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Freshwater crayfish increase in size throughout their lives, and
this growth is accompanied by an increase in the length of the
appendages and number of mechanoreceptive and chemore-
ceptive sensilla on them. We find that in the Australian fresh-
water crayfish Cherax destructor, neuropil volumes of the ol-
factory centers increase linearly with body size over the entire
size range of animals found in their natural habitat. The number
of cell somata of two groups of interneurons associated with
the olfactory centers (projection neurons and small local neu-
rons) also increases linearly with the size of the animals. In
contrast, axon counts of interneurons that represent a nonol-
factory input to the olfactory centers show that these reach a
total number in the very early adult stages that then remains
constant regardless of the size of the animal. Only the axon
diameter of these interneurons increases linearly with body

size. Amputation of the antennule and olfactory sensilla re-
duces the number of projection and local interneurons on the
amputated side. No change in the size of the olfactory centers
occurs on the unamputated side. Amputation of the olfactory
receptor neurons in crayfish therefore leads not only to a de-
generation of the receptor cell endings in the olfactory lobe but
also to a trans-synaptic response in which the number of higher
order neurons decreases. Reconstitution of the antennule and
olfactory receptor neurons in small adult crayfish is accompa-
nied by the reestablishment of the normal number of interneu-
rons and neuropil volume in the olfactory centers.
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Crustaceans grow throughout their lives by molting, and the
increase in body size is accompanied by the addition of somatic
sensory receptors (Letourneau, 1976; Mellon and Alones, 1993;
Sandeman and Sandeman, 1996). This ever-increasing neural
input requires more synaptic space in the CNS to accommodate
it, and in the lobster Homarus americanus, the brain size enlarges
in proportion to the size of the body (Helluy et al., 1995). Such an
increase in the dimensions of central nervous tissue could be
brought about by an increase in the size of the individual ele-
ments and their synaptic arborizations or by an increase in the
total number of neurons in the brain or both.

Invertebrate nervous systems are often exploited by neurobi-
ologists for the constancy of their neuronal complement and the
prospect of being able to uniquely identify individual sensory,
central, and motor neurons in the same species and even some-
times between species. This is as true for arthropods, such as the
crustaceans that grow in size after reaching their adult form, as it
is for those, such as the holometabolous insects, that do not
increase their size as adults. The catalog of individually identified
interneurons and motorneurons in the crustacean CNS is now
fairly substantial, and there appears to be no example of such
neurons increasing in number as the animals grow from small to
large adults, leading to the notion that much of the arthropod
CNS is a predetermined, relatively inflexible and “hard-wired”
system. In all cases, the neurons accommodate the increase in
body size and number of peripheral receptors with larger synaptic
arborizations and longer axons with greater diameters. Although

a measure of plasticity is exhibited by these fixed elements,
particularly in some motor systems, this is always limited to
changes within single neurons (Atwood and Wojtowicz, 1986;
Stewart and Atwood, 1992).

In contrast, recent evidence has shown the presence of cell
proliferation centers within the adult brains of insects (Bieber and
Fuldner, 1979; Technau, 1984; Cayre et al., 1994, 1996) and
crustaceans (Harzsch and Dawirs, 1996; Harzsch and Schmidt,
1996; Harzsch et al., 1997; Schmidt, 1997) where neurons are born
throughout the lives of the animals. In all cases the proliferation
centers are among neurons that are related to the sense of
olfaction. In crustaceans, therefore, the increase in synaptic space
needed to accommodate additional receptor input may be
achieved by the addition of new neurons and not only by the
enlargement of the synaptic arbors of existing neurons. The
olfactory neuron proliferation is also unique because the new
neurons are formed by equal division instead of the more usual
unequal division of stem cells (neuroblasts) that produce central
neurons in early development.

A common feature of vertebrate and invertebrate systems is the
trophic relationship between the olfactory receptor neurons and
their target interneurons during development and in adults
(Monti-Graziadei and Graziadei, 1979, 1992; Gascuel and Mas-
son, 1990; Sandeman and Sandeman, 1990; Schwob et al., 1992;
Brunjes, 1994; Hildebrand et al., 1997). Olfactory systems also
exhibit plasticity. For example, closure of the external naris of rats
during development leads to an increase in apoptotic cell death in
the glomerular and granule cells of the olfactory bulb (Najbauer
and Leon, 1995), whereas chronic exposure of rat pups to a
mixture of odors results in an increased number of cells in the
olfactory bulb (Rosselli-Austin and Williams, 1990). In moths,
trans-sexually grafted antennae change the olfactory behavior
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(Schneiderman et al., 1982, 1986; Schneiderman and Hildebrand,
1985), and there are many examples of age- and experience-
related changes in the olfactory areas of the brains of fruit flies
(Heisenberg et al., 1995), honeybees (Winnington et al., 1996),
and ants (Gronenberg et al., 1996).

The crayfish olfactory system is a particularly interesting model
with regard to both the trophic relationships between the olfac-
tory receptors and their target neurons and neuronal plasticity.
The animals live for many years during which time the size of the
brain increases (Helluy et al., 1995; Schmidt, 1997). They also
possess strong powers of regeneration and can regenerate lost
appendages, including the antennule and olfactory organ. We
know of two very different classes of neurons that are associated
with the olfactory centers, both of which can be assayed for size
and population number in growing animals. One class is com-
posed of the projection and local neurons that receive their inputs
from the olfactory receptor neurons; the other is a set of inter-
neurons that terminate in the accessory lobes (see below) but
carry information derived from tactile and visual sensory systems
(D. Sandeman et al., 1995).

