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Abstract

The insect mushroom body (MB) receives and processes olfactory information. The
MB is a highly conserved structure found in all but a few insect species, and has
been shown to be a relevant area in learning and memory of olfactory information.
The functional properties of the intrinsic cells of the MB — the Kenyon cells (KCs)
— have been extensively studied, and their integrative properties are starting to be
understood, particularly in locust. To help decipher its role in odor processing, this
thesis presents an in-depth study of the architecture of the locust MB, using a variety
of anatomical techniques and original software. Four divisions in the MB’s input area,
the calyx, are defined and described, as well as a division in one of its output regions,
the g lobe. KCs are characterized based on their morphologies and extents within
the calyx divisions and the § lobe. MB input cells — the projection neurons — are
described in relation to their own input area, the antennal lobe, as well as their output
to MB calyx divisions. Two classes of cells downstream from the KCs are also defined
anatomically and related to immunochemistry on neurotransmitters. A specific area
within the brain — the lateral horn lobe — to which projection neurons and extrinsic
cells project, is also defined. Similarities of these structures to other insect orders are

also discussed.
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(a) Scanning electron micrograph of the tip of an antenna of the locust,
S. americana. (b) Higher magnification micrograph of an individual
sensillum. Images acquired with the help of Dr. David Barsic.

(a) A Golgi-stained glomerulus of S. americana, showing innervation
by a projection neuron (PN) and an olfactory receptor neuron (ORN).
For details, see chapter 2. (b) Schematic of ORN convergence from the
antenna/nose to the antennal lobe (AL)/olfactory bulb (OB). . . . . .
Schematic of the connections of the olfactory epithelium (OE) and the
vomeronasal organ (VNO) to the main olfactory bulb (MOB) and ac-
cessory olfactory bulb (AOB), respectively. Glomeruli in the AOB are
smaller; mitral and tufted cells of the AOB project dendrites to several
glomeruli in contrast to the one glomerulus innervated per mitral /tufted
cell in the MOB. Adapted from [75]. . . . . ... ... ... ... ...
Schematic of the basic circuitry of the mammalian MOB. Periglomerular
cells (PC), short axon cells (SA) and granule cells (GC)are all inhibitory
cells. M; mitral cell, T; tufted cell (two types are shown, both marked
by T). There are one-way and reciprocal synapses between branches of

M and T cells with inhibitory neurons. Adapted from [80]. . . . . ..
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Schematic of the locust brain, showing the positions of the AL, mush-
room body (MB) neuropils (the 3 lobe [3], the « lobe [a], pedunculus [P],
and calyx), Kenyon cell somata (KC), the antennocerebral tract (ACT),
the lateral protocerebrum (LP), and the pars intercerebralis (PI). Left
hand corner shows the axes of the brain. A: anterior; Po: posterior; V:
ventral; D: dorsal. Adapted from [8]. . . . ... ... ... ... ...
Reconstruction of a PN (see chapter 2) superimposed on right hemi-
sphere of brain schematic from figure 1.5; scale bar is 200 pm. Left
hemisphere shows a three-dimensional reconstruction of the MB and a
KC (green) within it. Inset (adapted from [28]) shows a drawing of a
typical local neuron in the AL. Scale bar is 100 gm. . . . . . . . . ..
Schematic of the brain of the honeybee, Apis mellifera. Brain nomencla-
ture is shown on the right hemisphere of the brain. The three divisions
of each of the two calyces per hemisphere, the lip (Li), the collar (Co),
and the basal ring (BR), feed into the pedunculus (P) and down into the
B lobe (), and the « lobe (a) which projects out of plane of the page.
Representation of the calyx zones within the « lobe are schematized in
the left hemisphere. The Li, Br, and Co feed to the colored anterior
portions of the a lobe, while clawed KCs from all the calycal regions

