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ABSTRACT
Multimodal, higher-order sensory integration in decapod crustaceans occurs in local
interneurons (parasol cells) within a structure in the lateral protocerebrum, the hemiellipsoid
body, which is located dorsal to the terminal medulla. The hemiellipsoid body is targeted by
projection neuron inputs by means of the olfactory globular tract from bilateral deutocerebral
neuropils, the accessory lobes, which receive secondary visual, mechanosensory, and olfactory
inputs. Parasol cell dendrites arborize extensively within the two neuropils of the hemiellipsoid body and possibly have some neurites within another neuropil at its base. The two
neuropils of the hemiellipsoid body, neuropils I and II, are known to receive asymmetrical
inputs from the contralateral and ipsilateral accessory lobes, and our current study addresses
the question of the distribution of parasol cells within these two neuropils. Three anatomic
methods were used to analyze this distribution: intracellular filling of cells with neurobiotin
and visualization of the cells by using either a fluorescent or a peroxidase avidin conjugate,
or placement of a fluorescent lipophilic tracer within a lobe of the hemiellipsoid body. All of
these methods demonstrated that single parasol cells exclusively arborize within one of the
two lobes of the hemiellipsoid body, but not in both lobes. Electrophysiological recordings
from pairs of parasol cells with dendrites in the same or different lobes confirm a functional
separation between neuropils I and II. Comparisons are made between insect and crustacean
systems, emphasizing the inputs to the hemiellipsoid body and the mushroom body and
similarities between extrinsic cells in insects and parasol cells in decapod crustaceans.
J. Comp. Neurol. 462:168 –179, 2003. © 2003 Wiley-Liss, Inc.
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The process of chemoreception in decapod crustaceans
has received considerable attention in the past few decades. Much of the research in this area has been focused
on the reception of primary information from the environment, especially with regard to olfaction (Derby and Ache,
1984; Girandot and Derby, 1988; McClintock and Ache,
1989; Schmiedel-Jakob et al., 1989; Fadool et al., 1993;
Boekhoff et al., 1994; Hatt and Ache, 1994). In astacid
decapods (the group including clawed lobsters and freshwater crayfishes), the primary source of olfactory information is olfactory sensory neurons within cuticular structures called aesthetascs, located on the lateral flagellum of
antenna I (the antennule). Other, nonaesthetasc chemosensory sensilla that may contribute to reception of olfac© 2003 WILEY-LISS, INC.

tory stimuli from the environment are located on both
flagella of antenna I (Schmidt et al., 1992; Mellon, 1997).
Only recently, however, have researchers begun to focus
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Fig. 1. Diagram of the brain and visual ganglia of the crayfish. The
projections of the olfactory lobe and accessory lobe to the lateral
protocerebrum are indicated in green and red tracks, respectively.
The bilobed hemiellipsoid body (HEB) is dorsal to the terminal medulla. By means of axons within the olfactory globular tract, projec-

tion neurons of the accessory lobe make synaptic contact with parasol
cells in the HEB, whereas projection neurons of the olfactory lobe
terminate in an adjacent neuropil within the terminal medulla
(Adapted from Mellon et al, 1992b).

on the processing of this information after it is acquired by
the sensory neurons. It has been known for many years
that a large neuropil in the astacid deutocerebrum, the
olfactory lobe (OL), is the target of the axons of the ipsilateral olfactory sensory neurons (Sandeman and Denburg, 1976; Mellon et al., 1989). Studies by Wachowiak et
al. (1996) demonstrated that another large neuropil likewise located on each side of the deutocerebrum, the accessory lobe (AL), receives secondary olfactory input from the
OL by means of interneurons. Studies by Sandeman et al.
(1995) showed that the AL also receives indirect visual
and mechanosensory inputs by means of the deutocerebral
commissure. Sandeman et al. (1992) described the presence of the AL in eureptantian decapods, the group that
includes lobsters, crayfish, crabs, and mud and ghost
shrimp, and determined that the AL is especially large in
astacids and other territorial species within this group.
In astacids and other eureptantian decapods, part of the
forebrain, the lateral protocerebrum, is located in the eyestalk and receives higher-order olfactory and other sensory information (Bush et al., 1964; Mellon, 2000). This
part of the crayfish brain and its major input pathways
are shown in the diagram of Figure 1. Studies by
Blaustein et al. (1988) described two obvious anatomic
divisions within the lateral protocerebrum: the terminal
medulla (MT) and the bilobed hemiellipsoid body (HEB).