The olfactory organ of crustaceans consists of an array of
special “aesthetasc” sensilla located along the lateral flagellum of
the first antennae (the antennules). These sensilla increase in
number during body growth (Mellon et al., 1989), and after the
animals reach a certain size they are then continuously lost from
the tip of the antennule and replaced by new sensilla at the base
of the array. The crayfish therefore “turns over” its olfactory
receptor neurons (Sandeman and Sandeman, 1996).

Axons from the olfactory receptor neurons on the antennule
project exclusively to olfactory glomeruli in the neuropil of paired
olfactory lobes in the crayfish brain. These projections are uni-
lateral, and the olfactory lobes are not connected to one another.
Within olfactory glomeruli, the olfactory receptor neurons inter-
act with local interneurons and projection or output neurons. The
cell somata of local interneurons and projection neurons that are
the subject of this investigation lie outside the neuropils in sepa-
rate clusters designated cluster 9 (local interneurons) and cluster
10 (the projection neurons) (Sandeman et al., 1992).

Two large spherical neuropils, the accessory lobes, lie adjacent
to the olfactory lobes and are a prominent and unique feature of
the decapod crustacean olfactory centers (Sandeman et al., 1993).
The accessory lobes do not receive any primary afferent terminals
but are involved in olfactory processing (R. Sandeman et al.,
1995; Cohen et al., 1996; Wachowiak et al., 1996). The nonolfac-
tory input to the accessory lobes on which we focus in this study
is carried by interneurons in the deutocerebral commissure (D.
Sandeman et al., 1995; R. Sandeman et al., 1995). The cell somata
of these interneurons lie in cluster 11.

At the outset, we needed to determine the relationship between
body size, deutocerebral interneuron number, olfactory receptor
neuron number, and olfactory center size that occurs during
normal growth of crayfish. We find that the olfactory centers
enlarge with body size by the addition, through cell proliferation,
of projection and local neurons over the life of the animal. On the
other hand, the increase in the size of the deutocerebral commis-
sure carrying the nonolfactory information to the accessory lobes
is entirely the result of an increase in axon diameter.

The information on normal growth was then used as the control
against which we were able to deduce the effect of unilateral
removal of the olfactory organ on the olfactory centers on both
sides of the brain. Unilateral removal of the olfactory organ
results in a volume loss in the olfactory lobe and a decrease in the

number of olfactory interneurons on the amputated but not on
the control side. Reconstitution of the amputated antennule is
attended by the reestablishment of the normal olfactory lobe
volume and, through increased cell proliferation, interneuronal
number. We therefore propose that the olfactory receptors in the
crayfish are coupled in some way to their target interneurons such
that the loss of old and the gain of new receptors during turnover
(Sandeman and Sandeman, 1996) is accompanied by a similar
process of cell death and proliferation of the target interneurons.

MATERIALS AND METHODS
Husbandry. Australian freshwater crayfish, Cherax destructor, ranging in
size from the first postembryonic stage to adults with a carapace length
of 6 cm, were used for this study. The adult animals had been reared in
open-air ponds in northern Sydney. Postembryonic and first-stage adult
animals were obtained from eggs that hatched in the laboratory. The
crayfish were housed individually at 20°C in the laboratory in 21 3 13 3
13 cm aquaria containing artificial pond water (17.5 ml of 1 M NaCL, 1.75
ml of 1 M KCl, 1.75 ml of 1 M MgSO4 , 7.0 ml of 1 M CaCO3 , and 7 gm
of NaHCO3 in 35 l of reverse osmosis water). They were subjected to a
15 hr light /9 hr dark and fed chicken pellets three times a week.

Embryonic and postembryonic stages. The embryonic development of
Cherax has been described according to a staging system in which egg
laying is 0% and hatching from the egg is 100% (Sandeman and Sand-
eman, 1991). We use this system here. The eggs hatch in approximately
40 d at 20°C to produce an individual that is attached to the swimmerets
of the mother by a filament extending from the telson. This is postem-
bryonic stage I (POI). The POI has no externalized aesthetascs on the
antennules, although the developing sensilla with their olfactory receptor
neurons are visible beneath the transparent cuticle of the antennule. The
POI molts into postembryonic stage II (POII), in which five aesthetascs
are visible. POII animals remain on the swimmerets of the mother until
the next molt. The POII molts into the first adult stage (ADI), which is
a free-living, feeding individual that leaves the protection of the mother
after several days. Although sexually immature, the ADI animals appear
to have nervous systems that, apart from their size, are anatomically
indistinguishable from adults.

Index of animal size. The body weight of 20 animals was determined to
see whether carapace length was a reliable parameter for describing
animal size. Individuals were blotted dry and then weighed on a labora-
tory scale. Regression analyses indicate a good correlation between a
crayfish body weight and carapace length (r 2 5 0.9258; p , 0.0001). We
therefore use the length of the carapace in this study as the index of
animal size.

Aesthetasc counts. Counts were made of the aesthetascs on amputated
antennules using a light microscope.

Olfactory neuropil volume and interneuron number. Forty-two adult
animals, reared in ponds, and 17 juveniles that were raised in the
laboratory, were used to establish the relationship between the volume of
the olfactory and accessory lobes and animal size (carapace length).

