this
may be the case.

Discussion
1.1 Commonalities of mushroom body architecture and development in holometabolous
insects

Insect mushroom bodies share an architectural and developmental groundplan, and those of
Manduca sexta are no exception. The majority of Kenyon cells making up the adult
Manduca mushroom bodies are generated by two single neuroblasts in each hemisphere of
the brain, forming two Kenyon cell clusters that provide dendrites to two partially fused
calyces. Most insects studied to date show a similar pattern of dual neuroblasts/neuroblast
clusters, dual Kenyon cell soma groups and dual calyces (the latter of which range in
morphology from fully fused to fully separated; Farris, 2005b). Some exceptions do exist,
perhaps most notably in the brachyceran flies (Diptera) in which three Kenyon cell groups
are widespread (Panov, 2009a), and neuroblast numbers range from four to twenty
(Gundersen and Larsen, 1978; Ito and Hotta, 1992; Panov, 2009b). However, given how
widespread this developmental pattern of two progenitors: two Kenyon cell soma groups:
two calyces is across the insects (including taxa in the primitively wingless Apterygota and
the majority of taxa in the Neoptera), it is likely that this represents the ancestral mushroom
body configuration.

The mushroom body lobes of Manduca sexta consist of γ, α’/β’, and α/β subdivisions made
up of the bifurcated axons of these Kenyon cell populations. These subdivisions are added
sequentially during development via an ingrowth core consisting of the axons of newborn
Kenyon cells arising from the two mushroom body neuroblasts. Taken together with
previous studies, this also appears to represent a groundplan for insect mushroom body lobe
organization and development, with subdivision into γ, α’/β’, and α/β lobes in particular
appearing to be conserved amongst holometabolous species (Crittenden et al., 1998;
Strausfeld et al., 2003; Sjöholm et al., 2006; Zhao et al., 2008; Huetteroth et al., 2010).
Exceptions exist here as well, and are also likely to be derived relative to the ancestral
groundplan, such as the single γ lobe characteristic of the fruit fly Drosophila melanogaster
(Strausfeld et al., 2003), the fused and laminated lobes of the Hymenoptera (Ehmer and
Hoy, 2000; Strausfeld, 2002), and the concentrically organized lobes of feeding generalist
scarab beetles (Larsson et al., 2004; Farris, 2008b).

Finally, some degree of metamorphosis of the mushroom bodies also appears to be
characteristic of holometabolous insects. Reorganization of the calyces, in which the
microglomerular structure is lost in the prepupa and early pupa and reformed later in the
pupal stage is observed in Manduca and in most other holometabolous species studied to
date (present account; Zhu et al., 2003; Marin et al., 2005; Zhao et al., 2008). Given the
dramatic differences in the sensory ecologies of the two active life stages of holometabolous
insects, it is not surprising that a restructuring of sensory inputs to a higher brain center like
the mushroom bodies would occur during the transition from the larval to the adult stage.
The only exception observed thus far is in the aculeate Hymenoptera in which the
development of the entire mushroom body is delayed until the late larval stage so that calyx
microglomerular formation occurs for the first time only during the prepupal stage (Farris et
al., 1999; Farris et al., 2004; Ganeshina et al., 2006; Groh and Rössler, 2008). The larvae of
aculeate Hymenoptera, which are provisioned or provided with food and protected within a
nest, lead a behaviorally simple life relative to the active larvae of other holometabolous
species. Hymenopteran larvae are likely to have little need for the kinds of higher processing
functions performed by the mushroom bodies, so that the development of these structures
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may be delayed, similar to what is observed in other animals that provide extensive parental
care such as altricial rodents and birds (Sánchez-Villagra and Sultan, 2002).

Lobe metamorphosis shows more variation across the Holometabola, ranging from no
observable changes aside from the addition of subcompartments composed of adult-specific
Kenyon cells in the beetle Tribolium castaneum (Zhao et al., 2008) to restructuring of the
axon projections of a single Kenyon cell type in Drosophila (Armstrong et al., 1998; Lee et
al., 1999) to massive restructuring of the entire lobe neuropil in the paper wasp Polistes
apachiensis (Farris et al., 2004). Lobe metamorphosis in Manduca consists of a relatively
subtle change in shape of the larval-formed γ lobes, occurring alongside the addition of
Kenyon cells making up theα’/β’ and α/β lobes (present account; Huetteroth et al., 2010).