Later studies by Mellon (2000) were equivocal concerning
whether the major multimodal sensory interneurons
within the HEB are targets of OL projections neurons, AL
projection neurons, or both.
Mellon et al. (1992b) demonstrated that the HEB is
primarily occupied by the extensive dendritic arbors of
approximately 200 local multimodal sensory interneurons, now termed parasol cells. These cells display continuous patterns of electrical activity and respond to olfactory, tactile, and visual inputs to the crayfish by
increasing and otherwise modifying this activity (Mellon
and Alones, 1997; Mellon and Wheeler, 1999; Mellon,
2000, 2003). Parasol cell bodies are located in the ventral
region of the MT, and the primary neurites travel dorsally
to the HEB, where their dendritic arbors occupy a quasispherical space within the HEB (Mellon et al., 1992a,b).
Studies by Mellon and Alones (1997) found that, ventral to
the HEB in the MT, an axon branches from the neurite of
each cell, and its terminals synapse elsewhere in the MT
onto unidentified interneurons. The somata of the parasol
cells that have dendrites within the two neuropils may
reside within a common cluster on the ventral surface of
the MT.
Parasol cells are the immediate targets of AL projection
neurons, which apparently make direct excitatory synapses onto fine dendritic branches in the HEB (Mellon et
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al., 1992a; Sullivan and Beltz, 2001). Parasol cells also
may receive inputs from the ipsilateral OL projection neurons in the olfactory globular tract (OGT) that synapse
below the base of the HEB, within a third neuropil (the
glomeruli centrales) located in the MT proper, based on
observation of small clusters of parasol cell dendrites located in this region (Mellon et al., 1992b). Additionally,
parasol cells receive direct photic information from the
ipsilateral compound eye (Mellon, 2000), as well as from
local, periodically active excitatory neurons (Mellon and
Alones, 1997).
There is a functional asymmetry between the two lobes
of the HEB, derived from the organization of the AL inputs. A study by Sullivan and Beltz (2001) demonstrated
that the major lobe of the HEB, or neuropil II, receives
inputs from both the ipsilateral and the contralateral AL,
whereas the minor lobe, or neuropil I, receives inputs from
only the ipsilateral AL (Fig. 4). Due to this asymmetry, the
two different groups of parasol cells within the HEB may
receive different stimuli, and this is of potential functional
importance in the crayfish’s interpretation of its environment. In this study, we present evidence that parasol cells
within each lobe of the HEB arborize only within that lobe
and are discrete morphologically from cells that arborize
within the other lobe.

MATERIALS AND METHODS
Crayfish (Procambarus clarkii) were obtained from a
dealer in Louisiana (Atchafalaya Biological Supply, Raceland, LA) and were kept in circulating, filtered, fresh
water at 20°C and a 12:12 light– dark cycle until used.
They were fed on black worms and aquatic plants.

Histology
Eyestalk neural centers were prepared for standard
histologic observations by dissecting them from freshly
killed crayfish and fixing them overnight in Bouin’s alcoholic fixative at room temperatures. Subsequently, the
tissue was dehydrated in an ethanol series, infiltrated
with xylene, embedded in paraffin, and both transverse
and horizontal serial sections were cut at 10 m on a
microtome. The sections were mounted on glass slides,
deparaffinized, rehydrated, and stained with Masson’s
trichrome (Pantin, 1962). Stained sections were dehydrated and coverslips were applied. They were imaged
through a Zeiss Axiophot microscope (Carl Zeiss, Inc.,
Goettingen, Germany) using an Optronics Magnifire digital camera and computer software. Individual images
were edited by using Adobe Photoshop 5.5 software.

Electrophysiology
Crayfish were chilled on ice and quickly decapitated.
Heads were mounted in a recording chamber and both the
medial artery and one of the lateral cephalic arteries were
cannulated and flushed with chilled (18°C) oxygenated
crayfish saline (van Harreveld, 1936). The right-hand eye
cup was immobilized by using heatshrink tubing, and the
dorsal cuticle of the eyecup was removed with microrongeurs. Muscles overlying the neural structures in the eyecup were dissected away and a window was cut in the
sheath surrounding the TM and HEB with minimal disruption to the arterial branches supplying them. Parasol
cell dendrites were penetrated in the HEB with sharp
glass micropipette electrodes filled with 3 M potassium

acetate and having tip resistances of 150 –300 megohms.
Electrical signals were fed to an Axoclamp 2B amplifier
(Axon Instruments, Foster City, CA), and data were recorded on videotape and in a computer file using P-clamp
software (Axon Instruments).