All brains used for volume measurements were exposed by dissection
in crayfish saline and then fixed in situ in alcoholic Bouin’s. They were
then removed, washed, dehydrated, embedded in wax, serially sectioned
(10 mm), mounted on microscope slides, and processed according to the
reduced silver method of Blest and Davie (1980).

Volumes of the neuropils and cell soma clusters were measured from
serial sections using a Leica Quantimet 500 image processing and anal-
ysis system. The resolution of the camera lucida-based image analysis
system is determined by the objective used and ranged between 0.746
mm/pixel (103 objective), for the smallest brains, and 2.86 mm/pixel
(2.53 objective) for the largest brains. Outlines of olfactory neuropils in
each section were traced to provide areas. Multiplying the sum of these
areas by the section thickness (10 mm) provided the volume of each
section and the sum of all sections, the volume of the lobe. The olfactory
neuropils on both sides of the brain were measured in all experiments,
and the mean for a single lobe for each brain was calculated from their
sum. Only the synaptic area of the neuropil (i.e., not the axonal tracts)
was included in the volume measurements.

Measurements of the volume occupied by the cell somata of the
projection neurons and local interneurons were obtained by tracing
around the boundaries of the cell clusters, excluding the large tracts of
primary neurites that connect the cell somata to the neuropils. To
calculate the number of cell somata from the volume of the cell cluster,
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we measured the distance between the centers of neighboring cells at
different levels through the cluster. This gives an effective cell diameter
that includes the intercellular space between the cells and is slightly
larger than the measured diameter of the cells. A mean diameter was
obtained from at least 150 cells per animal. An effective cell volume was
calculated, and the cell cluster volume was divided by this to provide an
estimate of cell number. This method avoids an overestimation of the
number of cells in a cluster in which the cells may be small but more
loosely packed.

Amputation. The term “amputation” and “reconstitution” will be used
throughout this paper in accordance with Monti-Graziadei and Grazia-
dei (1979). Amputation means the complete removal of an appendage.
Reconstitution means the complete regrowth of the appendage including
aesthetascs, olfactory receptor neurons, mechanoreceptors, blood ves-
sels, etc. Regeneration is used to indicate the regrowth of an axon after
axotomy.

Amputations were performed with small scissors, and both flagella of
the left antennule of the experimental animals were removed. Adult
animals were then individually housed and maintained. Adult brains
were fixed in Bouin’s and stained with silver as described above. Ampu-
tation of antennules of POI animals was conducted while they were still
attached to the swimmerets of the mother. After the operation, the
animals remained with the mother until the ADI stage. Brains of these
juveniles were fixed in 4% paraformaldehyde in 0.1 M phosphate buffer,
pH 7.4, dehydrated, wax-embedded, serially sectioned at 10 mm, and
stained with toluidine blue (Altman, 1980).

Cell proliferation labeling. Bromodeoxyuridine (BrdU, Sigma, St.
Louis, MO) was prepared as a 0.5% solution in crayfish saline and
introduced into the animals either by keeping them alive in the solution
for 4 d (POII animals) or injecting the solution into the pericardium
(animals with a carapace length .1.9 cm): 0.3 ml of the solution was
injected into animals with a carapace length between 1.9 and 3.0 cm, and
0.6 ml of the solution was injected into those with a carapace length of
between 3.0 and 4.5 cm. The injected animals were killed after 2.5–3 d.
The brains of all treated animals were fixed in 4% paraformaldehyde in
0.1 M phosphate buffer, pH 7.4, for 2 hr on a shaker at room temperature
before washing, dehydration, clearing, wax embedding, and serial sec-
tioning at 10 mm. After rehydration, sections were incubated in a 2N HCl
solution made up in 0.1 M phosphate buffer and 0.3% Triton X-100 (PBT)
at 37°C for 1 hr, followed by thorough washing with PBT. An anti-BrdU
primary antibody (Amersham, Arlington Heights, IL) and a secondary
antibody conjugated with HRP (Amersham) were applied according to
the instructions delivered with the kit, and the label was visualized with
DAB and H2O2. Counts of the cells labeled with BrdU were made from
the serial sections of the brains with a microscope equipped with a
camera lucida.

TUNEL labeling. Terminal deoxynucleotidyl transferase-mediated bi-
otinylated UTP nick end labeling (TUNEL) has been used as an indi-
cation of neuronal cell death (Gavrieli et al., 1992; Negoescu et al., 1996;
Thomaidou et al., 1997). We used an in situ FITC cell-death kit (Boehr-
inger Mannheim, Indianapolis, IN) based on a method described by
Gavrieli et al. (1992) and the procedure of Nonclerq et al. (1997). Brains
were fixed in freshly made 4% paraformaldehyde, 0.1 M phosphate buffer,
pH 7.4, at room temperature for 4 hr, dehydrated, wax-embedded, and
sectioned at 10 mm. Sections were dewaxed and rehydrated. To unmask
DNA free ends in apoptotic nuclei, sections were covered with distilled
water and kept at 60°C for 1 hr. They were then immersed in ice-cold
phosphate buffer for 5 min, incubated in the TUNEL mixture at 37°C for
2 hr, washed in phosphate buffer, dehydrated, coverslipped, and viewed
under FITC fluorescence on an Olympus Vanox photomicroscope. Sec-
tions treated with the TUNEL mixture from which the terminal trans-
ferase was omitted were used as controls.