feed to the posterior v division of the a lobe. s 1 pr: superior lateral

protocerebrum; i 1 pr: inferior lateral protocerebrum. Adapted from [87].
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Schematics of the brain of the fruitfly, Drosophila melanogaster. (a)
The entire brain is depicted, showing the calyces and MB lobe divisions
in each hemisphere of the brain. PN axons project through two tracts:
the inner antennocerebral tract (IACT) and the medial antennocerebral
tract (mACT) to the calyx and the lateral horn (LH). Adapted from
[35] (b) Representation of the calyces by the KCs within the different
subdivisions of the lobes based on morphology and molecular epitope.
The calyx is viewed from the dorsal surface of the brain in each of the
five instances. The KCs projecting to the ~ lobe innervate all parts of
the calyx. Adapted from [89]. . . . ... ... ... ... ...
Schematic of the brain of the cockroach, Periplaneta americana. AL
PNs project to the calyces via the iACT and terminate in the LH. On
the left hemisphere, a sagittal section of the 3 lobe is shown in colors
that are described in the figure 1.10. op: optic lobe; I ca: lateral calyx;
m ca: medial calyx. Adapted from [58]. . . .. ... ... ... ...
Schematics showing the calycal divisions within the cockroach brain and
their representation within the 3 lobe. (a) On the left is a frontal (viewed
from ventral surface) representation of the two calyces of one MB show-
ing their various divisions. Each calyx (I ca and m ca) is further sub-
divided into the outer hemicalyx (o h ca) and the inner hemicalyx (i h
ca). Within each hemicalyx is shown the three afferent divisions of the
calyx, zones I-IITA. On the right, the same divisions are viewed from
the top (anterior surface) of the brain, stretched along its anteroposte-
rior axis (A: anterior; P: posterior). Adapted from [93]. (b) A sagittal
cross-section of the 3 lobe as described in figure 1.9, showing the rep-
resentation of the calyces as defined by immunochemistry and Golgi
stains. The lateral and medial calyces are represented on the anterior
and posterior portions of the lobe, respectively. Further, the zones are
represented in order from one side to the other. The ~ lobe contains

clawed KCs from all calycal divisions. Adapted from [94]. . . . .. ..
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A flowchart of the nimage algorithm. The cube outlined in black rep-
resents the image stack. p in step 1 is the starting pixel. In step 2, the
yellow shell around p determines pixels to consider as background for
comparison to p. In step 3, the blue cube B defines the neighbors of p
to be searched. In step 4, two pixels in B were searched and are found
‘hot’ using 2. Step 5 shows the neighbors of those two pixels that will
be searched next. The algorithm continues to search neighbors of hot
pixels until no more hot pixels are found and no more p are entered by
USET. o v e e e e
Ray-traced reconstructions of a pair of KCs filled with LY. (a) Ventral
and lateral views of the reconstructed raw data. (b) Ventral and lateral

views of the reconstructed nimage extracted data. . . . .. .. .. ..

Three-dimensional Imaris reconstruction of the locust calyx showing
newly defined divisions, depicted in three views. From left to right,
facing out of page, are the ventral, anterior and lateral views (or front,
top and side views respectively). The outer-calyx (OC) is depicted in
yellow, the mid-calyx (MC) in orange, the inner-calyx (IC) in green, and
the accessory calyx in purple. The dorsoventral axis is depicted by ‘D’
at the dorsal end and ‘V’ at the ventral end. The mediolateral axis is
depicted by ‘M’ and ‘L’. The anteroposterior axis is depicted by ‘A’ and
‘P’. Scale bar is equal to 70 pm. . . .. ..o
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Ray-traced reconstructions of two non-OC-exclusive KCs viewed from
the ventral surface of the brain. These same two cells are reconstructed
in the following figures within their respective calyx structures. (a) An
OC/MC cell. Small cluster of MC stubby dendrites are indicated by the
red arrow. Scale bar is equal to 15 um. (b) An OC/IC cell. Cluster of
IC projections is indicated by the red arrow. Note that the cell body is
not shown; the green star indicates the primary process leading to the
soma; the green arrow indicates the KC axon. Scale bar is equal to 30
75 O
Three-dimensional Imaris reconstruction of a KC with branches in the
IC (arrow) and OC. All calyx neuropil divisions are rendered in the same
color. The same three views are depicted as in figure 3.1 - from left to
right: front, top and side views. Scale bar is 100 gm. . . . . . . . ..
Three-dimensional Imaris reconstruction of half of the locust calyx show-
ing a KC that innervates the mid-calyx and the outer-calyx. Left image
shows the frontal view of the calyx with three divisions, in different col-
ors. Black box shows the area of the calyx reconstructed in the right
two images. Middle image shows the KC reconstructed with all calycal
divisions: OC in yellow, MC in orange and IC in green, from the front
view. The green asterisk shows the short MC dendrites just outside the
OC. Right image shows the KC reconstructed with the MC only, viewed
from the top, with the green asterisk again showing the position of the
MC dendrites. . . . . . ..
Golgi-stained frontal sections of the locust MB depicting calycal divi-
sions. (a) Lateral side of the calyx with a red star indicating the position
of the IC. A clear division can be seen between this and the outer-calyx.
(b) A superficial section of the calyx where the thin MC can be seen.
Part of the MC is outlined by the red rectangle. . . . . .. .. .. ..
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Imaris reconstruction of the calyx and two PNs innervating it, viewed
from the anterior or bottom aspect. On the left, the OC is shown in yel-
low, the MC in orange, the IC in green and the accessory calyx in purple.
The right image shows PNs in red innervating the OC exclusively.