Intracellular filling with Neurobiotin
Isolated head preparations were prepared for recording
as described above. The HEB was exposed in the right
eyecup, and individual parasol cell dendrites were penetrated with sharp capillary microelectrodes filled with 2%
neurobiotin (Vector Laboratories, Inc., Burlingame, CA) in
2 M potassium acetate. After penetration and physiological identification of a parasol cell by its unique electrical
activity patterns, 1–2 nanoamps of positive current were
passed into the cell for approximately 30 minutes in 500msec pulses, recurring at 1 Hz, to iontophorese neurobiotin from the electrode tip. The entire head was fixed
overnight in a solution of 2% glutaraldehyde (Fisher Scientific, Pittsburgh, PA) and 2% paraformaldehyde (Fisher
Scientific) in 0.1 M phosphate buffer (PB), adjusted to pH
7.4. On the following day, the eyestalk neural centers with
the treated cells were dissected from the head, rinsed in
0.1 M PB, and embedded in 14% 100-bloom gelatin (Fisher
Scientific). The gelatin blocks were then fixed for 1–2
hours in 4% paraformaldehyde in 0.1 M PB and crosssectioned on a vibratome at a thickness of 100 m. The
sections were rinsed in 0.1 M PB for 1 hour and then
incubated for 72 hours at 5– 6°C in ABC solution (Vector
Labs) in 0.1 M PB/0.3% Triton X-100 (Sigma–Aldrich, St.
Louis, MO) solution. After this step, sections were rinsed
again for 1 hour in 0.1 M PB, and then treated with
3,3⬘-diaminobenzidine (DAB) (Sigma–Aldrich) in a 0.1 M
PB/0.5% nickel ammonium sulfate solution at room temperature for 10 minutes with DAB solution alone, followed
by 5 minutes in DAB solution with 0.2% hydrogen peroxide (Fisher Scientific) for optimal visualization of the peroxidase. The sections were rinsed for 3 ⫻ 10 min in cold
PB to stop the DAB reaction and mounted on slides coated
in 0.5% pigskin gelatin (Sigma–Aldrich) overnight. The
slides were then stained with neutral red in acetate
buffer, dehydrated in an ethanol series, cleared in xylene,
cover-slipped by using DPX mountant (Fluka Chemicals,
Buchs, Switzerland) and examined on a Zeiss axiophot
microscope (Carl Zeiss, Inc.).

Confocal studies
To prepare neurobiotin-containing parasol cells for
viewing with the confocal microscope, eyecups with injected cells were fixed in 4% paraformaldehyde in phosphate buffer overnight at 4°C. The lateral protocerebrum
and three visual ganglia were then dissected en masse
from the eyecup, desheathed completely, and stored at 4°C
in fresh 0.1 M phosphate buffer containing 0.015% sodium
azide. Before staining, the sections were transferred to
fresh phosphate buffer w/ 0.3 % Triton X-100 (PBTX) for 4
hours. The HEB subsequently was transversely sectioned
on a vibratome at 100 m. To stain the neuropils of the
HEB, the sections were incubated in PBTX containing an
anti-synapsin antibody (SYNORF1, made against Drosophila synapsin; antibody provided by E. Buchner, Universität Würzburg, Germany) at a dilution of 1:50 (Klagges et al., 1996) for 24 hours at 4°C. After incubation in the
primary antibody, the sections were rinsed several hours
in PBTX, then incubated overnight at 4°C in a Texas
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Red– conjugated goat anti-mouse antibody (Molecular
Probes, Eugene, OR) diluted 1:50 in PBTX. Neurobiotincontaining parasol cells were stained with avidin Neutralite BODIPY (Molecular Probes) at a dilution of 1:100
in PBTX. Sections were then rinsed for several hours in
PB, mounted in Gelmount (Biomedia; Foster City, CA)
and viewed by using a Leica TCS SP laser scanning confocal microscope. Serial optical sections were imaged at
intervals of 2– 4 m and were saved in computer files both
as three-dimensional stacks and as single sections. Images were adjusted for brightness and contrast by using
Paint Shop Pro 4.12 (JASC, Inc.) or Adobe Photoshop 5.5
(Adobe Systems, San Jose, CA).

FLUORESCENT LABELING USING DII
AND DIO
Adult P. clarkii were anesthetized and killed in the
same manner as for neurobiotin labeling, their eyestalks
were mounted in surgical dental wax, dissected to expose
the HEB, and fixed in 4% paraformaldehyde in 0.1 M PB
overnight. The next day, one of three treatments was
performed: neuropil II was treated with 1,1⬘-dioctadecyl3,3,3⬘,3⬘-tetramethylindocarbocyanine perchlorate (DiI)
or 3,3⬘-dioctadecyloxacarbo-cyanine perchlorate (DiO)
(Molecular Probes, Inc.), neuropil I was treated with DiI or
DiO, or one neuropil was treated with DiI and one neuropil with DiO in a random manner. Treatment with label
was performed by using a glass microinjection needle broken off to approximately 20-m diameter at the tip, and a
single crystal of the dye was embedded in the tip of the
needle, which was then placed within a neuropil of the
HEB. The eyestalks were then incubated at room temperature for approximately 1.5 weeks in 0.1 M PB with trace
quantities of 4% paraformaldehyde to prevent decomposition. After the dye had traveled a sufficient distance, usually measured by presence of the dye in the OGT, the
eyestalks were analyzed with a Zeiss Stemi SV11 microscope (Carl Zeiss, Inc.) fitted with fluorescent filters. Identification of parasol cell labeling was often confirmed by
observation of label that had traveled into the cell bodies
and output pathways of the neurons. Presence of dye in
both the presynaptic neurons (the projection neurons from
the AL in the OGT), and the postsynaptic neurons (the
parasol cells) is expected and was used for analysis because the tracer molecules will travel in the membrane of
any cell that the dye contacts in the treated lobe of the
HEB. A Zeiss AttoArc 2 (Carl Zeiss, Inc.) digital camera
was used to take photographs of the preparations. Images
were adjusted for brightness, contrast, and tint by using
Adobe Photoshop 5.5 (Adobe Systems). Lipophilic dyelabeled eyestalk neural tissues that were examined with
the confocal microscope were treated in the same manner,
except that they were cleared in Hypaque meglumine
(Nycomed, Inc., Princeton, NJ) for at least 1 hour before
mounting and examination.