We observed lifelong neurogenesis in the mushroom bodies of adult Manduca sexta,
although the rate of neurogenesis was slow (approximately 1-2 progeny per neuroblast per
24h). Adult mushroom body neurogenesis has been previously observed in another moth,
the noctuid Agrotis ipsilon; however, neurogenesis in this species ceased after 3 days of
adult life (Dufour and Gadenne, 2006). Adult neurogenesis is only observed in a few other
insect species (Cayre et al., 1996), but in crickets, where adult neurogenesis is extensive,
Kenyon cell production is linked to sensory experience and enhances performance in a
learning and memory assay using olfactory and visual cues (Cayre et al., 2007). The moths
used in the present study were housed individually in paper bags throughout adulthood,
which likely constitutes extremely sensory impoverished conditions. It is therefore possible
that adult neurogenesis in Manduca may be more dramatic under natural conditions, in
which the insect is moving about its environment in search of food, mates and oviposition
sites, and is exposed to the associated chemosensory and visual cues. If so, adult
neurogenesis may play a similar role in behavioral plasticity as observed in insects like the
cricket.

1.2 Diversity in mushroom body architecture and development: Class III Kenyon cells
The most divergent aspect of the Manduca mushroom bodies from the above-discussed
groundplans is the presence and morphogenesis of Class III Kenyon cells (Figure 8a, b). The
axons of Class III Kenyon cells in Manduca and other lepidopterans form a Y tract and
lobelets that are structurally separate from the lobe system formed by the γ, α’/β’, and α/β
Kenyon cells (present account; Pearson, 1971; Sjöholm et al., 2005; Fukushima and
Kanzaki, 2009; Huetteroth et al., 2010). In Manduca, Class III Kenyon cell dendrites may
also form a separate accessory calyx; this is typical of Class III Kenyon cells in other insect
species (Farris, 2005b), although in the other lepidopterans studied to date Class III
dendrites are integrated into the primary calyx neuropil formed by the other Kenyon cell
types. As in other insects with Class III Kenyon cells, the putative Manduca accessory calyx
receives input from projection neurons originating in gustatory centers (present account;
Farris, 2008c); it is likely that Class III Kenyon cells in other lepidopteran species receive
similar inputs.

The most unusual aspect of Manduca Class III Kenyon cells, and of the Manduca mushroom
bodies as a whole, is the generation of these neurons by two protocerebral neuroblasts
residing outside of the mushroom bodies, anterior to the mushroom body calyces (hereafter
referred to as the Class III neuroblasts). Production of Kenyon cells by any progenitors aside
from the canonical mushroom body neuroblasts (the two single neuroblasts or neuroblast
clusters residing dorsal to the calyces) has not been previously observed in any other insect.
In Manduca, one Class III neuroblast begins to proliferate in the second larval instar, and the
axons of newborn Class III neurons begin to enter the calyx and form the Y tract in the third
instar. A second Class III neuroblast begins contributing neurons to the Y tract in the fifth
larval instar. The lobelet neuropils formed by Class III Kenyon cell axons become visible in
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the wandering fifth instar. An accessory calyx-like structure, putatively supplied by the
dendrites of Class III Kenyon cells and receiving input from gustatory centers, arises in the
mid-pupal stage. Neurogenesis by both the Class III neuroblasts and the canonical
mushroom body neuroblasts continues through the pupal stage and into adulthood.

Class III Kenyon cells occur sporadically across the insects, and have thus far only been
observed in species belonging to the orders Dictyoptera, Dermaptera, Orthoptera,
Hemiptera, Neuroptera and Lepidoptera (Farris, 2005b). Their defining morphological
features (accessory calyx, lobelets, etc.) make Class III Kenyon cells unique among
mushroom body intrinsic neurons, yet until now they have been believed to share the same
developmental origin as other Kenyon cells: produced by the canonical mushroom body
neuroblasts or neuroblast clusters located at the center of each calyx. The location of Class
III Kenyon cell bodies at the periphery of the Kenyon cell body region has been interpreted
to mean that they are the earliest-born population of Kenyon cells (Farris and Strausfeld,
2003); in Manduca, however, their peripheral position is actually due to their production by
the Class III neuroblasts outside of the mushroom bodies. Future studies may reveal whether
the same developmental mechanism, recruitment of protocerebral neuroblasts, has been
employed to generate Class III Kenyon cells throughout the Lepidoptera as well as in other
taxa.