Calyx division relationship to the pedunculus. Each row shows the ca-
lyx and posterior portion of the pedunculus from the ventral or back
aspect(left column) and posterior or top(right column) aspect. Top row
shows the regions of the calyx (OC in yellow and MC in orange) that
feed into the two peripheral fiber bundles (also in orange). The middle
row shows the area of the central bundle that the IC feeds into, and
the bottom row shows the accessory calyx (purple) and its peduncular
innervation. . . . . .. L.
Imaris reconstruction of the pedunculus and g lobes viewed from the
dorsal aspect. Three black arrows point to the three fiber bundles that
emerge from the calyx. Green arrow shows the point at which the fibers
join together. . . . . . ...
Slightly oblique 15 pum Golgi-stained section, showing a comparison of
KC axons in the periphery of the pedunculus vs. the core. (a) Red
arrow indicates peripheral spiny axons and green arrow indicates the
core smooth axons. Scale bar is 20 um. (b) High magnification images
of the spiny peripheral axons (top) and smooth core axons (bottom).
Scale bar is b pum. . . . . . oL
Three-dimensional reconstructions of the § lobe. Left image shows the
two divisions of the 3 lobe based on innervation by spiny axons (green
division) and smooth axons (red division). Right image shows the pro-
cesses of a class II extrinsic cell, preferentially innervating only the spiny

axon zone, outlined with dotted line. Scale bar is equal to 50 pm.
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KC axon morphology within the 3 lobe. (a) Imaris reconstruction of the
[ lobe viewed from the black arrow shown figure 3.10. White dotted line
shows the position of the Golgi section in (b). (b) Golgi-stained section
of the (8 lobe showing spiny axons at the medial edge and smooth axons
at the posterior edge. . . . . . . . . ...
The spiny axon division of the 3 lobe exhibits a non-fluorescent core
which KCs do no innervate. Scale bars are 50 pm. (a) 15 pum Golgi
section showing a superficial slice of the spiny axon division. Red arrow

indicates core. (b) 3 pum optical slice of intrinsic fluorescence showing

the beta lobe at the same angle as in part (a). Red arrow indicates core.

Imaris reconstruction of two CII extrinsic cells within the beta lobe.
Black arrow indicates the core of the spiny axon division shown in figure
3.12. P: peduncular processes; a: « lobe processes. . . . . ... .. ..
Schematic of the locust brain, showing the position of a class I extrinsic
cell. Ray-traced reconstruction of a single LY-filled cell overlaid on a
schematic of the locust brain. Soma lies in the pars intercerebralis,
between the two MB calyces. The cell’s processes innervate the MB
lobes and the posterior end of the pedunculus. An extension of the 3
lobe process innervates the LH. Sparse fibers are seen in the midbrain
area. Scale bar is equal to 200 pm. . . . . . ...
Schematic of the locust brain, showing the position of a class II extrinsic
cell. The cell image is a ray-traced reconstruction of one cell filled with
the dye LY, overlaid on a brain schematic. Soma lies in the LH, and
processes are sent to the MB lobes, pedunculus, IC and MC. Diffuse
processes are also seen in the LH, off the cell’s primary neurite as it
passes to the MB. Scale bar is equal to 200 gm. . . . . . . .. .. ..
Reconstruction of a pair of CII cells (green) along with the MB neuropil
(in red), from the frontal view. Extensive innervation of both lobes and
pedunculus is visible. LH, MC and IC innervation are also visible. Scale