RESULTS
The anatomy of the HEB in the crayfish Procambarus
clarkii was studied previously by Blaustein et al. (1988)
and the morphologic properties they described are reviewed here. Figure 1 shows a schematic illustration of
the crayfish brain and major nervous pathways and cen-
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ters discussed in the present study. The accessory lobes on
both sides of the brain are connected by a major pathway
called the deutocerebral commissure. AL projection neurons run within the olfactory globular tract to reach neuropils I and II of the HEB of either side of the brain; only
neuropil II of each HEB is supplied by AL projection
neurons from both sides. The OL projection neurons also
run within the OGT and supply the terminal medulla of
both sides, where their distribution is asymmetrical (Sullivan and Beltz, 2001).
Figure 2 consists of a drawing and associated horizontal
histologic sections through the HEB. The structure is bilobed; using previous terminology (Blaustein et al., 1988;
Sandeman et al., 1992; Sullivan and Beltz, 2001), the
larger and more lateral of the two lobes is referred to as
neuropil II, whereas the smaller, medial lobe is neuropil I.
Figure 2A is a transverse histologic section through both
neuropils. Also included in Figure 2 are representative
horizontal sections (B–D) cut through the HEB in the
planes indicated by the arrowhead lines through the
three-dimensional drawing.
Findings from all three staining and analysis methods
have confirmed earlier descriptions of reconstructed parasol cell morphology (Mellon et al., 1992a; Mellon and
Alones, 1997), the characteristic morphology of which is
shown in Figure 3. These monopolar neurons have somata
clustered at the ventral, anterior margin of the MT (cf.
Fig. 2A). A thin neurite connects each soma with a thick
dendritic trunk at a point within the MT-HEB margin,
and this trunk arborizes extensively within the HEB.
Characteristically, a recurved axon (cf. Fig. 3) branches
away from the neurite/dendrite trunk margin and courses
posteriorly to terminals located proximally within the MT.
Figure 4 is a diagram of the distribution of contralateral
and ipsilateral OL and AL inputs to, respectively, the two
neuropils of the HEB and the glomeruli centrales. The
inputs from both the AL and OL are asymmetrical in their
projections to the targets in the MT (Sullivan and Beltz,
2001).
The results from the neurobiotin injection method have
provided evidence for parasol cell dendritic arborization
being restricted to only one of either of the lobes of the
HEB. In four successful preparations, parasol cells were
stained by using intracellular neurobiotin labeling and
staining with an avidin– biotin–DAB conjugate. In three of
these preparations where dendrites within neuropil II had
been penetrated, the results showed dendritic arborizations only within neuropil II (Fig. 5A). The one preparation processed with DAB in which a dendrite branch in
neuropil I was penetrated and filled exhibited arborizations confined to that lobe as well (Fig. 5B).
Results of studies using the confocal microscope to image neurobiotin-filled parasol cells were equally clear. Figure 6 represents stacked confocal images of optical sections through the HEB of three different preparations in
which neurobiotin had been injected into several parasol
cell dendrites within either neuropil I or II. In each case
(n ⫽ 5), the finer branches of the dendritic tree were
clearly confined to the neuropil in which the injections had
been made, with the neurites bypassing the nontargeted
neuropil. In Figure 6A, although only three parasol cells
were actually penetrated with a dye-filled micropipette,
perhaps as many as a dozen neurites were stained. At the
present time, it is unclear whether this staining was due
to dye coupling between the stained neurons or whether