The TUNEL method labels DNA fragmentation, which does not
always signify apoptosis (Negoescu et al., 1996), and we did not examine
the ultrastructure of the TUNEL-labeled cells for specific apoptotic
features. Nevertheless we avoided the use of microwave or proteolytic
enzyme pretreatment and standardized our fixation and labeling proce-
dures to minimize false-positive labeling. We counted only intensely
fluorescing TUNEL profiles, which may represent cells in early apoptotic
stages (Negoescu et al., 1996). These occur singly as well as in clusters of
two or three (see Fig. 10). No TUNEL profiles were present in the
control preparations.

Fixation and counting of deutocerebral commissure interneurons. Brains
were fixed in freshly made 4% paraformaldehyde in 0.1 M phosphate
buffer, 2% glutaraldehyde, and 0.15 M sucrose at pH 7.4. They were then

post-fixed in osmium tetroxide, dehydrated, and embedded in LR white,
medium grade epoxy resin (Bio-Rad, Hercules, CA). No axons leave or
join the deutocerebral commissure where it crosses the median sagittal
plane of the brain, unambiguously identifiable by the presence of the
median cerebral artery. Counts made from sections taken through this
plane will contain the same population of interneurons in all animals.
The brains were sectioned at 1 mm in the sagittal plane, and the sections
were stained with toluidine blue. Once the deutocerebral tract and the
midline of the brain had been located in 1 mm sections, the blocks were
trimmed, and thin sections (120 nm) were cut with a diamond knife and
collected on uncoated 200 hex-mesh thin bar grids. The thin sections
were stained on the grids with 2% uranyl acetate and Reynold’s lead
citrate and washed in 0.02N NaOH followed by distilled water. The grids
were given a light coating of carbon in a vacuum evaporator to help
stabilize the sections in the electron beam. Axon counts were made by
fixing a clear acetate sheet to the micrograph, marking each axon profile,
and simultaneously registering it on an incremental counter.

RESULTS

Growth-related changes
Olfactory neuropil volume
Embryonic and POI animals have no outside aesthetascs, but five
receptor cell soma clusters are visible within their antennules and
there is a small olfactory lobe present in their brains that is
approximately three times as large as the accessory lobe (Fig.
1A). The size of the olfactory lobe increases steadily as does the
number of aesthetascs (POII, 5; ADI, 8; ADII, 10–12; ADIII,
16–18). Both lobes continue to grow quite rapidly, but it is late in
the POII that accessory lobe growth accelerates so that it has a
size approximately equal to, and then larger than, the olfactory
lobe (Fig. 1B).

Accelerated growth of the accessory lobe continues during
ADI, a time when the animal leaves the mother and searches for
food. At ADII, the accessory lobe is approximately 3.5 times
larger than the olfactory lobe (Fig. 1C). From this point on the
accessory lobe/olfactory lobe ratio of 3.5 is maintained for
the rest of the animal’s life (Fig. 1E). The development of the
olfactory and accessory lobes therefore follows a different path
from that known for the lobster Homarus americanus (Helluy et
al., 1995).

The olfactory and accessory lobe volumes of animals with a
carapace length of 1–6 cm increase linearly with the size of the
animals (Fig. 1D). There were no differences between males and
females.

Aesthetasc sensilla
Although we have shown that aesthetascs are lost from the tip of
the antennule in adult crayfish, shedding of the aesthetascs does
not begin until the animals reach a carapace length of ;1 cm
(Sandeman and Sandeman, 1996). Until this time the increase in
the number of sensilla matches the size of the animal. The net
gain in sensilla must persist past the stage when shedding begins,
because the numerical increase in sensilla matches body size over
the entire range of body sizes up to animals with a carapace of 6.5
cm, which were among the largest we have found (Fig. 2).

Olfactory interneuronal cell soma number
The mean diameters of cell somata of the projection neurons and
local interneurons increase during the embryonic to juvenile
ADV (carapace length, ;1 cm) period, after which they stabilize
at ;7.5–8 mm and remain this size for the rest of the animal’s life
(Fig. 3A).
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The volume occupied by the cell somata of the projection
neurons and local interneurons also increases throughout the life
of the animal from ADIV to adults with a carapace length of 6.4
cm (Fig. 3B). Cell cluster volume can be taken to reflect cell

number because the mean center-to-center distances in animals
from ADIV stage and older stabilize at ;9 mm. The increase in
interneuronal cell number in these clusters, therefore, also keeps
pace with carapace length (Fig. 3C).

Figure 1. Volume of the accessory and olfactory lobes compared with increasing body size (carapace length). Each point represents the mean of the
volume of the left and right accessory lobes (F) and olfactory lobes (E) from one individual. A, Individuals ranging from 70% embryos to the POI day
4. The accessory lobes are smaller than the olfactory lobes. B, Individuals ranging from POII to ADI day 3. The accessory lobe is equal in size to the
olfactory lobe at the POII and becomes larger than the olfactory lobe during the late POII and the molt to ADI. C, ADII–ADIV: at ADII the accessory
lobe volume is approximately 3.5 times larger than the olfactory lobe and from this point on the ratio of 3.5:1 is maintained throughout life. D, Individuals
with carapace length from 1 to 6 cm. The line drawn through the points represents the calculated linear regression (accessory lobe, r 2 5 0.7332, p ,
0.0001; olfactory lobe, r 2 5 0.9238, p , 0.0001). E, Combined data over the entire range of animal sizes showing the rapid change in the ratio between
the accessory (AL) and olfactory (OL) lobes in the early stages of development and the maintenance of a relatively constant size ratio after ADII (arrow).
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Deutocerebral commissure axon counts and diameters
Two bundles of axons of the deutocerebral commissure can be
seen in a toluidine blue-stained cross section taken in the median
sagittal plane of the brain of an adult crayfish with a carapace
length of 4 cm (Fig. 4). The axon counts of the postembryonic and
immature adult animals (ADII) were taken from electron micro-
graphs because they are too small to be clearly resolved in light
micrographs (Fig. 5).