1.3 Neuroblast recruitment for the generation of novel brain structures
The recruitment of nearby protocerebral neuroblasts represents a novel evolutionary
mechanism for generating new structural and functional modules in the mushroom bodies,
and has likely occurred in other brain regions as well. For example, a comparison of
neuroblasts in the thoracic ganglia of a primitively wingless insect, the silverfish
Ctenolepisma longicaudata, with that of winged insects revealed that no new neuroblasts
have been acquired during the evolution of winged species, despite the acquisition of many
additional neurons comprising the sensory and motor circuits necessary for flight (Truman
and Ball, 1998). Instead, some neuroblasts were observed to have prolonged proliferation
durations in winged insects, during which neurons making up the flight circuitry were likely
produced. Thus, a population of thoracic neuroblasts has been recruited to produce novel
neuronal populations during the evolution of winged insects. It is not known, however,
whether these neuroblasts have been entirely co-opted to the production of flight circuit
neurons, or if they also produce neurons belonging to ancestral thoracic circuits (say,
sensory and motor neurons associated with the walking legs); the relative contribution of
neuroblasts to new and old circuits may even vary according to species.

Similar questions about the origin, identity and progeny of Class III neuroblasts in Manduca
await future studies. Mushroom body neuroblasts and their progeny have characteristic
patterns of gene expression, most notably those of the eyeless regulatory cascade (Kurusu et
al., 2000); expression of these genes by the Class III neuroblasts may indicate that they have
taken on the identity of canonical mushroom body neuroblasts, while expression of other
transcription factors may assign identity to a neuroblast field adjacent to the mushroom
bodies (Urbach and Technau, 2003a; Urbach and Technau, 2003b). A related question
regards the origin of the Class III neuroblasts: are they recruited from an embryonic
neuroblast field adjacent to the mushroom bodies, or do they arise de novo with no
homologs in insects outside of the Lepidoptera? If the Class III neuroblasts have homologs
in insect lacking Class III Kenyon cells, it would be interesting to know what neurons they
produce, and whether they still produce these neurons in addition to Class III Kenyon cells
in Lepidoptera. A tantalizing clue to this question may be observed in the P0-P1 Manduca
pupa, in which two large neurons with a high affinity for the anti-DC0 antibody and
extensive dendritic arborizations anterior to the calyx are observed immediately ventral to
the somata of Class III Kenyon cells (Figure 8c, d). While tracing the origin and eventual
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fate of these neurons is beyond the scope of the present study, the location of their cell
bodies suggests that they may be derived from the Class III neuroblasts. Perhaps these two
neurons represent progeny ancestrally produced by these neuroblasts, prior to their
recruitment to Class III Kenyon cell production. Further studies of the developmental history
of these neurons may thus shed light upon the identity of the Class III neuroblasts and the
regulation of mechanisms for neuroblast recruitment and the generation of novelty in
mushroom body structure and function.
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Figure 1. Mushroom bodies of adult Manduca sexta
A-C. Anti-DC0 (magenta) and phalloidin (green) labeling of the mushroom body in one
hemisphere of the protocerebrum in a twelve day old adult. Phalloidin labels an ingrowth
core (arrowheads) made up of the axons of newborn Kenyon cells, which are generated by
one neuroblast at the center of each calyx (large arrows). Small arrow in A indicates dense
neuropil island in the pedunculus that forms in the pupal stage and is innervated by
protocerebral neurons (Figure 6). D. Anti-DC0 (magenta) and anti-BrdU labeling (green)
confirms mitotic activity of the mushroom body neuroblasts (arrows) in a six day old adult.
E. Fluorescent dextran labeling of the Y-tract (Y), dorsal (d) and ventral (v) lobelets in the
pharate adult. F-G. Anti-DC0 (magenta) and phalloidin (green) labeling of outgrowing Class
III Kenyon cell axons (arrowheads) in the Y tract, emerging from two clusters of Class III
Kenyon cell somata (G) in a twelve day old adult. H-I. Anti-DC0 (magenta) and anti-BrdU
(green) labeling confirms mitotic activity of two proliferating neuroblasts amidst the Class
III Kenyon cell soma (arrowheads), outside of the mushroom body calyces (H = pharate
adult, I = six day old adult). Small arrow in I indicates neuropil island in the pedunculus. J-