Fig. 2. Drawing of the right-hand hemiellipsoid body (HEB), as
viewed looking rostrally, and associated anatomic relationships of
neuropils I and II, as revealed by transverse and horizontal histologic
sections stained with Masson’s trichrome. A: Transverse section of the
HEB with neuropils I and II indicated. An arrow indicates the parasol
cell cluster at the ventral anterior margin of the terminal medulla.
B: Drawing indicating the bilobed structure of the crayfish HEB.
Lines with arrows indicate the approximate planes of sections

through neuropil I, neuropil II, or the junction between them. Letters
surrounding the drawing indicate medial, lateral, dorsal, and ventral
aspects. C–E: Horizontal sections through an HEB. In D, the central
core of parasol cell dendritic trunks is apparent. The horizontal
dashed line indicates the approximate plane through which the section in A was made. Scale bars ⫽ 300 m in A, 250 m in E (applies
to C–E).
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Fig. 3. Diagram indicating morphology of a parasol cell and its
anatomic relationship to the terminal medulla (MT) and hemiellipsoid
body (HEB). The three-dimensional dendritic arbor of the parasol cell
is shown compressed into two dimensions.

the finer branches of the dendritic arborizations took up
neurobiotin that may have leaked into the extracellular
space within the HEB. In Figure 6B a single parasol cell
was injected with neurobiotin in neuropil II; here the dye
was confined to the injected cell alone, and the extent of its
long neurite and dendritic trunk within the MT can be
clearly seen, with extensive dendritic branches visible as
well. Figure 6C shows results of an experiment where
neurobiotin was injected into a parasol cell in neuropil I.
Although the staining is faint, the cell soma and neurite
again are visible in the MT and the dendritic branching
appears to be confined primarily to neuropil I, although
there is a hint that a neuropil region ventral to neuropil II
also contains stained processes. This region has not been
positively identified, but it may be part of the glomeruli
centrales.
Use of the fluorescent tracers DiI and DiO to disclose
the distribution of dendritic arborization within the HEB
confirmed the pattern previously indicated by neurobiotin
injections of single cells. Of a total set of 56 preparations,
in 28 of which stain was placed in neuropil I and 28 of
which were treated in neuropil II (randomized with respect to left eye or right eye, and DiI or DiO use), all of the
preparations exhibited label confined to the lobe that had
been treated initially. Figure 7 shows characteristic results from our studies using the lipophilic dyes DiI and
DiO. The image of Figure 7A results from labeling neuropil I with DiO. The dye has migrated throughout neural
processes within neuropil I, as well as along the OGT;
however, neuropil II, outlined by the dotted enclosure,
remains unstained. Figure 7B is a different preparation in
which neuropil II was originally labeled with DiI. Again,
the dye has spread throughout the processes on this portion of the HEB but not into neuropil I. Several preparations (n ⫽ 6) in which double-labeled HEBs were established were subsequently examined by using the confocal
microscope used for neurobiotin studies. Figure 7C–E is
characteristic of our findings. In this preparation, neuropil
I was labeled with DiO and neuropil II was labeled with
DiI. Dual sequential scans with either the argon or the
krypton laser of the confocal microscope showed that the
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Fig. 4. Schematic representation of the asymmetric afferent supplies from the olfactory and accessory lobes to the lateral protocerebrum in the crayfish brain; only those pathways to the right-hand
lateral protocerebrum are shown; red/yellow are contralateral inputs,
whereas blue/green are ipsilateral inputs. I and II, respectively, indicate neuropil I and neuropil II of the hemiellipsoid body. GC denotes
the glomeruli centrales in the terminal medulla. The dotted blue line
indicates a putative input from the olfactory lobe to parasol cells that
arborize within the ipsilateral neuropil I subdivision of the hemiellipsoid body. OL, olfactory lobe; AL, accessory lobe.

fluorescence from each of the two respective neuropils was
confined to that lobe of the HEB. The stacked confocal
image in Figure 7E represents optical sections of the scans
from both lasers, emphasizing the separation of the two
neuropils. Therefore, our findings with lipophilic dye tracing experiments are consistent with the neurobiotin injection studies, both methods suggesting that parasol cells in
neuropils I and II are anatomically segregated from each
other.
To determine whether the anatomic separation of neuropils I and II was matched by any functional differences,
we recorded electrical activity simultaneously from pairs
of parasol cells in neuropil I (n ⫽ 3 pairs), neuropil II (n ⬎
50 pairs), and in both I and II (n ⫽ 10 pairs). As previously
reported (Mellon and Alones, 1997; Mellon and Wheeler,
1999), all parasol cells of Procambarus exhibit periodic
depolarizations that are synaptically driven, apparently
from centers residing within the MT (Mellon and Wheeler,
1999). Our present results, shown in Figure 8A,B,E,F,
indicate that parasol cell pairs within either neuropil I or
neuropil II exhibit coherent, phase-locked depolarizations
but that the individual periodic activities in neuropils I
and II are asynchronous. This finding is shown by the fact
that simultaneous recordings of periodic activity from
parasol cells in each neuropil (Fig. 8C,D,G,H) do not exhibit either coherence or phase locking; furthermore, the
frequencies of the periodic input are slightly different.
Thus, the times of the respective peaks of the depolarizations in these two centers, and their collective spike generation, drift with respect to each other. Because the periodic depolarizations in the parasol cells are postsynaptic
potentials driven by inputs from other neurons, we conclude that there must be at least two functionally separate
groups of autoactive cells that, respectively, target neuropil I and neuropil II.
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Fig. 5. Restrictive branching of crayfish parasol cell dendrites
revealed by neurobiotin fills in the separate lobes of the hemiellipsoid
body. Thick, transverse vibratome sections through the lateral protocerebrum containing the neurobiotin-filled cells were reacted with