The deutocerebral commissures of eight POI animals con-
tained a mean of 296 axons (SD 5 15.2). All of these were about
the same size, having a mean diameter of 1.17 mm (Fig. 6). All of
the axons of the deutocerebral commissure of the POII animals,
although slightly larger than those in POI, are also the same size,
with a mean diameter of 1.35 mm (Fig. 6). The POII animals were
sampled throughout this stage, which lasts 6 d, and axon counts in
those animals that were nearing the end of the stage were found
to be slightly higher than for those at the beginning of the stage.
In 6-d-old POII animals (i.e., shortly before molting to ADI), a
few very small-diameter fibers appeared along the ventral rim of
the tract in an area occupied by the smaller fiber bundle in mature
adult commissures (Fig. 5). The commissures of eight POII ani-
mals contained a mean of 463 axons (SD 5 26.9).

The commissures of eight ADI animals contained a mean of
578 axons (SD 5 6.5), with an average axon diameter of 1.4 mm.
The small number of very fine fibers seen at the conclusion of the
POII stage were also present in the same ventral position in
the commissure in ADI animals (Fig. 5C), but the axons of the
commissure were not separated into fiber bundles with different
axon diameters.

The commissures of the eight ADII animals we examined were
clearly separated into two bundles with large and small axons
(Fig. 5D). We recorded a mean of 411 large fibers (SD 5 14.7),
with a mean diameter of 2.17 mm, and a mean of 477 (SD 5 8.9)
small fibers, with a mean diameter of ,1 mm (Fig. 6)

Good tissue fixation and the relatively large size of the axons in
mature adults allowed accurate counts to be made from high-
power light micrographs. Both large and small fibers were
counted in five animals with carapace lengths ranging from 30 to
60 mm. Despite the different sizes of the animals, axon counts all
fell within the same mean of 400 large axons (SD 5 8.5) and 1053
small axons (SD 5 38.5) (Fig. 7).

The axon diameters, however, were not the same in the differ-
ent sized adults. Large axons ranged from 10 mm in an animal
with a 3-cm-long carapace to 16 mm in an animal with a 6-cm-long
carapace. Small axons had a diameter of 3 mm in the small animal
and 4.8 mm in the large animal (Fig. 6).

Figure 2. The relationship of the number of aesthetasc sensilla on the
antennule to body size ranging from the first appearance of the sensilla at
POII (3 mm carapace length) to adults with a carapace length of 6 cm.
Despite the shedding that occurs in animals after they have reached a
carapace length of 1 cm, there is a linear increase in the number of sensilla
with the increase in body size.

Figure 3. Changes in the size and number of cell somata of local
interneurons (E) and projection neurons (F) in clusters 9 and 10. A, The
mean diameter of these cells increases rapidly from POI to the ADIV
stage when animals reach a carapace length of 1 cm. Cell soma diameter
remains stable at ;8 mm for the rest of the animal’s life. B, The volume
of both cell soma clusters increases linearly with body size over the life of
the animal. C, Cell number, calculated by dividing cell volume (including
the intercellular space) into the cluster volume, shows the linear increase
in cell number from juvenile to the largest adult, which has ;200,000
projection neurons and ;5000 local interneurons.
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Antennular amputation-induced changes
The interpretation of the changes after amputation relies heavily
on the measurements of the normal growth of the olfactory
centers in animals that had been reared in conditions of natural
light and temperature in outside ponds. Without this information
we would not have been able to determine whether the effects of
unilateral amputation were confined to the amputated side, nor
would we have been able to predict what the normal size of the
olfactory centers on the control side should be for an animal of a
particular size. We therefore initially compared the control side
of the brain of all amputees with the normal growth line. In all
cases it was found that the unamputated sides showed no signif-
icant change in volume compared with undamaged animals, so
that unilateral amputation of antennules does not affect the
contralateral olfactory and accessory lobe volume or projection
neuron and local interneuron cell number.

The lateral and medial flagella of five animals with carapace
lengths between 3.2 and 4 cm were amputated, and the animals
were kept in aquaria for 5 months, after which they were all killed
and measurements of the brains were taken. During this time
three animals were observed to molt (3 months after antennule
amputation). Reconstituted stumps of the antennules were am-
putated again in these animals to prevent any afferents from
reaching the olfactory lobes. Measurements of olfactory lobe,
accessory lobe, and cell soma cluster volumes were made as
before. We found that olfactory and accessory lobe volumes on
the amputated side were always reduced when compared with the
unamputated side in the same animal. The largest reduction
occurred in the olfactory lobes, where the lobes on the amputated

side of the brain were reduced by 65–70% to end up being
approximately one-third the size of the lobes on the unamputated
side in all animals. Accessory lobes were affected much less than
olfactory lobes, being reduced by ;10% on the amputated side,
and in two cases they were not reduced by an amount that
exceeded differences that are normally found between the left and
right sides of the brain in unamputated control animals. Despite
the apparent trend in the reduction of the accessory lobe on the
amputated side, subjecting the data to a Mann–Whitney U test
revealed the differences to be nonsignificant (two-tailed probabil-
ity, 0.1032).