K. Fluorescent dextran labeling of inputs to the calyces from the antennal lobes (green) and
the gustatory center of the subesophageal ganglion (magenta) in a pharate adult. Inner
antennocerebral tract (iACT) projection neurons from the antennal lobe innervate most of
the calyx neuropil (J, arrowheads) while tritocerebral tract (TT) projection neurons from the
subesophageal ganglion innervate a ventroposterior putative accessory calyx neuropil (K,
arrowheads). A dorsal compartment of the calyces characterized by small, diffuse
microglomeruli was not innervated by neurons from either source (J-K, arrows). Ca- calyx,
M- medial lobe, Pe- pedunculus, V- vertical lobe, *- accessory calyx. Scale bars = 50μm for
all panels.
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Figure 2. Mushroom body development and neurogenesis in first and second instar larvae
Anti-DC0 (magenta, all panels) staining shows simple mushroom bodies in the Manduca
sexta larva, composed of a single calyx (Ca), medial lobe (M), vertical lobe (V) and
pedunculus (Pe). A. BrdU labeling (green) in the first instar reveals neurogenesis by only
three neuroblasts per hemisphere, the two mushroom body neuroblasts (arrows) and one
neuroblast in the deutocerebrum (double arrows). B. Phalloidin labeling (green) is
concentrated in the membranes of proliferating neuroblasts, newborn Kenyon cells beneath
each mushroom body neuroblast (arrows) and their axons extending through the calyces and
into the pedunculus and lobes (arrowheads). C. BrdU labeling (green) in the second instar
larva reveals additional neurogenesis throughout the brain, including the mushroom body
neuroblasts (arrows) and a protocerebral neuroblast anterior to the calyx (arrowhead).
Tracing this latter neuroblast through larval development suggests that it contributes to the
Class III Kenyon cell pool (see Figure 3). D. Phalloidin labeling (green) reveals newborn
Kenyon cells produced by the mushroom body neuroblasts (arrows) and likely Class III
Kenyon cells produced by the anterior protocerebral neuroblast (arrowhead). Axons of
newborn neurons generated by the deutocerebral neuroblast are also labeled with phalloidin
(double arrowheads). m- muscle, Scale bars = 20 μm for all panels.
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Figure 3. Mushroom body development and neurogenesis in third and fourth instar larvae
A, B. Phalloidin labeling (green) of the initial outgrowth of Class III Kenyon cell axons into
the Y tract (small arrowheads) in the third instar larva (A) and fourth instar larva (B).
Newborn Class III Kenyon cells are positioned beneath a neuroblast in the anterior
protocerebrum, outside of the mushroom bodies (large arrowheads). The Y tract of a pharate
adult is shown for comparison (C). D, E. Anti-BrdU labeling (green) of newborn Class III
Kenyon cells around the anterior protocerebral neuroblast (arrowheads). F. Anti-DC0
staining of the fourth instar larval lobes reveals no Y tract, suggesting that Class III Kenyon
cells forming the tract are immature and not yet expressing the DC0 antigen. Magenta
staining in A, B, D and E and single channel staining in C and F is anti-DC0 labeling. Ca-
calyx, m- muscle, M- medial lobe, Pe- pedunculus, V- vertical lobe. Scale bars = 20 μm for
A, B, D, E; 50 μm for C, F.
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Figure 4. Mushroom body development and innervation of the calyces in feeding fifth instar
larvae
A, B. Phalloidin labeling (green) of newborn Class III Kenyon cells growing into the Y tract
and calyx, generated by one (A) or two (B) anterior protocerebral neuroblasts (large
arrowhead, axons in Y tract indicated by small arrowheads). The mushroom body
neuroblasts continue to contribute axons to the main mushroom body neuropil via the
ingrowth core (arrows). C. Fluorescent dextran labeling of the larval antennal lobe reveals
complete innervation of the mushroom body calyx by antennal lobe projection neurons in
the inner antennocerebral tract (black arrowheads). D. Dextran labeling of the subesophageal
ganglion reveals ascending projection neurons with blebby processes (inset) that arborize in
the lateral protocerebrum and anterior to the mushroom body calyx. E. Double labeling with
phalloidin (green) shows the anterior protocerebral neuroblasts and their newborn Class III
Kenyon cell progeny extending processes anterior to the calyx in the region of dextran
labeled axons from the subesophageal gangion (magenta) and into the Y tract (arrowheads).
Ca- calyx, M- medial lobe, Pe- pedunculus, V- vertical lobe. Scale bars = 20 μm for all
panels.
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Figure 5. Mushroom body development and neurogenesis in wandering fifth instar larvae and