diaminobenzidine. A: Parasol cell filled in neuropil II. B: Cell filled in
neuropil I. In both images, arrows indicate the cell soma, which is
separated from the extensive dendritic arbor by a long neurite and
dendritic trunk, visible in A. Scale bars ⫽ 300 m in A,B.

DISCUSSION

relative effects of afferent input to neuropil I and neuropil
II parasol cells from the ipsilateral and contralateral OL
and AL projection neurons is just beginning. We have
shown that the background activity within the two populations of parasol cells in the HEB can be of different
frequencies and is not phase locked. This finding suggests
contrasting functional responses that may be correlated
with the asymmetric projections received by the two lobes
of the HEB (Fig. 4) and the two morphologically discrete
populations of parasol cells within the lobes. This case
would extend the concept of a dichotomous separation of
projection neuron pathways to a fundamental difference
in the physiological outputs from respective neural centers that periodically excite the two parasol cell populations. Until the functional significance of the background
activity is understood, however, any attempted interpretation of this difference will be premature.
The functional role of parasol cells within the entire
framework of sensory processing in the crayfish brain
currently is unknown. Some aspects of their relationships
to other neural centers in the midbrain are understood,
however. On each side of the crayfish, olfactory receptor
neurons from the lateral antennular filament send axons
to an ipsilateral brain center, the OL, where it is thought
that they synapse directly with projection neuron dendrites (Sandeman and Mellon, 2001). Local interneurons
in cell cluster 9 (Sandeman et al., 1992) in the deutocerebrum communicate ipsilateral olfactory information to AL
projection neurons, which also receive secondary input
from visual and tactile centers in other parts of the brain
(Sandeman et al., 1995; Wachowiak et al., 1996). Thus,
parasol cells of the HEB receive tertiary input from multimodal groups of AL projection neurons and, possibly,

The diagram in Figure 4 explains our present understanding of the innervation of the HEB by deutocerebral
projection neurons. In each of the OGTs, approximately
150 thousand projection neuron axons carry information
from the OL and the AL on each side of the crayfish
deutocerebrum to the lateral protocerebrum (Mellon and
Alones, 1993.
Sullivan and Beltz (2001) presented evidence that the
OLs and ALs reach different targets within the lateral
protocerebrum, thus separating these inputs of information spatially. Furthermore, they showed that inputs from
the AL on both sides of the brain were asymmetrically
distributed to the two neuropils of the HEB: neuropil I
receives input only from the ipsilateral AL, whereas neuropil II receives projections from both ipsi- and contralateral ALs. From our findings that an anatomic separation
exists between the parasol cells in the two neuropils of the
HEB, the apparent task of the parasol cells within this
framework is to integrate this information while maintaining a functional separation between the inputs from
the two sides of the deutocerebrum. This arrangement
potentially could permit comparisons of the inputs from
the two sides. For example, if, on each side of the brain,
the contralateral input were subtracted from the ipsilateral input in neuropil II and the result were then added to
the input to neuropil I, relative differences in the strength
of a particular sensory stimulus on the two sides would be
accentuated. Examples of bilateral comparisons of sensory
input are found in the visual system of insects (Reichert
and Rowell, 1986) and sensory interneurons in the central
auditory pathway of crickets (Wohlers and Huber, 1982).
At the present time, electrophysiological research on the

Fig. 6. Stacked confocal images through transverse Vibratome
sections of the lateral protocerebrum and neurobiotin-filled parasol
cells, after injections of dendrites in neuropils I and II, labeled in each
frame of the top row. Each preparation was incubated with a Texas
Red-tagged antibody against synapsin, which has stained the neuropil regions of the hemiellipsoid body (HEB), permitting better identification of the separate zones. A: A low-power image of the lateral
protocerebrum and both lobes of the HEB, with neurites and dendrites of parasol cells injected in neuropil II; perhaps as many as a
dozen neurons were stained in the procedure. B: In the enlarged
image, the exclusive branching of filled dendrites within neuropil II
can be seen more clearly. C,D: Stacked confocal images of a single
neurobiotin-stained parasol cell whose dendrites were filled in neuropil II of the HEB. C: The entire extent of the filled neuron is apparent,