Local interneuron cell cluster volume was reduced by ;30% on
the amputated side, and projection neuron cell cluster volume was
reduced by ;20% on the amputated side (Fig. 8). Center-to-
center distances between the cell somata of the local interneurons
and projection neurons were no different on the amputated or
control sides, nor were cell soma diameters altered.

Cell proliferation
BrdU-labeled profiles appear in both clusters 9 (local neurons)
and 10 (projection neurons) in whole mounts and sections of the
brains of small juvenile animals and in vibratome sections and
sections of wax-embedded brains of larger animals (carapace
length, 1.9–5.0 cm) (Fig. 9). This result confirms that of Harzsch
and Schmidt (1996) on Cherax projection neurons and extends
their findings in that we also find proliferation among the local
interneurons, although far fewer than among the projection
neurons.

The labeled neurons in both clusters occur close together in

Figure 4. Light micrograph of a median sagittal section through the deutocerebral commissure of an adult animal. Dorsal is at the top of the figure;
anterior is to the left. The commissure contains two separate bundles of axons with different diameters (DC 1 and DC 2), separated from neighboring
neuropil by glial cells (G) and bounded on the dorsal side by the finer fibers of the olfactory globular tract (OGT ). Scale bar, 25 mm.
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pulse-labeled preparations but spread out toward the periphery of
the cell clusters if the animals are left in the BrdU for a long time
before fixation. In these animals, both strong and less intensely
labeled neurons that had undergone division and still carried the

BrdU trace were found. Dividing the total count of the neurons
by the length of the exposure to BrdU provided an estimate of the
daily production of new neurons. Our results show a clear corre-
lation between the number of proliferating projection neurons

Figure 5. Electron micrographs of median sagittal sections through the deutocerebral commissures of crayfish at stages POI ( A), POII ( B), ADI (C),
and ADII (D). The sections are all oriented with dorsal at the top of the figures; anterior is to the left. A, Axons in the commissures of POI animals
do not fall into two classes. B, C, In POII, some smaller profiles can be recognized along the posterior ventral edge of the commissure (arrow) that appear
as a very small bundle in ADI (arrow, C). D, Two axon bundles (DC1 and DC2), like those in commissures of large adults, appear in ADII. Scale bars, 5
mm.
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and the size of the animal: ADI, 300/d; 1.9 cm carapace length,
60/d; 4.0 cm, 44/d; 4.4 cm, 45/d; 5.0 cm, 40/d. These results fit well
with estimates of the numbers of cells that were produced in
growing animals, where the size increase and the time taken to
achieve it was known. The situation is complicated, however,
because the size of an individual crayfish is not necessarily related
to its temporal age (see Discussion).

Several large individuals that had undergone unilateral anten-
nular amputation were treated with the BrdU method. One of
these survived three molts over a period of 13 months, by which
time the reconstituted antennule was approximately two-thirds
the size of the control antennule. Counts of BrdU-labeled pro-
jection neurons on the reconstituting side of the brain were ;30%
higher than on the control side.

Cell death
The decrease in the volume of cell clusters 9 and 10 after anten-
nular amputations points to an elimination of interneurons from
the brain after loss of the afferent input. The TUNEL-labeled
sections contained a number of fluorescent structures in soma
clusters 9 and 10, many of which were approximately the same
size as the neuronal somata. This could indicate that the decrease
in the number of neurons may be the result of cell death. We
examined 35 brains of ADI animals for the presence of dying cells
after antennular amputation. Three to six individuals were killed
and fixed each day after the amputation during a period of 18 d,
and their brains were sectioned and treated simultaneously with
the TUNEL method.

TUNEL profiles in these preparations were confined to pro-
jection neurons and local interneurons. Counts of TUNEL
profiles on the amputated and unamputated side of the brain
produced totals that ranged from 0 to 57 on the amputated side
and 0 to 20 on the unamputated side. Counts between individuals
were highly variable, but in each individual the TUNEL profile
count on the amputated side of the brain was higher than on the
unamputated side (Figs. 10, 11A). In a second experiment, ani-
mals of the same age were subjected to amputation and then
killed at regular intervals thereafter. Plotting the ratio of the
TUNEL profiles on the amputated to unamputated sides shows
that there are always more profiles on the amputated side than on
the unamputated side (Fig. 11B).

In addition, we examined five adults at 2–6 d after antennular
amputation. The results are similar to the experiments in the ADI
amputations, in that the TUNEL profile number on the ampu-
tated side was always higher than on the control side. In three
unamputated adults, very nearly the same number of TUNEL
profiles was found on both sides of the brain.

Figure 6. The change in axon diameter with growth. Axons in POI and
POII are treated here as large axons. Both small and large axons increase
in diameter throughout the growth of the animal over the range of
carapace length from 3 to 6 cm and in proportion to the change in the
body size. A calculated regression line (not shown) indicates that this
extends back to the smallest adult stages (large axons, r 2 5 0.9917, p ,
0.0001; small axons, r 2 5 0.9802, p 5 0.0001).