bar is equal to 100 pm. . . . . . ..o
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1 pm confocal image of the calyx from a stack of the pair of the LY-filled
CII cells depicted in figure 3.16. Red arrows indicate the processes of
the CII cells innervating the IC. Scale bar is equal to 100 pm.

20 pm thick ray-traced projection of several images from a confocal stack
of the (3 lobe of the pair of filled CII cells depicted in figure 3.16. Pairs
of red arrows indicate pairs of identical fibers from each cell. Scale bar
isequal to 25 pm. . . ..o
Ray-traced reconstruction of three PNs filled with LY, showing the en-
tirety of processes with innervated neuropils labeled. Frontal view.
Three-dimensional Imaris reconstruction of the set of PNs in 3.19, in-
cluding the OC and the LH. The red bulb that is labeled as the LH is
a defined area visible autofluorescently, and in both Bodian and Golgi
stains. This same bulb is innervated by both PN terminals (as shown)

and extrinsic cell processes. . . . . . .. ...

Comparison of the three types of OC-exclusive cells, shown from the
angle that best depicts classification. (a) An OC-exclusive fan-shaped
cell viewed from the front or ventral aspect. This cell is also shown in
figure 4.2. (b) An OC-exclusive bipartite cell viewed from the side or
lateral aspect. This cell is also shown in figures 4.5(b) and 4.6(b). (c)
An OC-exclusive single-tree cell viewed from the front or ventral aspect.
This cell is also shown in figure 4.12(b). . . .. ... .. ... ... ..
(a) Imaris reconstructions of an OC-exclusive, fan-shaped cell from the
front, top and side views, from left to right, respectively. (b) Ray-traced
reconstruction of the cell in part (a) in the same three views. Green stars
indicate the primary neurite from the soma (soma not shown) and green
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Ray-traced reconstructions of OC-exclusive fan-shaped cells in three
views (as before). (a) Green arrows indicate axon. Note the cluster of
somata indicated by green stars. (b) Green stars indicate primary neu-
rite from soma (soma not shown) and green arrows indicate the cell’s
AXOIL. o v v v e e e e
Ray-traced reconstructions of OC-exclusive fan-shaped cells in three
views (as before). (a) Green stars indicated primary neurite from soma
(soma not shown) and green arrows indicate the cell’s axon. (b) Green
stars indicate the soma and green arrows indicate the cell’s axon.

(a-c) Imaris reconstructions of OC-exclusive bipartite cells from front,
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shown in the following figure. . . . . . . . . .. ... ...
(a-c) Ray-traced reconstructions of the OC-exclusive cells depicted in
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Ray-traced projections of an OC-exclusive bipartite cell, from three
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Ray-traced reconstructions of OC-exclusive single-tree cells in three views.
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and green arrows indicate a cell’s axonal projection. . . . . .. .. ..
(a-c) Ray-traced reconstructions of OC-exclusive single-tree cells in three
views. Green stars indicate the primary neurite to soma (somata not
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Left hand figure is viewed from the dorsal or back aspect; right hand
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(a) Imaris reconstructions of an OC/MC cell, reconstructed with outer-
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(a) Imaris reconstructions of an OC/IC cell in three views. Black arrows
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PrOCESSES. o v v v v e

(a) Imaris reconstruction of an OC/IC cell in three views. . . . . . ..