with the soma (arrow) in the cell cluster in the ventral terminal
medulla and the neurite coursing toward the HEB. D: An enlargement clearly indicates the exclusive dendritic branching (arrows) of
the cell within neuropil II. E,F: Stacked confocal images are shown
through the lateral protocerebrum of a preparation in which a parasol
cell dendrite was penetrated and filled with neurobiotin in neuropil I.
E: The soma (arrow) and neurite of the cell are visible in the terminal
medulla, whereas, as seen more clearly in F, the spray of dendritic
branches (arrows) is confined primarily to neuropil I, although there
may also be some invasion of a separate region of neuropil ventral to
neuropil II. In all sections, green background fluorescence is believed
to result from the presence of naturally occurring biotin in crayfish
tissues. Scale bars ⫽ 400 m in A,C,E, 200 m in B,D,F.
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Fig. 7. Examples of the segregated diffusion of 1,1⬘-dioctadecyl3,3,3⬘,3⬘-tetramethylindocarbocyanine perchlorate (DiI) and 3,3⬘dioctadecyloxacarbo-cyanine perchlorate (DiO) throughout the dendrites of parasol cells and axon terminals of projection neurons within
neuropils I and II, respectively. White dotted lines enclose the unstained lobe of the hemiellipsoid body (HEB) in each image. A: A
crystal of DiO was placed within neuropil I, staining the dendrites
and projection neuron terminals exclusive to that region of the HEB.
B: Another preparation is shown in which DiI was placed only in
neuropil II. Although extensive staining of the projection neurons in
the olfactory globular tract (OGT) occurred in both preparations, no

spreading of the dyes between the lobes of the HEB was ever observed. C,D: Stacked confocal images through a whole mount of the
lateral protocerebrum in which neuropil I of the HEB had been
labeled with DiO and neuropil II was labeled with DiI. In C, the
preparation was scanned only with the argon laser, exciting fluorescence in neuropil II; a similar scan was made by using only the
krypton laser in D, producing fluorescence only in neuropil I. E: Sequential scans with both lasers then generated this image. Arrows in
C and D indicate parasol cell soma cluster. Scale bars ⫽ 250 m in
A,B, 400 m in C–E.

secondary olfactory input from OL projection neurons.
Furthermore, visual input seems to be directly imposed
upon the parasol cells within the HEB (Mellon, 2000).
Within the phylum Arthropoda, relatively little is
known about higher level sensory processing in Crustacea, whereas many studies have been performed on insect
sensory processing and sensory-based behavior, with particular emphasis on the mushroom body as a region of
sensory information processing and potential behavior
control. Insecta has often been considered the class within
Arthropoda that is most closely related to Crustacea; this

theory has been supported by comparisons based on brain
anatomy (Strausfeld, 1998). Newer studies based on DNA,
RNA, and protein sequence data support these morphologic studies (Ballard et al., 1992; Friedrich and Tautz,
1995; Giribet et al., 2001; Hwang et al., 2001), as well as
neuronal development studies by Whitington et al. (1993).
Thus, the Insecta provide potentially interesting anatomic
and physiological examples that may enlighten our understanding of parasol cell function.
For many years, researchers have debated the point of
whether the HEB in crustaceans and the mushroom body

Fig. 8. Simultaneous intracellular recordings of electrical activity
from pairs of parasol cells in neuropils I and II. A: Paired recordings
from two neuropil II cells illustrating coherent, phase-locked periodic
depolarizations in both cells, usually generating an action potential at
their peak. Occasional subcomponents of the periodic synaptic activity
are present in one cell but not observed in the other. B: A portion of
the record in A exhibited at higher gain and with an expanded timebase. C: Recordings from a neuropil I parasol cell (top trace) and a
neuropil II cell (bottom trace) from the same preparation as in A and
B. The lack of synchronous activity in the two neuronal populations is
typical. D: Again, a portion of the record is shown at higher gain, with
an expanded timebase. E: Paired recordings from two neuropil I cells