Figure 7. Axon number in the deutocerebral commissure of postembry-
onic, immature, and mature adults. Each point is the mean of all counts.
F, Large axons; E, small axons; Œ, totals of large and small axons. Total
axon counts are shown for POI, POII, and ADI because the axons within
the commissures during these stages are all nearly the same size. Total
axon number increases through stages POI to ADII and stabilizes by the
time the animals have a carapace length of ;3.0 cm (ADIII). From this
time on (ADIV, ADV, and ADVI) there is no increase in the number of
large or small axons. The large-diameter axon number stabilizes by stage
ADII, so that the increase in the overall total is caused by the addition of
small-diameter axons to the commissure.

Figure 8. Reduction in olfactory and accessory lobe volume and local
interneuron and projection neuron cell number in five adult animals
(histograms 1–5) caused by amputation of one antennule. The time
between amputation and killing of animals for brain measurement was the
same for all five animals. Reconstituted stumps were removed after each
molt. Histogram 6 shows the means of normal left /right variation in 38
unamputated control animals. (White columns 5 accessory lobe volume;
light gray 5 olfactory lobe volume; dark gray 5 small local neurons;
black 5 projection neurons). Olfactory lobe volume on the amputated
side is reduced by ;70% of the control side in all animals; accessory lobes
are reduced by only ;10% and lie within the normal variation in size
between the lobes in an unamputated control animal. Local interneurons
on the amputated side are reduced by ;30%, and the projection neurons
on the amputated side are reduced by ;20%.
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Recovery after amputation
Complete reconstitution of an amputated antennule needs several
molts, making such observations on large adults difficult because
each intermolt period is between 6 and 12 months. The process
can be observed over shorter time spans in small animals, which
are accessible for amputation from the POI stage (Fig. 12).
Amputations on POI individuals were performed while they were
still attached to the mother, and the animals were killed at
different molt stages after the operation, ranging from animals
that had molted twice to reach ADI (carapace length, 0.4 cm) to
one animal that had molted approximately 12 times (carapace
length, 1.5 cm). Counts of aesthetascs and measurements of
olfactory lobe and projection neuron volumes were obtained for
all animals.

The olfactory lobe on the amputated side had a volume that
was ;60% of the control side in ADI animals, two molts after
amputation. Small reconstituted antennules were visible in these
ADI individuals. Although no aesthetascs were present on the
outside of the antennule, clusters of one to five olfactory receptor
cell somata could be seen beneath the cuticle in fresh prepara-

tions with differential interference contrast microscopy. Three
molts after amputation of the antennule the olfactory lobe on the
amputated side was ;40% of the control side in one ADII
animal. Eight aesthetascs were present on the partly reconstituted
antennule, compared with approximately 12 on the control side.
The first signs of recovery of the olfactory lobe volume appeared
one molt later at ADIII, in which the olfactory volume of four
animals lay between 45 and 65% of their controls: 11–15 exter-
nalized aesthetascs, carried on well reconstituted antennules,
appeared at the ADIII stage. At this stage, the control side
contains approximately 15 aesthetascs. During the following two
molts the antennules were completely reconstituted and matched
the antennule on the unamputated side in terms of the number of
segments and aesthetascs. Olfactory lobe volume on the ampu-
tated side regains the size of the control side by the fifth molt
after amputation (Fig. 13).

Accumulated information on 21 adult animals, ranging in size
from a carapace length of 3.5–4.5 cm, and killed one, two, and
three molts after amputation of the antennules, confirmed the
results obtained from the juveniles. In all of these animals, re-
moval of the antennule on one side resulted in a relatively rapid
decline in the volume of the olfactory lobe on that side and in a
slower decline in the projection neuron volume. After the third
molt, 22 months after the amputation, the projection neuron
volume was the same on the amputated as on the control sides,
whereas recovery of the olfactory lobe and reconstitution of the
antennule had reached only 70% of the control side.

DISCUSSION
The interneurons in the deutocerebral commissure of the Cherax
that carry nonolfactory information to the accessory lobe abide
by the invertebrate “rule” of numerical constancy. Set at approx-
imately 400 large and approximately 1000 small axons at a very
early age, these totals are maintained throughout the life of the

Figure 9. BrdU-labeled projection neurons (PN ) and local interneurons
(LN ) in 10 mm wax sections taken horizontally through the brain. Only
the left side of the brain is shown in which the projection neuron cluster
is on the lef t and the local interneuron cluster is on the right. A, ADI
animal. B, Animal with a carapace length of 4.0 cm. Scale bars: A, 50 mm;
B, 100 mm.

Figure 10. TUNEL profiles among the cell somata of the projection
neurons, revealed by the TUNEL method and fluorescence microscopy.
Only intensely fluorescing profiles were counted. Scale bar, 20 mm.
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animal. Enlargement of the accessory lobe during growth must be
partly through the increase in the terminal arborizations of the
interneurons of the deutocerebral commissure. The almost total
(perhaps complete) immunity of the accessory lobe to amputation
of the antennule in terms of volume loss is most likely attributable
in part to the absence of any terminals from the olfactory receptor
neurons.

The projection and local neurons provide a strong contrast to
the interneurons in the deutocerebral commissure in that their
numbers increase with the size of the animal and the number of
olfactory receptor cells. The olfactory lobe, in contrast to the
accessory lobe, is much more sensitive to antennular amputa-
tion because all of the olfactory receptor neurons end in the
olfactory lobe.

Cell proliferation in the olfactory systems is known in many
animals (Schmidt, 1997), but the comparison of proliferation
rates in crustaceans with that of other animals is difficult because
the temporal age of crustaceans is not related to body size. A well
nourished crayfish in noncrowded, warm conditions, for example,
can grow to a significantly greater size than a poorly nourished
animal living for the same time in less optimal conditions. The

brain size, however, is yoked to body size, not age, and prolifer-
ation rates are therefore geared to environmental conditions and
are different for each animal.