early pupae
A-C. Phalloidin labeling (green) shows the formation of the lobelet neuropils (large
arrowheads) by outgrowing Class III Kenyon cell axons in the Y tract (small arrowheads) of
the W1 (wandering fifth instar, A, B) and W3 (C) larva. D. Phalloidin labeling of newborn
Class III Kenyon cells generated by two anterior protocerebral neuroblasts (large
arrowheads), sending processes into the calyx (Ca) and Y tract (small arrowheads) in the W3
larva. E. BrdU labeling (green) of newborn Kenyon cells produced by a mushroom body
neuroblast dorsal to the calyx (arrow) and an anterior protocerebral neuroblast (arrowhead)
in the P1 pupa. F. Anti-DC0 labeling of Kenyon cell bodies (Kcb) and Class III Kenyon cell
bodies (III cb), the latter of which project into the calyx and the Y tract (arrowheads). Anti-
DC0 labeling is magenta in panels A-E. M- medial lobe, Pe- pedunculus. Scale bars = 20 μm
for all panels.
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Figure 6. Mushroom body development and neurogenesis in pupae
A, B, D. Phalloidin labeling (green) of anterior protocerebral (Class III) neuroblasts and
their progeny in sagittal section (A, large arrowheads, P7 pupa), horizontal section (B, P6
pupa) and frontal section (D, both panels P7 pupa). Small arrowheads in all panels indicate
processes of newborn Class III Kenyon cell forming the Y tract; outgrowth of Class III
Kenyon cell dendrites anterior to the calyx is indicated by small arrow in the bottom panel
of D. One of the mushroom body neuroblasts is visible dorsal to the calyx in panel A (large
arrow). C. BrdU labeling (white) of progeny of the two Class III neuroblasts (arrowheads)
and one of the mushroom body neuroblasts (arrow) in the P7 pupa. Other labeled cells
around the calyx neuropil are likely to be glial cells. E. Sagittal section of a P8 pupa shows
Kenyon cells projecting into the main calyx (Ca) and pedunculus (Pe) neuropils (Kc) and
Class III Kenyon cells (III) projecting into the Y tract (arrowheads). A diffuse posterior
neuropil, the putative accessory calyx, first becomes visible at this stage (indicated by *).
Heavy phalloidin labeling (green) of blobs in the pedunculus (small arrows) likely represent
ingrowing innervation by extrinsic neurons. F. Fluorescent dextran fill of the dorsal
protocerebrum in the pharate adult showing innervation of a dense neuropil island in the
pedunculus. G. All components of the adult lobes are visible in the P7 pupa including the
dorsal and ventral lobelets (dL and vL) provided by Class III Kenyon cells in the Y tract (Y)
and γ, α’/β’ (α’) and α/β (α) Kenyon cells in the vertical lobe. Anti-DC0 staining is magenta
in all panels. M- medial lobe. Scale bars = 20 μm for all panels.
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Figure 7. Neurogenesis by mushroom body neuroblasts and Class III neuroblasts in late pupae
A, B. Sagittal (A) and horizontal (B) sections of P13 pupae labeled with BrdU (white)
showing incorporation into progeny of Class III neuroblasts (arrowheads) and mushroom
body neuroblasts (arrows). Additional cells labeling around the mushroom body neuropil are
likely to be glial cells. C, D. BrdU labeling (green) of P9 pupae followed by immunostaining
at P15 reveals labeled Class III Kenyon cell bodies (arrowheads) and other Kenyon cells
derived from the mushroom body neuroblasts (arrows). Glial labeling around the mushroom
body neuropil is also evident. Anti-DC0 labeling is magenta in all panels. Ca- calyx, Pe-
pedunculus. Scale bars = 20 μm for all panels.
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Figure 8. Schematic of Class III Kenyon cell development and potential non-Kenyon cell progeny
of Class III neuroblasts
A. Schematic diagram of Manduca sexta mushroom bodies and Class III Kenyon cells in
sagittal view. Components of the Class III Kenyon cell system are color coded according to
their appearance and formation during development, which is indicated on the timeline in B.
Other Kenyon cell types are shown in grey and their birthdates indicated by the grey line in
B. C. Anti-DC0 labeling of Class III Kenyon cells projecting into the calyx (Ca) and Y tract
(arrowheads). D. More ventral view of (C) shows two large neurons with strong affinity for
the anti-DC0 antibody (arrows) ventral to the Class III Kenyon cell bodies providing a
diffuse network of processes anterior and ventral to the calyx. The location of these large
neurons suggests that they may also be progeny of the Class III neuroblasts. Ca- calyx,
iACT- inner antennocerebral tract, M- medial lobe, Pe- pedunculus, V- vertical lobe. Scale
bars = 20 μm for all panels.
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