in a different preparation. Although not so obvious as in the case of
the neuropil II cells in A, the underlying background activity in the
two neurons is synchronous and phase locked. F: This finding is
shown in greater detail; both neurons were hyperpolarized to prevent
spiking and to increase the amplitude of the synaptic potentials to
emphasize the temporal coherence of most components of the background activity. As with the neuropil II cells, some components of the
background activity are unique to each recording site. G,H: Paired
recordings from a neuropil I cell (bottom trace) and a neuropil II cell
(top trace) in the same preparation, showing lack of coherence of the
respective background activities in the two cells. Scale bars ⫽ 10 seconds in G, 5 seconds in H.
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in insects are homologous, or whether their similar functions are merely homoplaises. Hanström (Fig. 1 from
Strausfeld et al., 1998) created an entire phylogeny based
on the mushroom bodies or mushroom body-like structures in all arthropods and in annelids and believed that
these structures were all derived from a common ancestor
and serve the same function. Strausfeld et al. (1998) disagreed with this observation and stated that the morphology of the two structures is markedly different, basing this
on a lack of parallel fibers in the HEB and its nonlobed
structure. The debate about this issue still has not been
satisfactorily put to rest, however.
Leaving aside the question of common descent for a
moment, there are many functional similarities between
the two structures. The mushroom body in odor-sensitive
insects is a major protocerebral center where many sensory modalities converge; olfactory, visual, auditory, and
mechanosensory information all affect the activity of neurons within the mushroom body (Li and Strausfeld, 1997,
1999; Mizunami et al., 1998). Likewise, as discussed
above, the HEB and the parasol cells within it receive and
respond to olfactory, visual, and mechanosensory information (Mellon, 2000; Sullivan and Beltz, 2001). Despite that
the morphology of the two structures is different, their
basic neural organizational relationships have some similarities. For example, the parasol cells have an analog in
insect systems: they are most similar to what have been
termed “extrinsic neurons” in mushroom bodies, neurons
that receive multiple modalities secondarily from interneurons (Kenyon cells) within the mushroom body, and
have axons extending into other regions of the insect protocerebrum (Kenyon, 1896; Homberg, 1984; Schildberger,
1984; Li and Strausfeld, 1997; Mizunami et al., 1998; Li
and Strausfeld, 1999). Moreover, these extrinsic neurons
exhibit a pattern of low-level background activity, even in
the absence of an external stimulus, that is similar to
low-level patterns of background spiking and bursting
activity in parasol cells, and in both groups, this activity is
modified by multimodal external stimuli (Mellon et al.,
1992b; Mellon and Alones, 1997; Li and Strausfeld, 1997,
1999). An additional similarity between extrinsic neurons
and parasol cells is that extrinsic neurons respond to
different combinations of multimodal inputs, such as olfactory and visual or olfactory, tactile, and visual, depending on their placement within the mushroom body and
their morphology (Li and Strausfeld, 1997, 1999), and
different parasol cells also respond with varying intensity
to different combinations of sensory inputs (Mellon, unpublished observations).
The input neurons to the extrinsic cells, Kenyon cells, also
share some similarities with the input neuropil to the HEB,
the AL. Despite that Kenyon cells are located directly next to
the extrinsic cells within the mushroom body, and the AL in
crustaceans is located in a different portion of the brain, the
deutocerebrum, they serve similar functions. Both Kenyon
cells and the AL receive multimodal inputs secondarily from
other locations in the brain and send this information to the
extrinsic cells and parasol cells, respectively (Sandeman et
al., 1995; Heisenberg, 1998; Strausfeld and Li, 1999; Mellon,
2000; Sullivan and Beltz, 2001). It has been argued that
another difference between the two systems is the presence
of contralateral and ipsilateral inputs to a single HEB from
the AL, whereas the mushroom bodies receive inputs only
from the ipsilateral side; but this is based on inputs from the
antennal lobes, analogous to inputs from the OL in crayfish
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(Strausfeld, 1998; Sullivan and Beltz, 2001). Any inputs
directly from the OLs that affect the parasol cells would
occur in the region directly ventral to the HEB (if there are
synapses between the OL and parasol cells there), and this
will only be from the ipsilateral OL (Fig. 2; Sullivan and
Beltz, 2001). A recent study by Strausfeld and Li (1999)
describes the presence of multimodal afferent interneurons
supplying the Kenyon cells that originate in both the ipsilateral and contralateral optic lobes. This finding suggests that
ipsilateral/contralateral distinctions and potential comparisons such as the one found in this study may occur in the
Kenyon cells in insects, as opposed to the extrinsic cells. To
summarize, there are anatomic and physiological features of
the AL and HEB that invite comparison with the mushroom
body of insects. Large numbers of multimodal AL projection
neurons in some crustaceans may serve similar functions as
the very numerous, highly diversified Kenyon cells found
within the calyces of the insect mushroom body (Strausfeld,
2002). Like the Kenyon cells, which convey multimodal information to spontaneously active extrinsic neurons in the
lateral aspects of the insect protocerebrum, crustacean AL
projection neurons communicate multimodal sensory information to spontaneously active neurons in the HEB of the
lateral protocerebrum. At this point in time, pending additional immunocytochemical and neurophysiological data,
further speculation concerning the affinities of these respective brain regions is not warranted. Far less is understood
about the functional properties of crustacean parasol cells
and ALs than is known about the mushroom bodies of
insects. The anatomic descriptions presented here will be
useful in interpreting results of future physiological and
behavioral studies of multimodal brain centers in these arthropods.
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