Despite the above, we can estimate the rate of net gain of
projection neurons of different sized animals that were housed
under similar conditions in the laboratory, knowing their pre- and
post-molt sizes, the duration of the intermolt period, and, from
the growth data, the numbers of projection neurons they should
have had at the start of the observation period. From these data
we calculated that an animal progressing from AD1 to a carapace
length of 1.6 cm in 5.5 months (when its projection neurons were
counted) gained approximately 400 projection neurons per day.
An ADI animal that was pulse-labeled with BrdU for 4 d was
calculated to have added 301 cells per day. An animal that grew
from a carapace length of 4.2 to 4.6 cm in 1 year was calculated to
have added approximately 54 cells per day. An animal with a
carapace length of 4.4 cm that was BrdU pulse-labeled yielded a
cell count of 45 cells per day. There is, therefore, a clear decrease
in the proliferation rate with an increase in animal size, a situa-

Figure 11. A, Counts of TUNEL profiles in 35 animals in which the
number of profiles on the amputated side (F) is plotted with those on the
unamputated side (E) in the same animal. The size of the animals ranged
from POII to ADI, and the time between amputation and killing of
animals ranged from 1 to 17 d. The data are pooled here and show that in
each individual more TUNEL profiles were counted on the amputated
side than on the control side. B, The ratio of the profiles on the amputated
side to the unamputated side for a series of animals that were all subjected
to amputation at the ADI stage and then killed at intervals thereafter is
shown on the abscissa. Figure 12. Stages in the reconstitution of an antennule of an animal in

which one antennule was amputated at the POI stage. The drawings show
the reconstituted and control antennules in the ADI (A), ADII (B), and
ADIII (C) stages. Scale bar, 0.5 mm.
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tion very similar to that of the granule cells in the adult rat
olfactory bulb (Kaplan et al., 1985). The situation is nevertheless
further complicated in crayfish by their ability to adjust their
growth rate to the conditions under which they live. It is quite
possible that crayfish of the same size living under different
conditions will have significantly different projection neuron pro-
liferation rates.

The presence of cell death among the projection and local
neurons, indicated by the decrease in both cell cluster volume and
TUNEL profiles, adds a new and interesting dimension to the
growth of the crayfish olfactory system, because it raises the
possibility that a certain population of projection and local neu-
rons are responsive to changes in their afferent input. It is clear
that the loss of cells must occur at a lower rate than cell prolif-
eration, because there is net gain in projection and local neurons
that keeps pace with the growth of the animal. We find TUNEL
profiles in animals of all sizes, suggesting an ongoing process that
perhaps is related to cell proliferation.

Cell death in developing nervous systems has often been ob-
served and various explanations have been provided, including
the removal of an overproduction of neurons. This may explain
the loss of neurons in smaller crayfish, but in the larger animals the
loss of the projection and local neurons in Cherax could be coupled
with olfactory receptor cell “turnover.” In this process, olfactory
receptor cells are shed from the distal end of the antennule, and
new cells are added to the proximal end of the receptor array
(Sandeman and Sandeman, 1996). Although this can be measured
only when the animal molts by comparing the exuviae with the new
antennule, the process of afferent cell death and proliferation is
more than likely taking place during the entire intermolt period.
This means that the projection and local neurons are being sub-
jected to the continual departure of old, and the arrival of new,
afferent axons.

There are two interesting possibilities here. The first is that the
targeted projection or local neurons tolerate the loss of the
degenerating afferents and accept newly developed afferent ter-
minals in the vacated spaces. The second possibility is that the
projection and local neurons associated with the degenerating
afferents also degenerate. Some evidence to support the second
possibility comes from our results in which amputations were
performed both at a very early stage (POI and ADI) and on larger
adults animals. Here we see a decrease in the volume of the

olfactory lobe caused by the loss of afferent terminals, and a
decline in the number of projection neurons induced by the
absence of the afferent input. In both, there is an increase in the
numbers of TUNEL profiles on the amputated side.

The interaction between the afferents and the projection neu-
rons in the small animals is not only one of downregulation.
Reconstitution of the antennule is attended by the recovery of the
normal volume of the olfactory lobe caused by the ingrowing
afferents, and the projection neuron cell number is also restored.
This could be achieved either by an upregulation of the cell
proliferation by the incoming afferents or by a downregulation of
cell death, allowing the amputated side to “catch up” to the
unamputated side, which it does in a relatively short period (Fig.
11). Our results showing a 30% increase in the BrdU-labeled cells
on the reconstituting side of a brain after amputation support the
notion that repair includes the upregulation of cell proliferation.
The rapid growth of the reconstituting antennule and cell prolif-
eration slow down once the antennule has reached the same size
as the control, unamputated side. From then on the growth rate is
symmetrical, and the ratio of olfactory receptor neurons to the
total number of projection and local neurons is maintained at
approximately 1:5 in all sizes of animals.

In conclusion, it would appear that artificially upsetting the
afferent-to-central interneuron ratio by amputation of the anten-
nule results in downregulation and then upregulation of the
olfactory interneuron numbers and leads us to propose that in the
crayfish, normal death and replacement of the olfactory receptor
neurons during turnover is accompanied by a similar process in
which the olfactory interneurons adjust their numbers in relation
to the input.
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