76

7

78

79

80



4.19

4.20

4.21

4.22

4.23

4.24
4.25

4.26

4.27

XX
Ray-traced projection of another OC/IC cell in three views. Green stars
indicate the primary neurite (soma not shown), green arrows indicate
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Odor responses of a class I extrinsic cell. (a) Ten trials with one odor
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Peduncular and calycal innervation of CII extrinsic cells. (a) Red arrow
indicates the fine fibers innervating the pedunculus. (b) Peduncular and
calyx innervation of the same cells as in part (a). Red arrows indicated
the MC and IC divisions. . . . . .. . . .. .. ... ... ... ...
Comparison of CII extrinsic cell fill with Bodian stained processes. (a)
A 10 pm Bodian slice showing a bundle of processes entering the MB
lobes that correspond to the CII cell processes. (b) A high magnification
10 pm ray-projection of the primary neurite of the CII cell innervating

the MB lobes. . . . . . . .
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xxii
Comparison of CII extrinsic cell fill with Bodian stained somata. (a) A
10 pm Bodian slice showing possible candidates for CII somata in the
lateral horn. (b) A 10 pum ray-projection exhibiting the soma of a CII
extrinsic cell in the lateral horn. . . . . .. .. ... ... ... ...
Ray-traced projection of a brain stained for GABA immunoreactivity.
Red arrow indicates a cluster of GABA immunoreactive cells that cor-
respond in position to CII somata position. . . . . . .. .. ... ...
Imaris reconstruction of the antennal lobe (yellow) showing the position
of the projection neuron somata (red). Left image shows the frontal
view, with the position of the antennal nerve indicated by the black

arrow. Right image shows a side view in which the antennal nerve is in

back. The black star indicates the position of the antennocerebral tract.

(a) Imaris reconstruction of a single PN within the AL from the frontal
(left image) and posterior (right image) views. (b) Ray-traced projection
of the cell in part (a), from the same two views. Green stars indicate
the cell’s soma and green arrows indicate the axon. . . . . ... ...
(a) Imaris reconstruction of a single PN within the AL from the frontal
(left image) and posterior (right image) views. Note that there are two
somata filled, but only one cell’s processes are visible. (b) Ray-traced
projection of the cell in part (a), from the same two views. . . . . ..
(a) Imaris reconstruction of a single PN within the AL from the frontal
(left image) and posterior (right image) views. (b) Ray-traced projection
of the cell in part (a), from the same two views. Note that the soma is
MISSING. . . v o o e e e e
(a) Imaris reconstruction of a single PN within the AL from the frontal
(left image) and posterior (right image) views. (b) Ray-traced projection
of the cell in part (a), from the same two views. . . ... ... .. ..
Ray-traced projections of two different PNs from the same two views as

before. Note that both cells are missing their somata. . . . .. .. ..
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4.42  (a) Imaris reconstruction of a single PN within the AL from the frontal

(left image) and posterior (right image) views. (b) Ray-traced projection

of the cell in part (a), from the same two views. Note that there are two

somata filled, but only one cell’s processes are visible. . . . . . .. .. 108
4.43  (a) Imaris reconstruction of a single PN within the AL from a slightly

oblique frontal view (left image) and the posterior (right image) view.

(b) Ray-traced projection of the cell in part (a), from the same two

views. Note that the soma is missing. . . . .. ... .. .. ... ... 109
4.44  (a) Imaris reconstruction of a single PN within the AL from the frontal

(left image) and posterior (right image) views. (b) Ray-traced projection

of the cell in part (a), from the same two views. Note that the soma is

MISSING. . . v o o e e e e e 110
4.45  (a) Imaris reconstruction of a single PN within the AL from the frontal

(left image) and posterior (right image) views. (b) Ray-traced projection

of the cell in part (a), from the same two views. Green arrows indicate

the axon, and the green stars indicate the soma. Note that this PN’s

soma is in a different location that the other PNs shown above. . . . . 111
4.46  Ray-traced projections of two different PNs from the same two views as

before. Note that the cell in part (b) is missing its soma. . . . .. .. 112
4.47 A pair of PN filled concurrently, showing different radii in the same AL.

These are the PNs shown in figures 4.38 and 4.42. (a) The same pair

shown in an Imaris reconstruction from the frontal and posterior views.

(b) Ray-traced projections of the cells shown in (a), in the same two

views. Overlaps or areas where cells could not be separated are shown

inyellow. . . . . .. 113
4.48 A pair of PNs filled concurrently, showing different radii in the same

AL. Green PN is also shown in figure 4.37. (a) The pair of PNs shown

in an Imaris reconstruction, from the frontal and posterior views. (b)

Ray-traced projections of the cells shown in (a), in the same two views,

but note that the posterior image is slightly turned about a vertical axis. 114
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A pair of PN filled concurrently, showing different radii in the same AL.
These are the PNs shown in figures 4.39 and 4.44. (a) The same pair
shown in an Imaris reconstruction from the frontal and posterior views.
(b) Ray-traced projections of the cells shown in (a), in the same two
views. Overlaps or areas where cells could not be separated are shown
in yellow. Note that cell bodies are missing. . . . . .. .. .. .. ..
(a) Ray-traced projection of three PNs in one AL. (b) Ray-traced pro-
jection of three PNs in one AL. (¢) Ray-traced projection of two PNs in

Three cells with the same radius size. (a) Ray-projection of three PNs
stained concurrently within one AL. Two are shown in green and one
is shown in red. Scale bar is equal to 70 pum. (b) Close up of the
area around one set of glomeruli for cells in part (a). The two green
cells are visible as different cells because one is less bright than the
other (indicated by white arrows). The two cells innervate the same
glomerulus. Scale bar is equal to 35 pym. . . . . . ... ...
Calyx innervation of PN axons. Imaris reconstructions of PNs within
the OC, viewed from the ventral and posterior aspects. (a) Single PN
in the OC. (b) Two PNs in the OC. (c¢) Three PNs in the OC.

Relationship of PN axons and KC dendrites within the calyx. Left hand
figure shows an Imaris reconstruction of both cells within the calyx.
Right hand figure shows a high magnification ray-projected image of
the same set of cells; KC is shown in green, PN is shown in red, and
areas of over lap appear in yellow. . . . .. .. ... .. ........
Relationship of the lateral horn lobe to the calyx. (a) Lateral view of
Imaris reconstructed of a PN (as shown in figure 4.52[c|) within the
calyx and LH lobe. (b) Dorsal view of the same reconstruction.

10 pm thick Bodian-stained section showing the bundle of PN fibers (red

arrow) as they innervate the LH lobe (red star). . . .. ... ... ..
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Schematic of the locust antennal lobe showing innervation pattern in
one plane. Dark blue and green cells innervate the same glomeruli and
lie within the same plane. Light blue cell lies in the plane with the other
two cells, but innervates glomeruli at a different radius. . . . . . . ..
Schematics of the proposed structure of the MB and its KC innervation.
(a) Frontal view of the calyx, showing the pattern of innervation of
an OC-exclusive cell (red), an OC/MC cell (blue) and an OC/IC cell
(green). It is possible that OC-exclusive cells innervate the spiny axon
division of the [ lobe (shown in gray). (b) Two more views of the MB;
top schematic is the calyx viewed from above (topmost arrow in part [a]),
showing representative innervation of the three types of KCs. Bottom
schematic is a view of the 3 lobe (bottom arrow in part[a]) showing the
spiny axon and smooth axon divisions within the lobe. It is possible that
OC/IC cells innervate the smooth axon division of the 3 lobe. Note also
the core of the spiny axon division, as described in chapter 3. . . . . .
Schematics of the proposed structure of the MB and its class II extrinsic
cell innervation. (a) Frontal view of the MB, with the areas of CII inner-
vation shown in yellow. (b) Two more views of the MB; top schematic
is the calyx viewed from above (topmost arrow in part [a]), showing rep-
resentative innervation of the CII extrinsic cells. Bottom schematic is
a view of the [ lobe (bottom arrow in part[a]), showing the spiny axon
and smooth axon divisions within the lobe. CII extrinsic cells innervate
the lobe in a characteristic ‘C’ shape around the spiny axon division’s
core, in slightly offset areas. Representative of one cell is shown in yel-
low while another is shown in orange. There are postulated to be 9 to
12 CII cells covering the spiny axon division. . . . . .. .. ... ...

Schematics of the MB showing the proposed structure of the peduncular

126

127

128



9.5

XXVi
Frontal schematic of the MB showing the region (in gray) of the a lobe
that contains the axon collaterals of KCs which innervate the smooth

axon division of the S lobe. . . . . . . . ...
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